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ABSTRACT

The use of multiple drugs simultaneously targeting
DNA is a promising strategy in cancer therapy for po-
tentially overcoming single drug resistance. In sup-
port of this concept, we report that a combination
of actinomycin D (ActD) and echinomycin (Echi), can
interact in novel ways with native and mismatched
DNA sequences, distinct from the structural effects
produced by either drug alone. Changes in the for-
mer with GpC and CpG steps separated by a A:G
or G:A mismatch or in a native DNA with canon-
ical G:C and C:G base pairs, result in significant
asymmetric backbone twists through staggered in-
tercalation and base pair modulations. A wobble or
Watson—Crick base pair at the two drug-binding inter-
faces can result in a single-stranded ‘chair-shaped’
DNA duplex with a straight helical axis. However, a
novel sugar-edged hydrogen bonding geometry in
the G:A mismatch leads to a ‘curved-shaped’ duplex.
Two non-canonical G:C Hoogsteen base pairings
produce a sharply kinked duplex in different forms
and a four-way junction-like superstructure, respec-
tively. Therefore, single base pair modulations on the
two drug-binding interfaces could significantly affect
global DNA structure. These structures thus provide
a rationale for atypical DNA recognition via multi-
ple DNA intercalators and a structural basis for the
drugs’ potential synergetic use.

INTRODUCTION

Small molecules can regulate DNA function to control or
treat a variety of human diseases (1,2). These compounds
continue to be a focus of drug development programs aimed
at creating new generation treatments for cancer (3-5),
including as potent payloads for antibody-directed ther-
apy. To date, various types of interactions between small
molecules and DNA have been reported, including interca-
lation, groove binding, covalent binding, and DNA cleav-
age (6,7). Intercalators have been extensively studied and
developed as drugs or diagnostic agents for the treatment
of various cancers (8,9). They stack through their planar
heterocyclic rings between adjacent base pairs and exert re-
versible effects on DNA conformation. They exert primary
clinical effects by initially inhibiting processes such as DNA
replication and transcription or via topoisomerase inhibi-
tion, thereby interfering with the function of rapidly pro-
liferating cancer cells (10). The structural basis for the an-
ticancer effects of DINA-targeting compounds is normally
studied with one drug at a time. However, it has also been
proposed that a combination of two or more DNA interca-
lators can bind more tightly to specific sites on the DNA,
thereby extending sequence specificity (11). Indeed, conju-
gation of two different DNA-intercalating compounds has
been shown to enhance their binding properties, and leads
to improved therapeutic potential against some cancers (12—
14). Understanding the structural basis of DNA recogni-
tion using two or more DNA intercalators may reveal their
action mechanism, leading eventually to new therapeutic or
diagnostic applications.
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Actinomycin D (ActD) and echinomycin (Echi) are two
sequence-specific DNA intercalators that share many simi-
lar characteristics (Figure 1A, B). Both antibiotics are mi-
nor groove intercalators, with ActD recognising 5-GpC
sites and Echi 5’-CpG sites of DNA, with their cyclic pep-
tides stabilising the DNA backbone from the exterior (15—
17). Both ActD and Echi can make specific contacts with
guanine-NH2 and -N3 atoms. However, the main differ-
ence between these two antibiotics is that ActD is a mono-
intercalator whereas Echi is a bis-intercalator. ActD has
been established in clinical practice for the treatment of
cancers such as Wilm’s tumor, Ewing’s sarcoma, and rhab-
domyosarcoma (18,19). Echi has also been considered as a
potential clinical drug for the treatment of multiple cancers,
although it is highly toxic as a single agent and has yet to
demonstrate its clinical efficacy, as revealed by several clin-
ical trials that have not progressed beyond phase 11 (20,21).
Because GC-rich sequences are markers for gene activity
regulation, many anticancer drugs have been designed to
specifically bind to the GC sites in DNA (22-24). Due to the
ability of ActD and Echi to bind to these sequences, these
antibiotics thus can serve as paradigms for understanding
the principles of drug-DNA intercalation at GC sequences.
Furthermore, numerous studies have shown that GC-rich
regions tend to mutate, increasing the likelihood of mis-
matches around GC-rich sequences in the genome (25-27).
The occurrence of mismatches can lead to varying degrees
of DNA distortion depending on the nature and type of
mismatches. For example, purine-purine mismatches such
as A:G or G:G have been found to cause greater local
structural distortions in DNA (28,29). The purine-related
mismatches are also some of the most polymorphic mis-
matches, and are known to exist in different conforma-
tions including wobble, bifurcated hydrogen bonds and var-
ious pairing conformations involving anti—syn and anti-anti
isomerization (30,31). In addition to mismatches, the for-
mation of Hoogsteen base pairs in DNA can also lead to
a local tightening of the diameter of the DNA helix and
kinking of the duplex in the major groove (32). The struc-
tural differences between these non-canonical base pairs
and their Watson—Crick counterparts suggest the impor-
tance of Hoogsteen base pairs as potential targets. There-
fore, small molecules capable of binding these unusual base
pairs in DNA are important tools for therapeutic and fun-
damental research (33,34). Understanding the structures of
such small molecules/DNA complexes can help uncover
their specific binding mechanisms, opening new avenues for
developing base-pair selective ligands to treat various dis-
eases, including those 20% of human cancers that involve
aberrant DNA mismatch repair. Also if the combinations
result in novel structural distortions and in synergistic ef-
fects in cells and in animal models, these may be able to
overcome the resistance produced by either drug alone.

In the current study, we have used a combination of
two well-established DNA intercalators, ActD and Echi,
and determined the X-ray crystal structures of combina-
tion complexes with purine-purine (A:G and G:A) mis-
matched duplexes, and Watson—Crick (G:C and C:G) base
pair-containing DNA duplexes (Figure 1C). Simultaneous
intercalation of ActD and Echi results in significant asym-
metric distortion in these DNA duplexes, with in each case

different geometries at the central base pairs, including
wobble-type A ui:Gani and Gyyp:A gy mismatches, two dis-
tinct Hoogsteen-type geometries of Gyy,:Cuuyi, and a typi-
cal Watson—Crick type of C,,1i:G i base pair. We have also
discovered an unusual sugar-edge-mediated geometry in a
Grgyn-like’-ami:Agnii Mismatch-containing complex, the exis-
tence of which has been previously suggested but not ob-
served (35). Depending on the type of central base pair and
the nature of the interactions, ActD and Echi were found to
cause different degrees of staggering and consequently al-
tered backbone conformation twists. Our results show that
swapping of a single base pair at the two drug binding in-
terfaces leads to base pair modulation, which in turn sig-
nificantly contributes to the formation of different DNA
conformers, including features such as single-stranded chair
shape, smooth bends in curved shapes, sharp ‘zig-zag’ kink,
and a discontinuous four-way-junction like superstructure.
These unprecedented polymorphic structural characteris-
tics, along with the base pair modulations proposed in this
study, can served as unique recognition signatures of small
molecules for cancer-specific DNA targeting.

MATERIALS AND METHODS
Chemicals and oligonucleotides

DNA oligonucleotides were synthesized and purified from
MD Bio (Taipei, Taiwan) by polyacrylamide gel elec-
trophoresis (PAGE). DNA oligonucleotide concentration
was determined according to Beer’s law: 4 = ebc (where
A is the absorbance at 260 nm, ¢ the molar extinction co-
efficient, b the cell path length, and ¢ the molar concentra-
tion), using a JASCO-v630 UV-visible spectrophotometer
(JASCO International, Tokyo, Japan). The software DNA
Calculator of Vladimir Cermak from https://molbiotools.
com/dnacalculator.html was used to obtain values of € =
260 nm for each oligonucleotide. ActD and Echi were pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA).
Drug concentrations were calculated using Beer’s law ac-
cording to the optical density at 440 nm (€449 nm = 24 500
M~! cm™!) and 325 nm (€325 pm = 11 500 M~ cm™!) cor-
responding to the maximum absorbance of ActD and Echi,
respectively. Stock solutions for ActD and Echi were pre-
pared in water and DMSO, respectively used for crystalliza-
tion.

Crystallization of DNA complexes with ActD and Echi

To grow drug-DNA ternary complex crystals, the DNA
oligomers were combined and co-crystallized with ActD
and Echi at a molar ratio of 1:1:2 using the vapour
diffusion sitting drop method. First, 0.125 mM each
of single-strand oligonucleotide solutions were heated
to 95°C for 5 min, then annealed on ice for 30 min to
allow duplex formation, followed by incubating with
0.250 mM Echi at 4°C for 48 h. Then, 0.125 mM ActD
was added and the sample was further incubated for
another 24 h. Within a week, small, yellow-coloured
crystals were obtained in 5 pl drops containing crystal-
lization buffer equilibrated with 500 wl 30% polyethylene
glycol (PEG)-200 at 20°C. To obtain A:G and G:A mis-
matched complex crystals, d(ACGGGCT)/d(AGCACGT)
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Figure 1. Chemical structures of (A) actinomycin D (ActD) and (B) echinomycin (Echi). The chromophore phenoxazone (PXZ) and two cyclic peptides
[a] and [B] in the structure of ActD and the two quinoxaline moieties (QUI) of Echi are shown. The other abbreviations shown in the figure represent L-
threonine (THR), D-valine (DVA), L-proline (PRO), sarcosine (SAR), N-methyl-L-valine (MVA), D-serine (DSN), L-alanine (ALA), N-dimethyl-L-cysteine
(N2C) and N-methyl-L-cysteine (NCY). The numbers indicate the order of the cyclic peptides in ActD and Echi structures. (C) Schematic representation of
ActD-Echi complexed with various mismatch-containing duplexes. Base numbering in chain A and complementary chain B is maintained throughout the
study. Central X4:X11 (highlighted in bold red) represents mismatches or Watson—Crick base pair that occurred in this study. PXZ (dark blue) represents
the phenoxazone ring of ActD intercalated between the G2pC3/G12pC13 steps; QUIO and QUII (green) are the two quinoxaline rings of Echi intercalated

between the C5pG6/C9pG10 steps.

and d(ACGAGCT)/d(AGCGCGT) DNA oligomers
were  co-crystallized at a DNA:ActD:Echi ra-
tio of 1:1:2 using a method similar to that de-
scribed above. d(ACGGGCT)/d(AGCCCGT) and
d(ACGCGCT)/d(AGCGCGT) DNA oligomers were
used to grow the C:G and G:C Watson—Crick complex
crystals with ActD and Echi. Detailed crystallization
conditions and incubation temperatures are provided in
Supplementary Table S1.

X-ray data collection, phasing and structure refinement

The X-ray diffraction data from single crystals were col-
lected in a synchrotron radiation facility at the Na-
tional Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan. Diffraction data for A:G, G:A and G:C
complex crystals were collected at the NSRRC BLI15A1
beamline and recorded with a Rayonix MX300HE CCD
area detector. Data for the C:G complex crystal were col-
lected on beamline NSRRC TPS 05A and recorded with a
Rayonix MX300HS CCD area detector. The temperature
for data collection for all crystals was 100 K. The HKL-
2000 program package was used to integrate and reduce
diffraction data (36). The phases of A:G mismatched ActD-
Echi complex were determined by using molecular replace-
ment (MR) of phaser-MR in a Python-based hierarchical
environment for integrated xtallography (PHENIX) v1.10.1
using the partial structure of Echi-d(ACGTCGT), (PDB
ID: 5YTZ), ActD-d(ATGCTGCAT), (PDB ID: 1IMNYV)
and ActD-Echi-d(AGCTCGT), (PDB ID: 7DQO) com-
plexes as templates (37). Initial model building was per-
formed using the crystallographic object-oriented toolkit
(COOT) v0.8.9.2 based on the electron density map
(38). Structural refinements were performed using the
phenix.refine protocol in the PHENIX package. The fi-
nal refined A:G mismatched complex was used to deter-
mine the phases of the G:A mismatch and C:G and G:C
Watson—Crick DNA-ActD-Echi complexes. The final crys-
tallographic and refinement statistics of the complexes are
listed in Supplementary Table S2. The 2F, — F; electron den-
sity maps were generated using the fast Fourier transform

in CCP4i, and graphical representations of the refined struc-
tures were drawn using PyMOL v2.2.3. LigPlot* was used
to analyse the van der Waals interactions between DNA and
drug molecules (39). DNA parameters were analysed using
the online servers Web-3DNA and CURVES+ (40,41). The
values of DNA torsion angles, sugar puckers, local base pair
and base-pair step parameters for all complex structures de-
termined in this study are given in Supplementary Tables
S3-S5.

RESULTS

Purine-purine A:G and G:A mismatches exhibit distinct
backbone conformations via base pair modulation upon in-
tercalation of ActD and Echi

Purine-related mismatches are highly polymorphic in na-
ture and can exhibit dramatic effects on local DNA struc-
tures (42-44). It has been recently found that in the case of
purine-purine mismatches, base pair swapping (e.g. A:G <
G:A) leads to different stacking potentials (45). Therefore,
this stacking discrepancy may lead to different stabilising
effects and structural perturbations when small molecules
bind to the purine-purine mismatches. To understand the
effect of intercalation of ActD and Echi on purine-purine
mismatches, we solved the crystal structures of two DNA
duplexes with a central A:G and G:A mismatch complexed
with ActD and Echi in space groups P422 and R3 at 1.95 A
and 2.45 A resolution, respectively. In both complex struc-
tures, the simultaneous binding of two different intercala-
tors leads to an asymmetric distortion of the DNA, with
the central mismatch pairs adopting different geometries.
A single-strand backbone twisting caused by the different
staggering of two drugs also contributes to the structural
polymorphism when the A:G < G:A mismatch pairs are
reversed. Detailed analysis of these complex structures re-
veals many unprecedented features of drug—DNA recogni-
tion, features that to our knowledge have not been previ-
ously reported.

In the A:G structure, each asymmetric unit contained a
ternary complex of DNA duplex, ActD and Echi with the
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Figure 2. (A) Biological assembly of a crystal structure with a central A:G
mismatch in a DNA duplex complexed with ActD and Echi, as shown in
front view (left) and side view (right), exhibiting orthogonal asymmetric
single-stranded backbone distortion. The DNA backbone and bases are
coloured grey. Bases A4 and G11 form a mismatch and are coloured or-
ange and cyan. An enlarged view of the 2F, — F; electron density map of
the A:G mismatch is shown on the right. (B) The overall crystal structures
of two G:A mismatch containing complexes, G:A-CPX1 and G:A-CPX2
with ActD and Echi are shown in pink and orange cartoon representa-
tions, respectively. Bases G4 and A11 are highlighted with cyan and orange
colours. Superimposition of DNA duplexes in these complexes shows sig-
nificant differences in the backbone shape with an average r.m.s.d. of 2 A
between the two complexes. An enlarged view of the 2F, — F electron den-
sity map of the two distinct G:A mismatches are shown at the bottom.

central A:G mismatch adopting a more favoured anti-anti
geometry (Figure 2A). Three Co®* ions were found to inter-
act with the N7 atom of guanines G6, G10 and G11, which,
along with the coordinated water molecules, appear to sta-
bilize the overall structure. One Co>* ion was found to sta-
bilize two symmetry-related G6 bases near the Echi interca-
lation site through octahedral coordination between the N7
atoms of the guanine bases and the water molecules (Sup-
plementary Figure S1A). In addition to cobalt-mediated
interactions, analysis of the crystal packing also revealed
head-to-head stacking between two asymmetric units. The
two ActD ends forms an ‘end-to-end stacking’ by form-
ing ‘sticky’” duplex ends, whereas at the Echi end, the ter-
minal T7:A8 base pair adopts a Hoogsteen conformation
and forms a pseudo-continuous duplex, a characteristic fea-
ture observed for the binding of two Echi molecules between
canonical Watson—Crick base pairs (Supplementary Figure
S1B). Interestingly, the G:A mismatch structure contains
four ActD-Echi DNA complexes (Supplementary Figure

S2A). Superimposition of these structures showed that the
two complexes are closely similar (average r.m.s.d. of 0.1 A)
(CPX1 and CPX3, CPX2 and CPX4, CPX refers to a com-
plex), while the complexes CPX1 and CPX2 (or CPX3 and
CPXa4) are significantly different, indicating the presence of
two independent duplexes in an asymmetric unit (average
rm.s.d. of 2.0 A) (Figure 2B). Therefore, we selected two
complexes (G:A-CPX1 and G:A-CPX2) for further struc-
tural analysis. In addition to these four drug-DNA ternary
complexes, the asymmetric unit also contains three Mg>*
ions, two of which stabilize the interface between CPX2 and
CPX4 from the major groove side, and one Mg?* ion medi-
ates the interface between CPX1 and CPX3 through inter-
actions between OP1 of C3 on the minor groove side (Sup-
plementary Figure S2B).

Intercalation of ActD and Echi at the A:G and G:A mis-
match sites results in significant disruption of the DNA
backbone geometry compared to typical A or B DNA du-
plexes. Most nucleotides in the A:G complex adopt C3’-
or C4’-exo sugar pucker, whereas in the G:A complexes,
the sugar puckers for most nucleotides are in the C3’-endo
conformation. The backbone torsion angle y for most nu-
cleotides at the ActD and Echi intercalation sites remains
in the range of 45° to 60°, closer to those of canonical
A and B DNA (60° and 40°, respectively), while the cen-
tral nucleotides X4 and X11 have significant differences in
the backbone torsion angles. The y-values for nucleotides
A4, G11 and G4, All in A:G and G:A-CPX1 are 171°,
41° and —153°, 10°, respectively, while nucleotides G4 and
A1l in G:A-CPX2 have smaller y-angles of 45° and —84°.
The value for torsion angle o for A1l in G:A-CPX2 is 83°,
which is significantly different from the values for G11 (-
55°) and A1l (-23°) in A:G and G:A-CPXI pairs, com-
pared to the typical values for canonical A and B DNA
(-65° and —41°, respectively). These discrepancies in back-
bone torsion angles represent distinct conformational fea-
tures in these duplex structures upon ActD and Echi bind-
ing. The DNA helical twist at the ActD-binding interface
of the C3pX4 step is lower for A:G and G:A-CPX1 (8° and
21°, respectively), indicating unwinding at this step, whereas
the X4pCS5 step at the Echi-binding interface showed over-
winding, with high twist angle values of 35° and 33° (Sup-
plementary Figure S2C). These alternating twist angles, to-
gether with negative roll values, result in a right-handed
orthogonal ‘chair’-shaped backbone for one of the DNA
strands (chain B) while the other strand (chain A) remains
parallel to the helical axis in these two complexes (Figure
3A). On the other hand, the C3pG4 step in G:A-CPX2
has a remarkably high twist angle of about 50°, while the
G4pCS5 step has a much lower twist angle of about —14°.
The 15° positive roll angle of C3pG4 in G:A-CPX2 is ac-
companied by high twist, leading to bending of the DNA
helical axis, resulting in a ‘curved’ duplex in G:A-CPX2.
Thus, A:G and G:A-CPX1 exhibit a single-stranded DNA
backbone deformation, while G:A-CPX2 has a curved
backbone.

In addition to these unique backbone features, we also
observed different mismatch geometries for the central A:G
and G:A base pairs (Figure 3B). In the A:G complex, the
central A4:G11 mismatch adopts an anti-anti conforma-
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Figure 3. (A) Overall backbone comparison between A:G and G:A mismatch complexes. The A:G complex (grey cartoon) and G:A-CPX1 (pink cartoon)
show twisting of only chain B, with the helical axes remaining straight in Chain A. This situation form a ‘chair’ shaped backbone conformation. However,
the DNA backbone shows a sharp bend, resulting in a ‘curved’ duplex upon intercalation of ActD and Echiin G:A-CPX2 (orange cartoon). (B) Comparison
of central mismatch geometries in A:G and G:A mismatch complexes. The A4:G11 mismatch adopts a common anti-anti geometry with two hydrogen
bonds, while the G4:A11 pair in G:A-CPX1 forms a typical syn—anti type wobble base pair with a single hydrogen bond. G4:A11 mismatched pair in
G:A-CPX2 forms a sugar-edged ‘syn-like’ anti-anti geometry with a single hydrogen bond. Hydrogen bonds are shown as black dotted lines, and numbers
indicate distances in angstroms (A). Differences in base pair geometries also lead to different C1’-C1’ distances at mismatch sites.

tion, and the glycosidic x torsion angle has values of —101°
and —77° respectively. This type of base pairing has also
been observed previously and results in an increased DNA
diameter to accommodate the mismatch in the DNA struc-
ture (46). The A4 and G11 nucleotides also prefer C3’-exo
puckers together with lower base pair shearing in the A:G
complex structure. In contrast, the central G4:A11 mispair-
ing in the two G:A complexes adopts more diverse con-
formations, including syn-anti glycosidic angles (x ~ 56°
and —71°) in G:A-CPX1 and ‘syn-like’ anti-anti (x ~ —
111° and —-102°) in G:A-CPX2. Previous NMR studies have
extensively demonstrated the existence of unusual sheared
G:A mismatch geometry in DNA structures (35,47). To our
knowledge, this is the first observation that two drugs can
capture this unusual G:A mismatch conformation. The G4
nucleotides from both G:A complexes have two different
sugar puckers, with a syn conformation preferring C3’-endo
pucker, with the ‘syn-like’ anti preferring C3’-exo pucker.
The presence of unusual ‘syn-like’ anti-anti geometry gener-
ates an extremely high shear value (6 A) at the G4:A11 pair,
causing the G4 base to move into the major groove, while
A11 is pushed back into the minor groove (Supplementary
Figure S2D). This unusual base pairing further pushes away
the N-methyl group of the MVA residue in ActD to avoid
the molecular crowding at the A11pG12 step, which results
in an slanted intercalation for the ActD chromophore into
the G2:C13/C3:G12 step in G:A-CPX2.

Structural details of ActD and Echi binding sites in A:G and
G:A mismatch complexes

Figures 4 shows in detail the different stacking and hy-
drogen bonding interactions between ActD and Echi with
DNA in A:G and G:A complexes. In the A:G and G:A com-
plex structures, the phenoxazone ring (PXZ) of ActD is in-
tercalated into the G2:C13/C3:G12 base pair step, while the
quinoxaline rings (QUIs) of Echi are bis-intercalated into
the X4:X11/C5:G10 and G6:C9/T7:A8 base pair steps. The
macrocyclic peptide rings of ActD and Echi stabilize the mi-
nor groove by widening the groove and partially unwinding
the duplex. The two halves of the A:G and G:A complexes
remain asymmetric due to the intercalation of the two dif-
ferent drugs. Intercalation of the PXZ ring of ActD into the
A:G and G:A complexes results in extensive stacking with
guanine bases on both sides flanking the ring, similar to the
previous structures. However, the opposite orientations of
the PXZ rings in the A:G and G:A complexes forms dif-
ferent hydrogen-bonding interactions (Figure 4A). In both
A:G and G:A complexes, the O1’ atom of PXZ form a bi-
furcated intermolecular hydrogen bond with the O2 and N2
atoms of the G2 and Cl13 bases, respectively (3.5 and 3.4
A in A:G, 3.3 and 3.4 A in G:A-CPX1 and 3.2 A each in
G:A-CPX2). In contrast, the N2 atom of PXZ forms hy-
drogen bonds with the O4” sugar oxygen of C3 (2.4 A) in
the A:G complex and at distances of 2.9 A and 2.8 A of
C13inthe G:A-CPX1, respectively, on the other strand. De-
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Figure 4. Overall stacking and hydrogen bonding interactions between ActD (dark blue sticks) and Echi (green sticks) and DNA nucleotides in the A:G
(light blue sticks), G:A-CPX1 (pink sticks) and G:A-CPX2 (orange sticks) mismatched complex structures. (A) The phenoxazone ring (PXZ) of ActD
is intercalated into the G2pC3 step, forming stacking and hydrogen bonding with the bases G2, C13 and C3 in the three complexes. (B) Intermolecular
hydrogen bonds to the N2/N3 atoms of bases G2 and G12 and the threonine residue (THR of ActD) in all three complexes are shown. (C) The quinoxaline
ring (QUI) and alanine residue (ALA) of Echi are intercalated into the C5pG6 sites, resulting in stacking and hydrogen bonding.

spite the opposite orientation of the two ActD molecules in
these complexes, the more common hydrogen-bonding in-
teractions between ActD and DNA were observed via the
CO/NH atom of THR1 and THR7 and the N2/N3 atom
of G2 and G12 nucleotides (Figure 4B).

The different stretch distances and opening angles at the
central A:G and G:A mismatch sites further cause differ-
ences in stacking with the QUIO ring of Echi (Supplemen-
tary Figure S3A). In the A:G complex, the central A4:G11
mismatch has a stretch distance of 1.5 A and a small open-
ing angle of -2°. The unusual geometries of the two G4:A11
base pairs result in lower stretch distances of 0.4 A and -
1.4 A, and unusually large base pair openings of 20° and
49° in G:A-CPX1 and G:A-CPX2, respectively. These dif-
ferences at the binding interface of the two drugs also result
in different intermolecular van der Waals interactions with
the central mismatch pairs. Ligplot+ analysis shows that
the MVA and DSN residues of ActD and QUI0 and MVA
residues of Echi consistently form van de Waals contacts
with the central mismatches in all three complexes (Supple-

mentary Figure S3B). However, the adoption of a syn ge-
ometry by the G4 nucleotide in G:A-CPX1 results in ad-
ditional interactions with the PRO and SAR moieties of
Echi, whereas the ‘syn-like’ anti geometry of G4 in G:A-
CPX2 only results in an additional interaction with the PRO
residue of Echi. The C5:G10 and G6:C9 base pairs within
the quinoxaline intercalation site have alternating negative
and positive buckle values, resulting in intermolecular hy-
drogen bonds between the CO/NH of the two ALA residues
and the N2 and N3 atoms of the G6 and G10 bases, which
define the pronounced sequence preference of Echi for CpG
sites in DNA (Figure 4C).

Canonical C:G and G:C base pair-containing duplexes dis-
play considerable base-pairing changes following ActD and
Echi intercalation

As described above, base pair swapping in bulky purine-
related A:G and G:A mismatches results in distinct back-
bone conformations and base pair modulation upon inter-



calation of ActD and Echi. To understand and compare
the effects of intercalation of the two drugs on all Watson—
Crick base pair-containing duplexes, we have determined
two crystal structures of d(ACGGGCT/AGCCCGT) and
d(ACGCGCT/AGCGCGT), DNA oligomers with a cen-
tral canonical C:G and G:C base pair complexed with ActD
and Echi in space groups P4,22 and P6322 at 1.95 and
2.96 A resolution, respectively. In contrast to the purine-
related A:G and G:A mismatch complexes, the canonical
C:G and G:C base pair complexes further contributed to
the structural diversity caused by two different intercalators.
Although the C:G base pair containing DNA exhibits typ-
ical features similar to those of the A:G complex, the base
pair swapping from C:G < G:C results in distinct Hoog-
steen base pairing along with diverse structural polymor-
phism. The structural study has shown for the first time that
the presence of Hoogsteen base pairing can cause a sharp
kink in the DNA backbone and the induction of higher or-
der structural features. The details of the structural features
induced by ActD and Echi in canonical C:G and G:C base
pair-containing complexes are given below.

The C:G structure shows a single ternary complex of du-
plex DNA with ActD and Echi (Figure 5A), with the over-
all structure further stabilized by end-to-end crystal pack-
ing mediated by -7 stacking between the terminal nu-
cleotides of each duplex and lateral side-to-side interactions
by the Zn?* and K* metal ions and water molecules in the
major groove (Supplementary Figure S4). One Zn>* was
found to mediate a symmetry-related interaction with gua-
nine residues. A potassium (K*) ion was also found to medi-
ate the interactions between the terminal phosphate oxygen
atoms with two adenine nucleotide Als in the symmetry-
related duplexes. The backbone features of the C:G complex
are similar to the earlier A:G mismatch complex, with an
asymmetric single-stranded DNA twist. On the other hand,
the biological assembly of the G:C structure contains two
ternary ActD-Echi DNA complexes, in which a Mn”* ion
interacts with the symmetry-related guanine bases (G6 and
G6%*) at Echi binding interface through N7-mediated inter-
actions in the major groove (Figure 5B and Supplementary
Figure S5).

The insertion of ActD and Echi did result in significant
perturbation of the DNA backbone, as shown by their tor-
sion angles. In the C:G complex, most backbone torsion
angles & are in the 130-150° range, closer to typical B-
DNA values. Interestingly, nucleotide G4 in G:C-CPX2 has
a much lower value, around 87°, which is closer to the value
for canonical A-DNA (81°). For the same G4 nucleotide,
the backbone torsion angle y is 177°, significantly higher
than the values for C4 and other G4 nucleotides in C:G
and G:C-CPXl, respectively. These sudden changes in tor-
sion angles further lead to typical single-strand twisting of
the DNA backbone. Interestingly, in G:C-CPX2, the ActD
chromophore is intercalated in such a way that the PXZ
ring is slanted to the major groove, which causes the C11
nucleotide to be significantly staggered (3.8 A) into the ma-
jor groove to avoid wedging into the C11pG12 step via the
N-methyl group. The backbone torsion angle y undergoes
a major change from 122° to 44° at the G12pCl1 step of
chain B, resulting in a sharp kink in the DNA backbone at
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this step. In G:C-CPX1, the terminal nucleotides A1pG2 in
chain A are tilted approximately 90° from the helical trajec-
tory. This striking feature is reflected in a ~180° change in
the B torsion angle (between O5” and C5’ of the DNA back-
bone) of the C3 nucleotide compared to other nucleotides
in the same strand. In all three complexes, higher twist an-
gle values at the ActD-binding interface at the C3pX4 step
indicate overwinding of the DNA backbone at this step. In-
terestingly, in the C:G complex, the roll angle at the C3pX4
step is much lower (about 13°) compared to 56° and 46°
in the G:C-CPX1 and G:C-CPX2 structures, respectively.
These differences are correlated with single-stranded DNA
deformation in the C:G Watson—Crick complex, similar to
the A:G structure. In addition to differences in twist and
roll angles, the C:G and G:C complexes also show signifi-
cant differences in other DNA parameters such as base pair
shift and slide (Supplementary Figure S6). In the C:G com-
plex, the C4pCS5 step has a positive shift (0.1 A) and a posi-
tive slide value (2.7 A) compared to the -4.4 A and -2.9 A in
shift and -2.8 A and -4.6 A in slide for G:C-CPX1 and G:C-
CPX 2, respectively. The central C4:G11 base pair in the
C:G complex adopts a canonical Watson—Crick anti—anti
geometry (x ~—70° and —72°), while the G4:C11 base pairs
in the two G:C complexes have two distinct Hoogsteen syn—
anti conformations (x of ~ 71° and -96° for G:C-CPX1 and
~ 57°and -101° for G:C-CPX2) (Figure 5C). These syn-anti
geometries with two different x angles result in a narrowing
of DNA diameter and reduced C1’-C1’ distances compared
to the anti-anti conformation, leading to differences in inter-
molecular interactions in the complexes.

Structural features of ActD and Echi binding sites in C:G and
G:C complexes

In the C:G and G:C complexes, the ActD and Echi
molecules are intercalated between the base pair steps
G2:C13/C3:G12 and C5:G10/G6:C9, respectively, with the
cyclic peptides located in the minor groove. Detailed analy-
sis of the intercalation sites of ActD and Echi in these com-
plexes has revealed many known drug-DNA interactions,
including stacking, hydrogen bonding, and van der Waals
interactions. Extensive stacking interactions with guanine
bases flanking the PXZ ring are conserved in both com-
plex structures. However, the ActD PXZ ring shows op-
posite intercalation orientations in these complexes, with
differences in intermolecular hydrogen bonds (Supplemen-
tary Figure S7A). In the structure of the C:G complex, the
N2 atom of PXZ forms a single hydrogen bond with the
sugar oxygen O4’ of the C3 base with a distance of 2.7 A.
While in G:C-CPX1 a bifurcated hydrogen-bonded interac-
tion with_the sugar oxygen O4’ and the backbone oxygen
05’ (2.7 A and 3.2 A) and a single hydrogen-bonded inter-
action with the O4’ sugar oxygen is formed, 2.8 A from the
C13 base on the other strand. The O1 oxygen atom of the
PXZ ring forms bifurcated hydrogen bonding interactions
with the N2/02 atoms of the G2 and CI13 nucleotides in
all three complexes. Also, the C13 nucleotide in G:C-CPX1
and G:C-CPX2 forms additional hydrogen bonded inter-
actions between the O1’ of PXZ and the O2 and O4’ oxy-
gen atoms of C13, respectively. The more common hydro-
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Figure 5. Overall structure of C:G and G:C Watson—Crick duplexes in complexes with ActD and Echi. (A) Biological assembly of the crystal structure
containing a central C:G Watson—Crick base pair in a DNA duplex complexed with ActD and Echi, as shown in front (left) and side (right) views, with
typical single-stranded backbone distortion. The DNA backbone is shown in a white cartoon with the central C4 and G11 bases highlighted in bold red
and cyan font. (B) Biological assembly of the crystal structure containing a G:C Watson—Crick base pair shows two separate duplexes after ActD and
Echi intercalation, as shown in the orange cartoon. G:C-CPX1 displays backbone with twisted end, while G:C-CPX2 shows a kink in individual DNA
backbone strand. The central bases G4 and C11 are highlighted in cyan and red bold. (C) Comparison between the geometries of the central C4:G11 and
G4:Cl11 pairs in the two complex structures. The C4:G11 base pair shows a typical Watson—Crick geometry with both bases in the anti-anti conformations
with three hydrogen bonds. The G4:C11 base pair, on the other hand, forms a Hoogsteen base pairing with syn-anti geometries containing two different
x values for syn G4 bases and hydrogen-bonded interactions. The differences in the C1’-C1’ distances for each base pair type are shown. Hydrogen bonds

are represented by black dotted lines and distances in angstroms (A).

gen bonds between the two THR residues of ActD medi-
ated by the CO/NH atom and the N2/N3 atoms of G2 and
G12 nucleotides are well preserved in these complex struc-
tures (Supplementary Figure S7B). The base pairs C5:G10
and G6:C9 within the quinoxaline intercalation sites show
alternating negative and positive buckle parameters, result-
ing in intermolecular hydrogen bond formation between the
CO/NH of the two ALA residues and the N2 and N3 atoms
of the G6 and G10 bases, which define the strong sequence
preference of Echi for CpG sites of DNA. Interestingly, the
—13° opening angle of the G6:C9 base pair, which pulls the
guanine G6 towards the major groove, causing an increase
in distance between the N3 atom of the guanine and the NH
of the ALA3 residue, results in a single hydrogen bond being
formed in G:C-CPX1 (Supplementary Figure S7C).

Furthermore, the different geometries of the central base
pairs in the C:G and G:C complexes lead to stacking differ-
ences with the quinoxaline QUIO of Echi. The C4:G11 pair
in the C:G complex has a very low stretch distance (0.0 A)
and a low opening angle (2°), while the two G4:C11 base
pairs in the G:C complex have a higher negative stretch dis-
tance (—1.2 and —1.2 A), with higher base pair opening val-
ues (13° and 18°, respectively) (Supplementary Figure S§A).
These distinct differences at the central base pair sites re-
sult in varying number of drug residues forming van der
Waals interactions with the central X4:X11 base pairs in
these complexes, as observed with LigPlot+ (Supplemen-
tary Figure S8B).

The G:C base pair complex induces a four-way junction-like
superstructure at the ActD intercalation site

In the two independent complexes in the asymmetric unit of
the G:C crystal structure, the two terminal bases of chain A
in CPX1, 5’-A1pG2, are flipped away from the normal he-
lical trajectory at the ActD-binding site, by approximately
90°. These flipped bases exhibit no disorder in electron
density maps, confirming the existence of a discrete novel
higher order structure (Supplementary Figure S9). Detailed
analysis of the symmetry-related complex has revealed a
unique superstructure in the form of a discontinuous four-
way junction at the ActD-binding site in the G:C complex
structure (Figure 6A). This unnatural base flipping causes
severe twisting of the DNA backbone, resulting in crossover
between the 5’-end of chain A in CPX1 and the symmetry-
related 5’-end in CPX1%*. The 3’-T14 base in the symmetry
related CPX2* chain B forms ‘base-to-base’ m—m stacking
with the flipped-out 5’-A1 base of CPX1, resulting in a dis-
continuous inner strand of a four-way junction superstruc-
ture (Figure 6B). The outer strands of the superstructure
are composed of stacking interactions between 3’-T14 from
Chain B of CPX1 and 5-Al residue in chain A of CPX2
(and the symmetry related CPX1* with CPX2%*). As a re-
sult, the terminus of CPX2 allows the overall structure of
the complex to form a complete four-way junction, with
two ActD molecules intercalating at the cross-linking in-
terface of the superstructure. Two Echi molecules stabilize
the ends of the entire four-way junction structure. When
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CPX1*

Figure 6. (A) Overall biological assembly of a discontinuous four-way junction superstructure formed by two independent duplexes of the G:C base pair
complex structure through symmetrically related duplexes. The outer strands in the four-way junction structure are coloured in cyan, while the inner
chains forming a crossover junction are shown in pink cartoons. The ActD and Echi are shown in blue and green sticks. Asterisk (*) symbols indicate
symmetry-related complexes or drug molecules. (B) Schematic diagram of the superstructure of the four-way junction with detailed numbering of residues
and insertion sites for ActD (blue) and Echi (green). (C) The core of the superstructure formed by the intersection of two symmetry-related complexes
(CPX1 and CPX1%*), viewed from above and from the front. A side view of the crossover junction shows that the two ActD molecules are arranged at
an angle of about 62° to the plane of the phenoxazone (PXZ) rings. (D) Detailed hydrogen bonding (black dotted lines) and stacking interactions (green
dashed lines) of PXZ and THR residues of ActD with G12pC13/G2*pC3 residues stabilize the junction site.

viewed from the top, the two symmetry related complexes
CPX1 and CPX1* form an angle to the horizontal plane of
the crossover site, where two ActD molecules are interca-
lated from the minor groove. The crossover junction con-
sists of two ActD PXZs intercalated into G2*:C13/G12:C3
and G2:C13*/C3*:G12* sites in CPX1 and CPX1*, respec-
tively (Figure 6B front view), at an angle of ca 62° between
two PXZ moieties (Figure 6B side view). A close-up view
of the crossover junction shows that the flipped Al and
G2 bases form complementary Watson—Crick base pairings
with the symmetry-related T14* and C13* nucleotides at
the ActD intercalation site. The strong 5’-GpC preference
of ActD has preserved binding site interactions in the four-
way-junction structure, with hydrogen bonding and stack-
ing interactions between the PXZ ring and the THR of

ActD and the guanine bases flanking the ring (Figure 6C
and D). In this four-way junction structure, the DNA atoms
comprising the formation of a crossover are separated by
ca 3.8 A, which further increases the stability of the super-
structure. The base pair rise between G2 and the symmetry
related C11* is ca 6.8 A, which is significantly lower than
the average rise distance of 7.7 A caused by the PXZ inter-
calation site, suggesting that the formation of higher order
structure may enhance the stacking between PXZ and DNA
nucleotides to stabilize the overall junction structure.

DISCUSSION

Specific DNA-targeting agents are one of the most chal-
lenging classes of compounds for cancer drug discovery:
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can one enhance cancer cell potency while reducing normal
cell damage and resistance? Barton et al. have demonstrated
the potential for targeted therapies in this field with metal
intercalators to treat MMR-deficient tumours by target-
ing mismatch-containing DNA sequences (8,48). We have
also previously reported several small molecule compounds
(49-51) that have the potential to recognize various ab-
normal DNA sequences (such as mismatches and repeat-
related structures). Understanding atomic details and the
DNA interactions of small molecules may open up new op-
portunities for structure-based drug design to target specific
disease-related DNA structures (52,53). A major caveat,
however, is that the structural basis for the anticancer activ-
ity of DNA-targeting compounds has been primarily stud-
ied using one drug at a time. It has been postulated that
a combination of two or more intercalators could bind
tightly to distinct yet specific sites on DNA, thereby extend-
ing their sequence specificity (11). As far as we know, no
study to date has provided a structural basis for targeting
the same DNA structure simultaneously with two different
anticancer drugs. As a start to elucidating the mechanism
of such a DNA-targeted drug combination, we have deter-
mined the detailed ternary structures of two purine-related
mismatched as well as two Watson—Crick base pair contain-
ing DNA sequences complexed with two well-known anti-
cancer drugs, ActD and Echi. The distortion of the DNA
backbone is affected by the action of the drug. Intercala-
tion of two different drugs into one DNA sequence results
in only one strand being significantly distorted, forming an
orthogonal backbone shape. This suggests that DNA se-
quence is critical for the action of these drugs. Comparison
of known ActD and Echi complexes bound separately to
DNA duplexes with the current two-drug complexes shows
that the general binding modes of ActD and Echi are con-
served, but there are major differences in the changes to
the DNA backbone (54-57). In contrast to the asymmet-
ric backbone distortions reported here, the individual ActD
and Echi complexes show symmetric backbone distortions
of the two DNA strands. The simultaneous intercalation of
ActD and Echi molecules can alleviate the steric conflict be-
tween the cyclic peptide units in the minor groove and ab-
sorbs torsional stress to compensate for the energetic cost
required to unwind the backbone.

Out of the eight different types of DNA mismatches,
the purine-related G:A mismatch is the most polymorphic,
and can significantly destabilize duplex DNA. The occur-
rence of G:A mismatches has been detected in the peri-
centromeric regions of human chromosomes and in sev-
eral single-stranded DNA viral genomes (58,59). In addi-
tion, these mismatches are also found in the noncanon-
ical structures formed in (TGGAA)n repeats, which are
known to cause the neurodegenerative disorder spinocere-
bellar ataxia 31 (SCA31) (44). Despite their biological im-
portance, G:A mismatches have rarely been studied and
structurally characterized using X-ray crystallography. The
extent of structural disruption caused by mismatches or
modified base pairs on DNA is highly dependent on se-
quence context (60,61). In the present study, we have con-
firmed that base-pair interchange in the case of an A:G to
G:A mismatch leads to multiple mismatch conformations,
including anti-anti, syn-anti, and a novel syn-like anti-anti

geometry, which may cause differences in DNA stability. In
the A:G mismatch complex, the central A4,,,;:G11,,, mis-
match forms two hydrogen-bond interactions. The sheared
G4y,:All, and Gégynjike-ani:All 4 mismatches in the
G:A complex results in a single hydrogen-bond interaction.
Such sheared G:A mismatches are usually found in tandems
in regular DNA duplexes (62,63). However, the current G:A
complex shows that a single sheared G:A pairing can be
observed when complexed with ActD and Echi. Moreover,
the formation of Hoogsteen base pairs in DNA potentially
plays an important role in DNA damage and repair (64—
66). Several X-ray crystallography studies have reported the
formation of Hoogsteen pairs upon small molecule binding,
highlighting their importance as a specific recognition motif
in DNA for small molecule ligands (67-69). We report here
that the canonical C4,,,;:G11,,,; base pair at the two-drugs
binding interface results in a Watson—Crick conformation
after ActD and Echi binding. Interestingly, this canonical
Watson—Crick pairing switches to a non-canonical Hoog-
steen type when the central pair is changed to a Gy,,,:Cyyy; ar-
rangement. The formation of such Hoogsteen base pairs at
the two-drug binding interface also accounts for the reduc-
tion of the C1’-C1’ distance by about 1.4 A and increased
intermolecular van der Waals interactions between the nu-
cleotides and the drug molecules, which may result in ad-
ditional stability to the complex structure compared to the
Watson—Crick pair. These observations are consistent with
several previously reported protein—-DNA complexes, sug-
gesting an analogous mechanism of action for these drug—
DNA complexes (70).

The alteration of base pairing at the ligand binding inter-
face may also have important implications for the recogni-
tion of DNA by drug or protein. For example, Al-Hashimi’s
group found that Echi or ActD can affect the rate of Hoog-
steen base pair formation in Watson—Crick DNA duplexes
at the drug binding interface (71). Indeed, our crystal struc-
tures containing a central C4:G11 pair, a G4:C11 pair, as
well as G4:A11 and A4:G11 mismatches, also demonstrate
that simultaneous intercalation of ActD and Echi can trap
anti-anti-Watson—Crick pairing, syn-anti-Hoogsteen pair-
ing or ‘syn-like” anti-anti (sugar-edged) geometries in these
complexes. A detailed comparison within these base pairs
has revealed that when the QUIO intercalation is oriented
toward a non-guanine base, such as cytosine, or adenine
(i.e. C4 or A4 base in the C:G and A:G complexes), a typ-
ical anti-anti conformation is well tolerated. When these
structural features were compared, a strong correlation was
observed between the geometry of the central base pairs
and the DNA backbone deformation upon intercalation
of two drugs (Table 1). In the A:G and C:G complexes,
when the central base pair at the two drug-binding inter-
face adopts a typical anti-anti or syn—anti geometry (in the
case of G:A-CPX2) with a wobble or Watson—Crick confor-
mation, the DNA forms a single-stranded ‘chair-like’ back-
bone deformation (chain B), and the complementary strand
(chain A) remains straight and aligned to the DNA helix.
Interestingly, in all these complex structures, the interca-
lation orientations of the ActD-PXZ and Echi-QUI0 moi-
eties are parallel to each other (Supplementary Figure S10).
Furthermore, the bis-intercalation of Echi results in a sig-
nificant tilt between the planes of intercalated base pairs
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Table 1. Structural feature comparison for all crystal structure complexes reported in the present study

Homopurine mismatches

Watson—Crick base pairs

Complex name A:G G:A-CPX1 G:A-CPX2 C:G G:C-CPX1 G:C-CPX2

Central base-pair A4:Gl11 G4:All G4:All C4:Gl11 G4:Cl11 G4:Cl11

Central base-pair geometry anti-anti syn—anti ‘syn’ like anti-anti syn—anti syn—anti

anti—anti

Central base-pair type Wobble Wobble Sugar-edged Watson—Crick Hoogsteen Hoogsteen

Central base-pair CI'-Cl’ 12.3 10.5 9.0 10.8 9.4 8.8

distance (A)

ActD and Echi intercalation Parallel Parallel Slanted Parallel Parallel Slanted

type

DNA conformation Single strand Single strand Sharp bend Single strand Four-way Kinked

distortion distortion distortion junction

Backbone shape ‘Chair’ shape ‘Chair’ shape ‘Curve’ shape ‘Chair’ shape Antiparallel ‘Zig-zag’
crossover shaped

ActD v v v v v v

Echi v v v v X v

PDB ID 7X6R 7XDJ 7X97 7X9F

(Supplementary Figure S11). The N-methyl and BC-methyl
side chains of MVA and ALA point toward C5 and G6
on one side and C9 and G10 on the other side, respec-
tively, forming a wedge between the sugars of the polynu-
cleotide. This introduces a significant tilt between the C5
(C9) and G6 (G10) planes and Echi-QUIO, respectively.
This arrangement results in a decrease in the interplanar
spacing between the unsaturated ring systems, leading to
an increase in the successive stacking interactions between
G2-PXZ-G12 at the ActD binding site and X4-QUI0-G10-
C9 and A8-QUII-G6-C5 residues at the Echi intercala-
tion site. In long DNA molecules, such continuous triple
stacking interactions can provide more intrinsic stability re-
quired for DNA, demonstrating the importance of single-
stranded asymmetric backbone distortion when intercalat-
ing two drugs. In contrast to these observations, a more di-
verse DNA conformation occurs when the central base pair
adopts a different geometry. For example, in G:A-CPX2,
the central G4:A11 mismatch forms a new sugar-edged ge-
ometry, causing a sharp bend in the two DNA backbones
to form a ‘curved’ duplex structure. The presence of a gua-
nine (i.e. the G4 base) in the Echi-QUIO ring in the G:C
complex could cause a steric conflict between QUIO0 and the
bulky guanine base, forcing the guanine to adopt another
conformation, i.e. the syn-conformation, forming a unique
Hoogsteen base pairing. Previous crystal structures of Echi
bound to oligomer DNA duplexes also exhibit Hoogsteen
base pairs for the bases flanking the bis-intercalation site,
suggesting that these play a significant role in inducing al-
ternate base conformations (56,72). The formation of a cen-
tral Hoogsteen base pairing also leads to more diverse DNA
conformations, including kinked duplexes and a four-way
junction superstructure. In these complexes, the ActD and
Echi molecules show slanted intercalation towards the ma-
jor groove, whereas the planar DNA bases and Echi-QUIO0
are less inclined. These unusual arrangements resulted in re-
duced intermolecular stacking as well as other interactions
such as hydrogen bonding. Thus, the differences in the inter-
calation angles and orientations of ActD and Echi seem to
play an important role in binding to DNA base pairs, which
accounts for the structural polymorphism caused by the two
intercalators.

The induction of higher-order superstructures has been
demonstrated in many nucleic acid-intercalator complexes,
with potential applications in disease diagnosis and ther-
apy (73-75). In a study by van Rixel et al. the abil-
ity of a small platinum compound [Pt(H,;bapbpy)]-(PF¢),
(where Hybapbpy is N-(6-(6-(pyridin-2-ylamino)-pyridin-2-
yl)-pyridin-2-yl)pyridin-2-amine) to induce a pseudo four-
way junction like crossover through stacking and hydro-
gen bonding was identified, resulting in antiproliferative ef-
fects against various cancer cell lines (Figure 7A) (76). We
have also reported a unique ‘U’ shaped head-to-head four-
way junction formed by mismatch-containing DNA, which
explains the supramolecular chemistry of triaminotriazine
DNA intercalators, inducing higher-order superstructure
with applications in drug design (Figure 7B) (77). Further,
Eichman et al. showed that a psoralen based DNA inter-
calator drug can form a typical stacked antiparallel Holli-
day junction by cross-linking with thymine bases, which can
be relevant to the repair of psoralen-lesions in mammalian
DNA (Figure 7C) (78). In the current study, we found that
a complex comprising a central G:C Hoogsteen base pair
could induce a discontinuous and unique antiparallel four-
way junction-like higher-order structure at the ActD in-
tercalation site (Figure 7D). After comparing these four-
way junction structures, we found that two ActD molecules
bound across the centre of the junction to form a peculiar
topology, in some ways similar to a typical Holiday junc-
tion structure, in which the flipped-out bases form canoni-
cal Watson—Crick base pairing flanking the crossover. ActD
has been previously found to induce many different struc-
tural changes in DNA, such as base-flipped backbone kinks
and the formation of pseudo intercalated complexes (79—
82). Our crystal structure has shown, for the first time, that
ActD is equally capable of introducing a four-way junction-
like superstructure. The crossover at the 5’-terminal end be-
gins near G4 in ‘chain A’, which adopts a syn conformation,
suggesting a potential link between the Hoogsteen base pair
and the formation of a four-way junction-like structures. It
would be interesting to investigate the role of Hoogsteen
base pairs in the induction of such higher-order structures
mediated by small molecule ligands, which may have poten-
tial biological and biotechnological applications.
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Figure 7. Comparison of DNA topologies of four-way junction superstructures in different sequences induced by intercalators. (A) The ‘X’-shaped
crossover topology generated in a pseudo four-way junction superstructure induced by a platinum-based [Pt(H;bapbpy)]-(PF¢)> compound. (B) When
a triaminotriazine DNA intercalator is inserted into the T:T mismatch duplex, a ‘U’-shaped head-to-head four-way junction like topology is formed.
(C) Psoralen-based 4’-hydroxymethyl-4,5’.8-trimethylpsoralen (HMT) DNA intercalation compound induces a Holliday junction by cross-linking with
thymine bases to form an antiparallel stacked topology. (D) Intercalation of ActD induces a discontinuous four-way junction with an antiparallel align-
ment of the DNA backbone strands. Cyclic peptide parts of ActD and Echi has been removed to enhanced clarity.

Our results underscore the importance of base pair mod-
ulation by small molecules during DNA recognition for the
development of new anticancer strategies. Such novel DNA
changes, distinct from the structurally simpler changes pro-
duced by classic intercalating drugs such as ActD or dox-
orubicin, could well reduce resistance, as well as enhanc-
ing therapeutic indices based on selective drug interaction
at DNA lesions induced by cancer-related mutagenesis. The
polymorphic structures presented in this study are clearly
a consequence of base pair interchange effects and are not
the result of crystal packing forces and are thus likely to
represent their biologically relevant conformations when
two drugs bind to DNA. The combination of two or more
DNA intercalators may also be an effective approach for
the treatment for DNA mismatch-related cancers. Based on
our structural observations, we have established a working
hypothesis for using the combination of ActD and Echi
against MMR-deficient cancers, even though a detailed
linkage between our structural observations and the biolog-
ical data remains to be fully elucidated. The fact that the two
simultaneous drug binding results in unexpected and un-
precedented structural changes to the target DNA sequence
is consistent with the concept that the resulting DNA le-
sions are more vulnerable in MMR-deficient cells and tu-
mours. We have now shown experimentally that the combi-
nation of the two drugs can synergistically enhance cytotox-
icity (Satange et al., 2022, under review) in MMR-deficient
HCT116 cells. We have also shown that synergistic in vivo
therapy with ActD and Echi can minimize off-target and
generalized cytotoxicity and maximize anti-cancer efficacy

even at 10-fold lower doses of a single drug in a xenograft
mouse model for MMR-deficient tumours. We therefore
suggest that the combination of two DNA intercalators may
have clinical potential as an effective and reduced toxicity
chemotherapeutic strategy.

In summary, our results provide evidence of new struc-
tural features for two different DNA intercalators bind-
ing to DNA containing purine-purine G:A and A:G, and
Watson—Crick G:C and C:G base pairs. We have identified
a binding mechanism by which two different drugs induced
specific base-pairing changes in DNA. Determining various
drug-DNA complex structures of this type could help in un-
derstanding the nature of various specific and non-specific
intermolecular interactions that contribute to the stabiliza-
tion of mismatches in DNA through specific backbone al-
terations. The structural features discussed here may be also
generalized for other drug-DNA and protein-DNA com-
plex structures. It is hoped that this study will help guide the
development of mismatch binding agents for future gener-
ations of DNA-targeted chemotherapy.
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