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ABSTRACT

DNA mismatches are highly polymorphic and
dynamic in nature, albeit poorly characterized
structurally. We utilized the antitumour antibiotic
Co'(Chro), (Chro = chromomycin A3) to stabilize the
palindromic duplex d(TTGGCGAA) DNA with two G:G
mismatches, allowing X-ray crystallography-based
monitoring of mismatch polymorphism. For the first
time, the unusual geometry of several G:G mis-
matches including syn-syn, water mediated anti-
syn and syn-syn-like conformations can be simul-
taneously observed in the crystal structure. The G:G
mismatch sites of the d(TTGGCGAA) duplex can also
act as a hotspot for the formation of alternative DNA
structures with a GC/GA-5' intercalation site for bind-
ing by the GC-selective intercalator actinomycin D
(ActiD). Direct intercalation of two ActiD molecules
to G:G mismatch sites causes DNA rearrangements,
resulting in backbone distortion to form right-handed
Z-DNA structures with a single-step sharp kink. Our
study provides insights on intercalators-mismatch
DNA interactions and a rationale for mismatch in-
terrogation and detection via DNA intercalation.

INTRODUCTION

DNA mismatches are potentially mutagenic and thus must
be repaired by the mismatch repair system to maintain the
integrity of the genetic information within the cell (1). Fail-
ure to correct for mismatched base pairs eventually leads
to abnormal functioning of the cell and constitutes a ma-
jor mechanism behind an increasing number of genetic de-
fects and cancers (2-4). The presence of mismatches does
not normally dramatically modify overall DNA helix ge-
ometry; however, it may exert a significant impact on lo-
cal base step geometry and accordingly alters the struc-
tural topology of DNA (5,6). Structural analyses of the mis-
matched base pairs in various sequence contexts show that

mismatches are highly polymorphic in nature. For exam-
ple, many of the mismatched base pairs can exist as wob-
ble pairs, protonated bases, bifurcated hydrogen bonds and
various pairing conformations involving anti—syn and anti—
anti isomerization (7-9).

The small molecules that recognize these mismatched
DNA duplexes can induce various degrees of structural de-
formations, with many having pharmaceutical and/or di-
agnostic potential (10,11). The presence of unstable mis-
matches in DNA structures may cause base flipping into
extrahelical positions, which itself is an important phe-
nomenon observed upon small molecule ligand binding to
DNA duplexes (12-14). DNA bending has also been recog-
nized as an important consequence of the action of those
small molecules that intercalate into DNA duplexes (15—
17). Several studies have shown that large-scale deforma-
tions and structural rearrangements occur in DNA du-
plexes in order to achieve more energetically favourable and
stable structures (18-20). Notably, many of the structural
features observed for small molecule-DNA complexes have
also been reported in DNA—protein complexes, suggesting
that in some cases these may share similar interaction mech-
anisms (21,22).

In the current study, we utilize a self-complementary
‘GC rich® DNA sequence, d(TTGGCGAA), containing
two guanine-guanine (G:G) mismatches, in order to un-
derstand the polymorphism that exists in the mismatches
and its structural consequences for DNA duplexes. A previ-
ous study reported that G:G mismatches can adopt either a
symmetric or an asymmetric structure with two guanosines
in anti and syn conformations, and the mismatch being held
by two hydrogen bonds between the N1 imino protons and
carbonyl oxygen atoms of guanine (23). Chromomycin A3
(Chro), is a tetrahydroanthracene-based glycoside antibi-
otic belonging to the aureolic acid family. It contains di- and
trisaccharide components linked to a tetrahydroanthracen-
2-yl chromophore via O-glycosidic bonds at position 2 and
6, respectively (24,25). It has been shown that the dimeric
Chro complex with Co! ion, Co''(Chro),, can interact with
those GC sites having flanking G:G mismatches (26,27).
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Here, we use Co''(Chro), as a mild stabilizer in order to
stabilize and enable crystallization of this G:G mismatch-
containing duplex. The structure shows, for the first time,
that different arrangements of G:G mismatches can be tol-
erated in a single duplex, along with the more common
symmetric anti:syn type of arrangement around the gly-
cosidic angle conformations. On the other hand, the anti-
cancer GC-selective DNA intercalator, actinomycin D (Ac-
tiD), is known to interfere with the replication and tran-
scription of DNA in tumour cells by intercalating its phe-
noxazone ring at a GpC step in genomic DNA (28-32). We
find that the two G:G mismatches provide an excellent bind-
ing environment for the ActiD. We have solved the crystal
structures of the ActiD-d(TTGGCGAA), complex, which
show large-scale structural rearrangements in the DNA du-
plex. Notably, these lead to the formation of a right-handed
‘zigzag’ (Z) DNA-type of backbone structure containing a
G(anti):A(syn) mispair instead of the standard G:C base
pair at the intercalation site. This causes a sharp kinking
of the DNA helix that is more marked than that induced
by sequence-specific DNA-binding drugs. These structures
altogether display extraordinary features that can be ex-
ploited as unique mismatch DNA recognition characteris-
tics revealed through DNA intercalation.

MATERIALS AND METHODS
Drugs and oligonucleotides

The self-complementary synthetic DNA oligonucleotide se-
quence d(TTGGCGAA) used for crystallization was com-
mercially synthesised by MDBio, Inc. with purification per-
formed by polyacrylamide gel electrophoresis. The drugs
chromomycin A3 (Chro) and actinomycin D (ActiD) were
purchased from Sigma Chemical Co. All the experimen-
tal procedures were performed using de-ionized water from
a Milli-Q system. Absorbance measurements were carried
out in a quartz cuvette using a JASCO UV/VIS spectropho-
tometer and the concentrations of oligonucleotides were de-
termined according to Beer’s law (A = €.b.c, where A is the
optical density at 260 nm, € is the extinction coefficient,
b is the cell path length (1 cm), and c is the molar DNA
concentration). The concentration of Chro and ActiD so-
lutions were determined from the optical density (€495 ym =
8,800 M~! cm~! for Chro and €524 ym = 35280 M~ cm™!
for ActiD). Oligomer extinction coefficients (g) were calcu-
lated according to tabulated values of monomer and dimer
extinction coefficients with reasonable assumptions (33).

Crystallization of Co''(Chro),-d(TTGGCGAA), and
ActiD-d(TTGGCGAA), complexes

The  Co'"(Chro),-d(TTGGCGAA), and  ActiD-
d(TTGGCGAA), complexes were crystallized using
the sitting drop vapour diffusion method. The crystals
of Co''(Chro),-d(TTGGCGAA), were obtained from a
solution of 0.5 mM single-stranded DNA, 1 mM Chro,
2 mM cobalt(Il) chloride, 5 mM sodium cacodylate (pH
7.3), 7 mM magnesium chloride, 12 mM spermine, 4%
PEG400 and 4% 1-propanol, equilibrated against 500 .l
of 30% PEG400 at 4°C. Because Chro is yellow, crystals

with yellowish coloured and square-shaped morphology,
implying formation of the Co'(Chro),~d(TTGGCGAA),
complex, were harvested after 4 days. Crystals of the
ActiD-d(TTGGCGAA), complex were obtained from
solutions containing 0.5 mM single-stranded DNA, 0.5
mM ActiD, 10 mM 2-(N-morpholino) ethane sulfonic acid
(MES) buffer (pH 6.5), 1.5 M sodium malonate, 100 mM
lithium chloride and 10 mM MnCl, 5 mM CaCl,. The
solutions were equilibrated at 4°C with 500 wl of 1.5 M
sodium malonate using the vapour diffusion method. Long
hexagonal-prism-shaped, yellow-coloured crystals were
obtained within 5-7 days implying the formation of the
ActiD-DNA complex.

X-ray data collection, phasing and structure refine-
ment of Co''(Chro),-d(TTGGCGAA), and ActiD-
d(TTGGCGAA), complexes

X-ray diffraction data of the Co'(Chro),—
d(TTGGCGAA), and ActiD-d(TTGGCGAA), com-
plexes were collected on synchrotron radiation facilities.
Diffraction data integration and data reduction were
processed using the HKL-2000 program package (34). The
diffraction data for the Co''(Chro),~d(TTGGCGAA),
crystal in space group P222; with unit-cell parame-
ters a = 47.82, b = 48.09, ¢ = 96.72 A, was collected
at 110 K on a Bruker DIP-6040 detector at beamline
BL44XU of the SPring-8. The phases for the Co''(Chro),—
d(TTGGCGAA), complex structure was determined by
molecular replacement with Phaser MR in PHENIX suite
(v1.8.4-1496) using the partial structure of the [Mg?*-
(chromomycin A3),]-d(TTGGCCAA), complex (PDB ID:
1VAQ) as a template (35). The diffraction data in space
group /422 with unit-cell parameters a = b = 59.35, and ¢
= 93.66 A, for the ActiD-d(TTGGCGAA), complex crys-
tal was collected using the Rayonix MX300HS CCD Area
Detector at the TPS 05A beamline of the National Syn-
chrotron Radiation Research Center. Single-wavelength
anomalous diffraction (SAD) data were collected at a
resolution of 2.12 A from single peak wavelength using
manganese (Mn'') as the anomalous scattering atom.
The diffraction data were indexed, integrated, and scaled
using the HKL-2000 software package, followed by Mn!!
substructure localization using SHELX C/D/E (36).
The resulting well-defined SAD electron density maps
were used to build initial models using the molecular
graphics programs MIFit (version 2010.10) and WinCoot
(version 0.8.4) (37). The built modelled structure of the
ActiD-d(TTGGCGAA), complex was used as a template
to determine the phases of the ActiD-d(TTGGCGAA),
complex at the higher resolution of 1.52 A. Structure refine-
ments were performed using the PHENIX (v1.8.4-1496)
package; the crystallographic and refinement statistics of
these complexes are listed in Supplementary Table S1.
All atoms in the molecules were modelled in and are well
defined, as indicated by the quality of the electron density
maps (Supplementary Figure Sla and b). The DNA
nucleotide geometry parameters reported by Parkinson
et al. were used (38) in the refinement. The final 2F,-F.
electron density maps were created using CCP4i and
PyMOL (version 2.2.3) was used to draw the graphical

6102 1290190 L€ U0 Jasn Aseiqi uopuo 8bs)j0) AusieAiun Agq 9601 15S/6688/91 /. 10BISqR-80ILE/IEU/WOD dNO™0IWapEIER//:SA1Y WOl Papeojumoq



representations of the refined structures (39). DNA helical
parameters were analysed using Web-3DNA (40) and the
CURVES+ program (41).

Surface plasmon resonance (SPR) analysis

The affinity between ActiD and the DNA duplexes was
measured using a BIAcore 3000 A surface plasmon res-
onance (SPR) instrument (Pharmacia, Uppsala, Sweden)
with a SensorChip SA5 (Pharmacia) by monitoring the
change in the refractive index of the sensor chip surface.
In general, these changes are assumed to be proportional
to the mass of the molecules bound to the chip and are
recorded in resonance units (RU). The 5-biotin labelled
hairpin DNA duplexes used in the SPR experiments were
purified by polyacrylamide gel electrophoresis. To control
the amount of DNA that bound to the streptavidin SA chip
surface, the biotinylated oligomer was manually immobi-
lized on the chip surface. ActiD was prepared in a solution
of 30 mM Tris—HCI buffer (pH 7.3) and 100 mM NaCl.
Different concentrations of drugs were passed over the chip
surface for 90 s at a flow rate of 30 wl min~! to reach equi-
librium. One of the flow cells was used as a blank control.
Then, the blank buffer solution was passed over the chip to
initiate the dissociation reaction, and this flow was contin-
ued for an additional 600 s to complete the reaction. Next,
the surface was recovered by washing with 10 ml of 2 mM
HCI. Sensorgrams for the interactions between the hairpin
DNA duplexes and the drug were analysed using the BIA
evaluation software, version 3. The SPR-binding constants
of ActiD bound to the G:G mismatched DNA were calcu-
lated using a bivalent ligand model (42), which describes the
two sequential binding events for ActiD binding to DNA
duplex as described below:

A+B<E>AB<Z—2>A32

kal

This model usually takes cooperative effects into account.
The fit was considered acceptable when chi-square values
were <3.

Fluorescence measurements

Fluorescence spectra were used to monitor the inter-
actions between d(TTGGCGAA), duplex and 7-amino-
actinomycin D (7-AActiD). 7-AActiD is a structural ana-
logue of ActiD which shows fluorescence properties. Un-
der similar conditions, it is proposed that the intercalation
ability of 7-AActiD remains similar to that of native ActiD
(43). The binding of 7-AActiD to DNA causes enhanced
fluorescence emission exhibiting a maximum near 650 nm
and a fluorescence intensity enhancement near 520 nm in
the excitation spectrum with 650-nm emission monitoring
(43). The total concentration of DNA and 7-AActiD was
set at 2 wM and incubated at 25°C for 2 h. All spectra were
recorded at 25°C in 50 mM Tris—HCI, pH 7.3 and 100 mM
NaCl. Fluorescence spectra were measured at 25°C with a
JASCO model FP-4500 spectrofluorophotometer (44). Ex-
periments were performed using a 3 x 3 mm quartz cell cu-
vette with a 1 cm path length. The emission wavelength was
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set at 650 nm, and the excitation wavelengths were 420-600
nm with the scanning speed of 50 nm mn~!.

RESULTS

Structure of the d(TTGGCGAA), DNA duplex with G:G
mismatches stabilized by Co''(Chro),

In order to understand the structural basis of G:G
mismatch flexibility, we solved the crystal structure of
d(TTGGCGAA); containing two G:G mismatches flanked
by GC base pairs at 2.50 A resolution. As the DNA du-
plex containing the mismatch was highly unstable, Co'l-
(Chro), was used to stabilize and crystallize the overall com-
plex structure (Figure 1A). The oligonucleotide self assem-
bles into an antiparallel duplex comprising three contin-
uous independent duplexes in one asymmetric unit (Fig-
ure 1b); these duplexes were labelled as CPX1, CPX2 and
CPX3, respectively (Figure 1C). The DNA duplexes were
further stabilized by coordination of the N7 of guanines
G4 and G12 with the Co" ions along with water-mediated
interactions with the guanine O6 and N1 atoms in the
three duplexes (Supplementary Figure S2). The details of
Co''-(Chro), binding to the DNA were found to be simi-
lar to those reported previously for drug-DNA interactions,
which showed some differences in the three complexes (26).
These differences in drug-DNA interactions might be due
to the presence of a G:G mismatch and its conformational
diversity and heterogeneity in the crystal structures. The de-
tails of Co''-(Chro), binding to the d((TTGGCGAA), du-
plex are described in the Supplementary Note and in Sup-
plementary Figure S3 and Table S2.

The self-assembled asymmetric unit of three duplexes is
held together by van der Waals contacts between the stack-
ing bases to form a pseudo-continuous double helix orga-
nized as a right-handed plectonemic supercoil. Even though
the three duplexes have different packing environments,
they are virtually superimposable, with a root-mean-square
deviation of 0.67 A (Figure 1D). The central 4 bp segment
of each duplex adopting a B-like character comprises two
G:G mismatches separated by two C:G base pairs. The roll
angles between the central GpC base pairs are negative,
which results in curvature of the DNA structures toward
the major groove (Supplementary Figure S4). As a conse-
quence widening of the minor groove was observed, which is
a result of Co''(Chro), binding. The average minor-groove
width for each complex is 14.2-14.6 A at the central GpC
base pairs whereas the minor groove slightly widens at G:G
mismatch sites up to 17.2 A in each complex, which dif-
fers substantially from the average width of B-DNA (45)
(6.0 A) (Figure 1D). Nevertheless, although the three DNA
duplexes show overall structural similarity, conformational
flexibility was observed for the Co''(Chro), dimers in all
three complexes (Figure 1E) (Supplementary Figure S5).
The two chromophores in each of these complexes are at a
dihedral angle of c.a. 85°—104°, which is substantially differ-
ent from that in the previously reported crystal structures of
Metal''(Chro), complexes (26) (Figure 1E), indicating the
degree of conformational change required to accommodate
the G:G mismatch-containing DNA duplexes.
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Figure 1. Overall structure of the Co''-(Chro),~d(TTGGCGAA), complex. (A) Chemical structure of the Co!'-(Chro), dimer complex. (B) Refined
structure of the Co''-(Chro),~d(TTGGCGAA), complex viewed from the major groove. The asymmetric unit contains three independent complexes
(CPX1, CPX2, and CPX3). The DNA duplex is represented in the purple cartoon, cobalt(Il) ions are shown as pink spheres, and (Chro), are shown in
brown and sky-blue sticks. Thymines are coloured in yellow, guanines in red, cytosines in blue, and adenines in green. (C) The d(TTGGCGAA); duplex
backbone is represented as red and blue sticks in all three complexes (CPX1, CPX2, and CPX3). (D) Superimposition of the overall structure between
CPXI1 (green), CPX2 (red), and CPX3 (blue) of d(TTGGCGAA); duplexes with modelled B-form DNA d(TTGGCGAA/TTCGCCAA) (yellow). (E)
Superimposition of the [Co!!(Chro),] ligand from three independent complexes: CPX1 (green), CPX2 (red) and CPX3 (blue).

Asymmetric G:G mismatch base-pairing and its effects on
DNA duplex geometry

The duplex contains six G:G mismatched pairs in three in-
dividual complexes (Figure 2A—C). The glycosidic torsion
angles, x, of the majority of the residues in the central
GpGpCpG core occur in anti conformation ranges (x ~
+90° to +180°; —90° to —180°) with the exception of G3,
G11 and Gl14, which adopt syn conformations in CPX1,
and G11 and G14 in CPX2 and CPX3 adopting syn con-
formations as well (y ~ —90° to +90°) (Supplementary Ta-
ble S3). The G6:G11 mismatched base pairs adopt anti—
syn conformations in all three complexes with the N1 of
G6 (anti), showing a bifurcated Hoogsteen type of hydro-
gen bonding with O6 and N7 of G11 (syn), which has been

identified in a previous study (23). The G3:G14 mismatched
base pairs, which have some H-bonded distances >3.2 A
compared to that of the G6:G11 base pairs, are therefore
more flexible and adopt more diverse conformations includ-
ing a syn—syn form in CPX1, a water-stabilized anti—syn type
in CPX2 and an unusual syn—syn base pair type in CPX3.
The syn—syn type in CPX1 shows a distinct interaction pat-
tern with the van der Waals interactions between the C6 car-
bonyl groups of G3 and G14 bases (Figure 2A). In CPX2,
the G3:G14 mismatched base pairs adopt an anti—syn con-
formation with a single hydrogen bond between N2 of G3
(anti) and O6 of G14 (syn) along with water-mediated hy-
drogen bonding between the N2 of G3 and N7 of the G14
in the mismatch (Figure 2B). The interactions between the
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Figure 2. Geometry of G:G mismatches in Coll-(Chro),-DNA complex. (A—C) Cartoon representations of all three independent DNA duplexes present in
an asymmetric unit of the Co!'-(Chro),~DNA complex. The DNA backbone is represented as silver arrows, adenine in green, thymine in orange, cytosine in
red and guanine in blue. The refined (2F,-F.) difference Fourier electron density map shows G:G mismatched pairs of the Co'-(Chro),~d(TTGGCGAA),
complex, contoured at 1.0 0. Hydrogen bonds are represented by dotted lines, with numbers indicating the distance between the two contributing atoms

in Angstroms (A).

water molecule and the mismatch create an unusual base-
pair geometry by pushing the guanines toward the exterior
of the helix to create a single hydrogen bond between the
bases. Notably, in CPX3, the G3 nucleotide has a glyco-
sidic torsion angle (x) of 147° (Figure 2C). This unusual
conformation for G3 is stabilized by a hydrogen bond be-
tween the N1 atom of G3 and O6 of G14 (syn) (3.2 A).
However, the two backbone dihedral parameters € and ¢
between G3:G14 residues in CPX3 undergo drastic transi-
tions (—6° and 150°, respectively) compared with G3:G14
of CPXI1 (166° and —84° respectively) and CPX2 (175° and
—67°). This causes G3 to be flipped in the opposite orienta-
tion to produce ‘syn-like’ geometry for G3 with a higher de-
gree of distortion whilst forming a base pair with G14 (syn).
Furthermore, the syn conformations in the G:G mismatches
prefer C1’- and C4'-exo puckers, with the exception of G14
(syn) in CPX2, which adopts a C3'-endo pucker. The anti-
form guanine bases in the G:G mismatches exhibit a range
of sugar puckers including C1’-exo, C4’-endo, C2'-endo and
C3’-endo conformations.

Increased base pair opening and stretch distance were
observed at the G3:G14 and G6:G11 mismatched pairs.
Notably, the syn—syn and syn—syn-like conformations at
G3:G14 show larger opening angles than those of anti-syn,
suggesting greater flexibility. Furthermore, the syn—syn and
syn—syn-like types of mismatches in CPX1 and CPX3 show

distinctive high shear distance and negative tilt angle com-
pared to those of the anti—syn and are distinct from those
observed in native B- or A-DNA (Supplementary Figure
S6). The local structural heterogeneity at the mismatch sites
may thus function as a hotspot to destabilize the duplex and
enable the formation of alternative DNA structures.

DNA binding affinity analysis of ActiD to the G:G mis-
matched DNA duplex

Numerous DNA intercalators have been developed to rec-
ognize mismatched sites with high selectivity. They induce
nucleotide flip-out in addition to more moderate structural
perturbations such as kinking (11,46-47). We therefore ex-
amined the features of the ‘hotspot’ function of the G:G
mismatch structural polymorphism to obtain the structural
details following DNA intercalator recognition. Initially,
the binding stoichiometry of ActiD was analysed by Job
titration using fluorescence spectroscopy (48). As 7-AActiD
is a derivative of ActiD, the results of 7-AActiD are likely
to closely match those with ActiD. A Job-type titration
plot showed a distinctive maximum at c.a. 0.6 (mole frac-
tion of 7-AActiD), identifying the 2:1 stoichiometry of the
complex in solution (Supplementary Figure S7). To char-
acterize the binding affinity of ActiD to G:G mismatched
DNA duplex, ActiD was allowed to interact with biotin-
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labelled hairpin DNA duplexes at various concentrations,
and the maximum binding capacity (Rm.x) (in RU) was
measured by SPR. Based on the Job titration analysis and
structural results, biotin-labelled hairpin DNA duplex, b-
GGCQG, provided two ActiD DNA-binding sites with the
trinucleotide 5'-7GT-3" as the loop region (Supplementary
Figure S8a). The DNA hairpin containing the AATT se-
quence in the stem region was used for comparison (Sup-
plementary Figure S8b). The SPR sensorgrams were fitted
to a 2-to-1 binding model characterized by two equilibrium
association constants (K,; and K,;). The b-GGCG DNA
exhibits a higher K> (1.18 x 10 M~!) value than K, (2.08
x 10° M~!) with the value of the K,»/K,; ratio being ap-
proximately five indicating that the binding of two ActiD
molecules to the b-GGCG DNA exhibit cooperative bind-
ing mode. The b-AATT showed no response in RU values,
indicating that the ActiD is unable to bind to the AATT
hairpin duplex.

Binding of ActiD forces a DNA rearrangement and right-
handed Z DNA formation of the G:G mismatched DNA du-
plex

To understand the structural basis of the binding of Ac-
tiD to G:G mismatched DNA duplex, we crystallized the
d(TTGGCGAA) sequence with a GC selective DNA inter-
calator, ActiD (Figure 3A). The crystals diffract to 1.52 A
resolution in the tetragonal space group /4,22. The asym-
metric unit contains one strand of the octamer palindromic
DNA sequence, d(TTGGCGAA), bound by one ActiD
molecule. In the complex structure, the phenoxazone rings
of ActiD (pink) and ActiD* (cyan) intercalate into the
G3:A7*/C5:G6* and G6:C5*/A7:G3* base pairs, respec-
tively, through the minor groove side (Figure 3B) consistent
with the Job titration analysis. Additionally, the two bulky
peptide rings expand the minor groove width at the central
(G3:A7%)/(C5:G6*) step in the ActiD-d(TTGGCGAA),
complex and force the two backbones to unwind to gen-
erate additional space. The 5 guanosine (G4) in the central
GGCG core is flipped out of the duplex DNA upon drug
binding, and the guanine base becomes perpendicular to the
long axis of the flanking G:C base pairs (Figure 3B). The 5’
cytosine (C5%) that was originally paired with G4 forms a
base pair with the 3’ guanosine (G6) from the destabilised
G:G mispair. Another guanine from the G:G mismatch
(G3) forms a mismatched base pair with the adenosine
(A7*) from the complementary strand of d((TTGGCGAA).
The G3:A7 mismatch observed in the current structure also
adopts the more common and favoured type of anti—syn
purine:purine mismatch conformation (Figure 3C). The he-
lix axis of the top half is bent with an angle of c.a. 61° away
from that of the bottom half. The bending angle and the
backbone distortion are far greater than those observed in
the previous structure of the drug—-DNA complex.

The binding of ActiD to the central -GGCG- causes con-
siderable changes in DNA geometry compared to canon-
ical A- or B-DNA (Supplementary Figure S9 and Table
S4). The flipped-out G4 and G4* have torsion angles ({)
of 107°, which differ by 289° and 265°, respectively, from

those observed in A- and B-DNA. The central C5 and G6*,
which adopt anti (C5) and syn (G6*) conformations, ex-
hibit greater propeller twist angles and low stretch distances.
The DNA helical twist at the ActiD intercalation site at the
GpC step is 59°, which indicates that this step is overwound
whereas the helix is unwound at the central CpG step with
a low twist angle of 3°. Notably, the duplex again shows
over winding at the second ActiD binding site (twist angle
49°). The large positive roll angle at the central CpG step
accompanied by a low twist angle induce a sharp bend at
the central step of the DNA helix toward the major groove.
Upon comparing the opposite twist characteristics and zig-
zag-like backbone shape of the DNA duplex with those of
the left-handed Z DNA structure (49), we propose that the
present ActiD-DNA complex structure may be categorized
as aright-handed Z-DNA structure (Figure 3D and E). This
zig-zag structure may relieve the steric conflicts between the
inwardly pointing bulky peptide rings associated with the
two ActiD molecules and absorb the torsional stress caused
by over-winding at the GpC step caused by ActiD bind-
ing. Moreover, the G:A mismatched base pairs also have a
larger opening angle along with low shear and the central
G:C base pairs has a smaller opening angle with high shear
(Supplementary Figure S9).

Structural details of the ActiD binding sites

Figure 4A and B shows a close-up view of the ActiD-DNA
complex at the drug intercalation site. The two halves of the
complex exhibit global similarities albeit with local differ-
ences. In the complex, the two drug molecules ActiD and
ActiD* maintain a pseudo 2-fold symmetry in the same
orientation, which is different than a previously reported
ActiD-DNA complex, in which the two ActiDs occur in
opposite orientations (42). The phenoxazone ring of Ac-
tiD (and ActiD*) is intercalated at the G3:A7*/C5.G6*
base pairs (and A7:G3*/G6:C5* base pairs) from the minor
groove side by pushing out G4 (and G4%*). The high G:C
preference of ActiD binding can even extrude nucleotides
located between a 5-G and a 3/-C. There are extensive
stacking interactions between the phenoxazone ring and the
guanine bases from both sides of the ring, which were also
observed in earlier X-ray (42) and nuclear magnetic reso-
nance (NMR) (50) structures (Figure 4C). The flipped-out
G4 and G4* sites, which are not disordered, form a per-
pendicular IT-ring/C-H interaction with the chromophore
groups 4-CHj3 and 6-CHj in ActiD* and ActiD, along with
a single hydrogen bond between G4:C5 and G4*:C5*, re-
spectively (Figure 4D). In the ActiD-DNA complex, G3
and A7* form a non-canonical anti-syn purine:purine mis-
match base pair. The central C5:G6* and G6:C5* base pairs
are standard Watson—Crick ones. There are short inter-
molecular hydrogen bonds between A7*-N1 and O4" with
O3 and N2 of PXZ at a distance of 3.2 A. In addition,
hydrogen-bonded interactions are present between G3-N2
and PXZ-0O1, along with G3*-N2 and PXZ-O1" (3.1 A).
There are also strong intermolecular hydrogen bonds be-
tween G3-N3 and the NH of Thr7 and G6-N3 Thrl of the
two ActiD moieties (Figure 4E).
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Figure 3. DNA rearrangement and right-handed Z DNA formation in the G:G mismatched DNA duplex forced by actinomycin D. (A) Chemical structure
of actinomycin D (ActiD). (B) Biological assembly and schematic representation of the ActiD-d(TTGGCGAA), complex viewed from the front and a side-
view. The bases are numbered from T1 to A8; the bases in the asymmetric unit are numbered with an asterisk (*) sign. The DNA backbone is coloured blue,
adenine in green, thymine in yellow, cytosine in blue and guanine in red. (C) Refined (2F,-F,) difference Fourier electron density map showing A:G and G:A
mismatched base pairs of the ActiD-d(TTGGCGAA); complex. (D) Comparison of the central core of the d(TTGGCGAA), DNA backbone with the
d(CGCGCQG); Z-DNA structure (PDB ID: 2DCG). (E) Twist and Roll angle parameter comparison for DNA backbones of the ActiD-d(TTGGCGAA),
complex and the d(CGCGCG); Z-DNA. Values for perfect A- and B-DNA helices are also shown for comparison.

Water-cluster, triplet-stranded base pair formation and Na*-
mediated hydrogen bonding affect the stabilization of ActiD
and the right-handed Z DNA complex

A cluster of six linked water molecules was observed in the
ActiD-DNA complex structure (Figure 5A). Four of these
waters mediate the intra-strand and two mediate the inter-
strand interactions. This cluster appears to play a key struc-
tural role in stabilizing the kinked DNA structure with the
flipped out guanines. The N2 atoms of the flipped out gua-
nines (G4 and G4%*) are linked to each other through two
water-mediated interactions, W38 and W38*. The guanine
06-G4 (06-G4*) is linked to the N7-G3 (N7-G3*) through
water (W13/W13*)-mediated hydrogen bonding with dis-
tances of 2.7 and 2.8 A. On the other side, N2-G4 (N2-
G4*) interacts with 06-G6 (06-G6*) through the water
(W14/W14*) at distances of 2.9 and 2.8 A. Analysis of the
high-resolution crystal structure of the ActiD-DNA com-
plex reveals that water molecules are positioned in order to
hold and stabilize the entire kinked DNA backbone struc-
ture toward the major groove side.

We also observed m—m stacking, triplet-stranded base
pairing, and metal ion-mediated hydrogen bonding, which
stabilizes the crystal packing of the complex. The adenine

(A8) at the end of the sequences is stacked on the ade-
nine (A8) from the symmetry-related strand (Figure 5B).
The symmetry-related strands can also interact through the
triplet hydrogen bonding between the (A:T):T from three in-
dependent strands in an asymmetric unit. The first A: T base
pair follows standard Watson—Crick base pairing whereas
another T:A base pair in a triplet is Hoogsteen-type. More-
over, we also observed monovalent metal ions that stabi-
lize the crystal packing of the complex. A single Na* cation
was found to interact with two symmetry-related thymines
in each strand as well as three water molecules with tri-
coordination geometry.

DISCUSSION

The presence of mismatches usually causes local distor-
tions in DNA duplex structure, and accumulation of mis-
matches may eventually alter the structural topology of
DNA (11,51). Failure to correct for mismatched base pairs
eventually leads to abnormal functioning of the cell and
is the dominant mechanism behind a significant number
of genetic defects and cancers (2,4,52). Out of the eight
known mismatches, the G:G mismatch has been reported
to be profoundly destabilizing of DNA duplexes but has

6102 1290190 L€ U0 Jasn Aseiqi uopuo 8bs)j0) AusieAiun Agq 9601 15S/6688/91 /. 10BISqR-80ILE/IEU/WOD dNO™0IWapEIER//:SA1Y WOl Papeojumoq



8906 Nucleic Acids Research, 2019, Vol. 47, No. 16

W
,

X

THR1 THR7

Figure 4. Skeletal models showing the antibiotic binding sites in the actinomycin D (ActiD)-DNA complex. Close-up view of the ActiD-TTGGC part
(ActiD shown as ball-and-stick and DNA as skeletal representation). The two phenoxazone rings (PXZ) are intercalated individually into the (G3pC5)-
(G6*pAT*) step in (A) and the (G3*pC5%)-(G6pA7) step in (B), respectively. (C-E) Detailed conformation showing the stacking interactions in the ActiD—
DNA complex at various base-pair steps of the refined structure. Hydrogen bonding is marked by black dotted lines. The phenoxazone ring of ActiD
(yellow) and ActiD* (green) is intercalated at the A7:G3*/G6:C5* base pairs from the minor groove side by pushing out G4 (and G4*) in (C). The
stacking interactions between the phenoxazone ring and C5*:G6/ A7:G3* base pairs is shown in (D). The flipped-out G4 form a single hydrogen bond
between G4:C5 and G4*:C5*. The intermolecular hydrogen bonds between G3-N3 and the NH of Thr7 and G6-N3 Thrl of the two ActiD moieties are
shown in (E).
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Figure 5. Water-cluster, triplet-stranded base pair formation and Na*-mediated hydrogen bonding stabilizing the ActiD-DNA complex structure. (A)
Water-mediated hydrogen bonding of the flipped out guanines, stabilizing the overall structure of the ActiD-DNA complex. (B) Coordination of the metal
ions in the ActiD-DNA complex. The 2F,-F, electron density is contoured at 1.0 o. The coordinated metal ions and water molecules appear clearly
in the refined structures between the symmetry units. Coordination and hydrogen bonds are shown by dashed lines. The hydrated Na* ion, with ~50%
occupancy in the complex, coordinates with two symmetry-related actinomycin residues, having square-planar antiprismatic geometry. The terminal bases
form a (T:A):T triplet with the symmetry-related strands. In a triplet, adenine forming a Watson—Crick base pair and a Hoogsteen base pair with thymine.
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been rarely characterized structurally by X-ray crystallogra-
phy (23,53) and NMR (54,55). G:G mismatches have been
reported to be present in G-quadruplexes, purine—purine
DNA triplexes and RNA stem bulge structures associated
with various disease states (56-58). Moreover, neurologi-
cal disorders such as fragile X syndrome are also correlated
with the expansion of (CGG)/(CCG)n trinucleotide repeats
containing many contiguous GpC pairs flanked by mis-
matched G:G base pairs (59,60). Thus, because of its struc-
ture and biological implications, the G:G base pair has been
of considerable interest for studies at the interface of struc-
tural biology. In the current study, Co''(Chro), has been
shown to recognize GpC sites through groove binding and
stabilize the overall d(TTGGCGAA), duplex, which has
enabled us to analyse the mismatch polymorphism of G:G
mismatches in DNA duplexes. Previous studies have shown
that anti-syn conformations are more common in G:G mis-
match structures (Supplementary Table S5), in which the
guanine bases tend to form hydrogen bonds in a Hoogsteen-
type manner (61-64). We now confirm the existence of
both G(syn):G(syn) and G(anti):G(syn) arrangements in the
folded backbone structures of d(TTGGCGAA), DNA du-
plexes. The anti-syn geometry for the G6:G11 mismatch
in the duplexes is well suited to optimize the stability of
the mismatch, with G11 in a syn conformation engaging
in Hoogsteen-edge pairing with G6 to reduce the steric
clashes between the mismatched residues. Alternatively, the
G3:G14 mismatch pair shows considerable conformational
heterogeneity, adopting syn—syn, anti-syn or syn—syn-like
geometry in the three complexes. The G3:G14 in CPX1
adopts a syn—syn conformation, with van der Waals inter-
action and amide-7 stacking interactions between G3 and
G4 ring to stabilize the syn—syn geometry (Figure 6A). In
spite of the weak nature of such interactions, similar ones
have been reported in several nucleic acid structures includ-
ing Z-DNA and RNA structures (65). For instance, the ge-
ometrical arrangement of the oxygen atom of the sugar unit
and the 7 orbitals of the guanine rings provides stability to
Z-DNA structures (66). A single hydrogen-bonded anti—syn
arrangement is observed in G3:G14 of CPX2, where the sta-
bility to the more distant anti-syn base pairing is compen-
sated via the water-mediated interaction between the mis-
matched bases (Figure 6B). Previous studies also showed
that two mismatches with larger opening angles including
T:T and C:T can be reinforced by water-mediated pairing to
enhance the overall structural stability of the ligand—-DNA
interactions (61,67). Notably, in CPX3, G3:G14 has the
most unusual base pairing, in which the G3 adopts a syn like
conformation based on the unusual ‘x ’ value of 147° yet G3
exhibits a C1’-exo pucker most usually associated with syn
geometry (Figure 6C). Previous NMR studies proposed the
conformational exchange between anti and syn base pairs in
G:G mismatch structures owing to the flipping of the gua-
nine base in DNA alone structures (54,55). Cognet et al.
also noted that the mismatched guanine residue can exhibit
a conformation intermediate between that expected for anti
or syn types (68). Thus, it would be interesting in the fu-
ture to study the pathways for conformational interchange
amongst the polymorphic G:G mismatches.

The polymorphism and local instabilities in the mis-
matches may act as hotspots for small molecules to rec-

ognize the mismatch sites. Barton’s group has shown that
rhodium metalloinsertors can recognize DNA mismatches
by extruding the mismatched base pairs into the major
groove to cause moderate structural perturbations in the
DNA structures (47,69-70). The present study demon-
strates that the non-metallo drug ActiD can tightly bind to
G:G mismatched DNA duplexes through large scale struc-
tural rearrangements, resulting in a right-handed Z-DNA-
type structure with a guanine flipping out and a marked
DNA kink with a 5-GC/GA-5 intercalation site (Figure
7A). The kink associated with minor groove complex for-
mation has been previously observed in the structures of
the complexes formed between small molecules such as an-
tibiotics and ruthenium-based compounds and their DNA
target sites. In these kink angles induced by these ligands
are different for each binding mode. Cardin and cowork-
ers characterized induction of substantial kinks of ~51°
and 49° in duplex DNA by A—[Ru (TAP),(dppz)]** and \—
[Ru(phen),(dppz)]** complexes, respectively (17,71) (Figure
7B and C). In both cases, the chromophores TAP and phen
caused a single-step sharp kink with greater stacking be-
tween the purine residues through semi-intercalation bind-
ing at the GG step, resulting in an overall curved appear-
ance for the bound duplex. In comparison, Wu et al. re-
ported that the bis-intercalator echinomycin preferentially
binds to consecutive CpG steps separated by a T:T mis-
match, causing a smooth bend (roll angle c.a. —3°), caused
by the stacking interactions starting at the thymines of the
sheared T:T base pair through the quinoxaline ring of echi-
nomycin and ending at the guanines of the flanking G:C
base pairs (67) (Figure 7D). The kinked DNA structure in-
duced by anticancer drugs such as cisplatin and oxaliplatin
has been found to play a significant role in the cytotoxic
actions of these compounds (72,73). This specific structure
might be unrecognizable to DNA repair enzymes and thus
facilitate cell death by modulating processes such as repli-
cation and transcription.

Previous studies have shown that the GpC site is the pre-
ferred intercalation site for ActiD when flanked with A:T,
T:T, or G:G pairs (15,42,50). ActiD bound to the neigh-
bouring GpC sites flanking a G:G mismatch has also been
reported to cause a bend of c.a. 41° toward the major groove
as a result of crowding between the two neighbouring cyclic
peptides of ActiD at two overlapping GpC sites, with the
two GpC sites flanking a G:G mismatch showing over- and
unwinding at each ActiD binding site (42) (Figure 7E). The
unusually large twist angle of —43° at the central base pair
generates a left-handed helix structure similar to Z-DNA
(Supplementary Figure S10a and b). In the present struc-
ture of the ActiD-TTGGCGAA complex, we demonstrate
for the first time the consequences of direct binding of a
widely-studied intercalator to the G:G mismatch with co-
operative binding mode, revealing that a symmetric mode
of binding results in sequence rearrangements to form a
5'-GC/GA-5 intercalation site rather than the classic 5'-
GC/CG-5 site, together with a homopurine G:A mismatch
(Supplementary Figure S10c). The marked kink is associ-
ated with significant over-winding at the ActiD binding sites
(twist angles >40°) and abrupt unwinding at the centre (3°
twist). The large change in twist angles at the central G4-C5-
G6 residues also causes the DNA backbone to bend c.a. 90°
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(CPX1) (CPX2) (CPX3)

Figure 6. Close-up views of G3:G14 mismatched pairs in the Co'!-(Chro),~d(TTGGCGAA); structure showing the base-pair geometry, stacking interac-
tions and hydrogen bonding patterns. (A) The G3(syn):G14(syn) pair in CPX1 is stabilized by amide-IT stacking interactions (shown in red-dashed lines)
between N1 of the G3 and G4 ring and the van der Waals interactions between the oxygen of the C6 carbonyl group of the G3 and G14 bases (indicated
by green-dashed lines). (B) Water-mediated hydrogen bonds between the N2 atom of G3(anti) and N7 of G14(syn) bases are represented as black dotted
lines in CPX2, where the water is shown as a cyan sphere. (C) Distorted geometry between the G3(anti):G14(syn) shows that the syn—syn-like characteristic
is stabilized by a single hydrogen bond between the N1 of G3 and the oxygen of the C6 carbonyl group in CPX3.

A B Cc
49°

Right handed ‘Z’ Round shaped Round shaped .
shaped duplex duplex duplex S Shaped duplex ‘G’ shaped duplex
51°f 490 y.
61° ‘i = 10°
— ) : 21°
6JOH 3QRN 3U38 5YTZ 4HIV

Figure 7. Comparison of DNA bending in different sequence context associated with ligand binding. The marked kink induced by (A). ActiD in the
d(TTGGCGAA); complex (B). A\-[Ru-(TAP),(dppz)** in the (TCGGCGCCGA), complex (C). A-[Ru(phen)>(dppz)]** in the d(CCGGTACCGG),
complex and (D) echinomycin in the d(ACGTCGT), complex, at the single-step in various DNA duplexes. (E) The sharp bend associated with the ActiD
ligand bound to the neighbouring GpC sites flanking a G:G mismatch in the d(ATGCGGCAT), duplex is due to the sum of roll angles of three different
steps at the intercalation site. The DNA bending angles are measured in terms of the respective roll angles (°) at the kinked step. The lower figure shows
a schematic representation of ligand-induced DNA bending due to different intercalators in each duplex. The DNA bases are coloured as adenine-green,
thymine-pink, cytosine-yellow, and guanine-blue. The respective PDB IDs for each structure are given in bold, red letters.
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twice around the central C5 and follow a zigzag path. Never-
theless, despite these differences, there are parallels between
these observed modes of DNA binding of ActiD to the G:G
mismatched DNA duplexes. Irrespective of whether the Ac-
tiD binds to a GpC site flanked by G:G mismatches or di-
rectly intercalates into the G:G mispair, the binding of Ac-
tiD will follow two general features: (i) the G:G mismatch
will break to cause overall structural displacements result-
ing in new base pairs; and (ii) adjacent guanines to the G:G
mismatches will invariably flip out in order to form a new
GpC step in the re-arranged duplex (Supplementary Figure
S11).

In this study, we have demonstrated for the first time
the existence of G:G mismatch polymorphism through
X-ray crystallography. The mismatch adopts a variety of
conformations and may act as a hotspot for intercalator
binding. Although metallo-insertion binding has been ob-
served as a common mismatch recognition mode for DNA
binding molecules with extrusion of the mismatched bases
(14,69,74), the structure presented here is the first to demon-
strate that a well-studied non-metallo intercalator, ActiD,
is equally capable of recognizing mismatches through inter-
calation accompanied by sequence rearrangement. Several
small-molecule ligands have been reported to target mis-
match DNA, with potential applications in the diagnosis
and therapy of cancer. For instance, Barton et al. proposed
the use of rhodium metalloinsertors as the basis for the de-
velopment of new types of chemotherapeutic agents active
against MMR-deficient cancers (75). ActiD has been used
in clinical practice for a long time; however, it is highly
cytotoxic with many different side effects. The structural
understanding from the current study will hopefully help
guide the development of future generations of more selec-
tive intercalating agents, such as ActiD derivatives, as chem-
ical tools for the interrogation and detection of mismatch-
related diseases.
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