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air recognition by a heterocyclic
diamidine: structures, affinities, and dynamics†

Edwin N. Ogbonna,a J Ross Terrell,a Ananya Paul, a Abdelbasset A. Farahat,abc

Gregory M. K. Poon, a David W. Boykina and W. David Wilson *a

The recognition of specific genomic arrangements by rationally designed small molecules is fundamental

for the expansion of targeted gene expression. Here, we report the first X-ray crystal structures that

demonstrate single G (guanine) recognition by a highly selective diamidine (DB2447) in a mixed DNA

sequence. The study presents detailed structural information on the mechanism of single G recognition

by D2447 and its various interactions in the DNA minor groove. Molecular dynamics and binding studies

were used to evaluate the details of our reported structures. The study provides structural insight and

resources necessary for understanding single G selection in genomic sequences.
Introduction

The discovery of heterocyclic cationic compounds that possess
specic recognition principles for DNA has precipitated the
emergence of a library of natural and synthetic small molecules
that can bind nucleic acids and affect gene expression. The
classical AT bp binders, netropsin, and distamycin, were
prominent in providing insight into DNA-small molecule
interactions in the minor groove through the elucidation of the
molecular structure of their DNA complexes.1–6 As a conse-
quence, the rational design of minor groove binders with
specicity for AT base pairs (bps) has become one of the major
strategies to target nucleic acid, leading to the development of
an extensive array of efficacious compounds for both biotech-
nology and therapeutic applications.7–9 Aromatic diamidines
are cationic compounds, of which many are strong AT binders,
with a broad signicance in biomedical research and disease
therapeutics. Synthetic AT binders, DAPI and Hoechst 33258,
are used as agents for biological staining.10–12 Pentamidine and
furamidine have potent antiparasitic properties against a range
of infective agents and showed promising results against
trypanosome disease (sleeping sickness) in human clinical
trials.13–16 The recognition principle of AT binders involves the
donation of hydrogen bonds, by the compound, to an acceptor
gnostics and Therapeutics, Georgia State

E-mail: wdw@gsu.edu; Fax: +1 404-413-

emistry, Faculty of Pharmacy, Mansoura

, California North State University, Elk

ESI) available. CCDC PDB: 8VDH, 8VDI,
data in CIF or other electronic format
7c

the Royal Society of Chemistry
oxygen (O) of thymine or nitrogen (N) of adenine on the oor of
the DNA minor groove. Therefore, with a greater abundance of
structural information on AT-specic diamidine binders and
their interactions with AT-rich DNA sequences, improved
design modules have yielded compounds with better selectivity
for AT bp, and hence, greater drug efficacy.17–20 For example,
prodrug forms of furamidine have shown increased oral
absorptivity and stronger potency against animal trypanosomes
and malaria in humans.21 Other analogs of furamidine and
diamidines have shown greater effectiveness against a host of
parasitic infections.22 The successes of AT binders are demon-
strated. However, to a considerable extent, these successes were
also predicated upon a successful structural characterization of
their interactions with DNA at the molecular level.23

Despite the advances in the research of AT binding diamidine
molecules, there remained a limitation in the potential for GC
base pairs in the genome of a target organism. To overcome this
limitation and enhance selective DNA recognition, hydrogen
bond acceptor groups that bond with the NH2 of guanine on the
oor of the DNA minor groove were designed.18,24 These devel-
opments led to new diamidine modules, and a series of novel and
potent GC-specic binders have been synthesized.24,25 The bio-
logical importance of having distinct classes of compounds that
can recognize different arrangements of AT and GC bps cannot be
overemphasized. The human genome with mixed bp DNA
sequences can be selectively targeted with these compounds.
Nonetheless, a major problem that persists in the study of GC-
specic diamidine binders is the lack of available structural
information.26,27 Such information is critical to understanding
how different GC-specic binders interact with DNA and how
their binding affects the overall B-DNA structure. With little to no
structural resources for GC-specic diamidine compounds, the
design of improved GC-specic compounds, as has been reported
for their AT binding counterparts, remains elusive. No crystal
RSC Adv., 2024, 14, 29675–29682 | 29675
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structures depicting GC-specic DNA recognition by diamidines
have been reported.28 To overcome this challenge, we screened an
extensive collection of diamidine binders (DB2447,29 DB2277,30,31

DB2457 31) specic to GC under our crystallization conditions. We
obtained a high-resolution crystal structure for the pyridyl-linked
diamidine, DB2447 (Scheme 1) which we report here.

Small molecules like netropsin, distamycin, and diamidines
have all been reported to successfully bind DNA–protein
complexes.32–35 We reported pertinent information of diamidine
binding to the DNA complex of an ETS transcription factor.36

These reports show the molecular target for the action of a minor
groove binder need not be DNA itself, but a DNA–protein
complex. Also, the main objective of designing customized small
molecules is to enhance their drug-like interactions with DNA
complexes in infectious organisms or cancer cells. Therefore, this
report was an excellent opportunity to use a selective GC binder,
DB2447, to capture a single GC bp DNA recognition in a DNA–
protein context. X-ray crystallography provided the ideal meth-
odology to explore this opportunity. Studies show the promoter
region of some transcription factors as ideal binding sites for
numerous minor groove binders.36 The reported AT-specic dia-
midines bind strongly to the AT-rich anking sequences of the
ETS transcription factor PU.1, an essential protein for haemato-
poiesis and cell fate decisions in human cells.36,37 PU.1 protein
has been reported to enhance DNA crystallization and provided
insight into DNA structure–function studies.38 Therefore, for this
study, the PU.1 protein was selected as the ideal cofactor to
facilitate both DNA crystallization and the study of single GC bp
DNA recognition with DB2447.

Here, we report the rst high-resolution crystal structure that
captures a single GC bp recognition by diamidines. Two single
G DNA sequences were used in this study: 50-AATA-
GAAGGAAGTGGG-30 and 50-AATAAGAGGAAGTGGG-30. The
difference between the two DNA sequences is the position of
their single G bp (50-A1ATAG5AAGG-30 and 50-A1ATAAG6AGG-30).
This single G shi was to evaluate the preciseness and selec-
tivity of DB2447. The results from both single G DNA complex
structures delineate the specic recognition principles of
DB2447 and how the compound interacts with the shape of the
Scheme 1 (a) Structure of pyridyl bis-methoxybenzamidine (DB2447).
(b) The 50-AGAA-30 single G sequence with overhanging ends. (c) The
50-AAGA-30 single G sequence with overhanging ends.

29676 | RSC Adv., 2024, 14, 29675–29682
minor groove. The results of the molecular dynamics and
binding studies of DB2447 provide support for the crystal
structures and validate the unique properties of DB2447.
Results
X-ray structure of the DB2447-bound PU.1-AGAA complex

We report the high-resolution X-ray crystal structures of single G
containing DNA complexes: bound and unbound with DB2447.
The PU.1-50-AATAGAAGGAAGTGGG-30 complex with DB2447
(PDB ID: 8VDH) is shown in Fig. S1.† The PU.1 protein binds to
the major groove of the DNA and stabilizes the structure, while
DB2447 selectively binds to the minor groove. The PU.1-AGAA-
DB2447 complex is the rst high-resolution X-ray crystal struc-
ture demonstrating a single G recognition by diamidines. The
PU.1-AGAA-DB2447 structure diffracted to a resolution of 1.64 Å
with an Rfree value of 20.8%. DB2447 is bound in a 1 : 1 manner
with the 50-AGAA-30 DNA. The structure shows the pyridyl N3 of
DB2447 targets explicitly a single G in the oor of the minor
groove at the 50 side of the PU.1 binding site, forming a strong
direct hydrogen bond with the NH2 of G5 at 2.8 Å (Fig. 1a). This
unique targeting of a single G in the minor groove by the
hydrogen bond accepting N3 of DB2447 validates our current
and previously reported biophysical and MD experimental
results.29

For the purpose of simplicity, PU.1-AGAA and PU.1-AAGA
complexes will also be referred to as “AGAA” and “AAGA”,
respectively. A signicant recognition strategy of diamidines is
the direct hydrogen bonding between the amidine NH2 (N1, N2,
N4, N5 from Scheme 1) with O2 of thymine (T) or N3 of adenine
(A) in the oor of the minor groove. The PU.1-AGAA-DB2447
structure reveals a strong direct H-bond between amidine N1
and N3 of A7 on one end of the DB2447 (Fig. 1a). However, on
the other end of DB2447, the compound (N4) uses an interfacial
water molecule for contact with DNA. Although most classical
diamidines form strong direct H-bonds with DNA, some have
been reported to form indirect H-bonds with DNA using an
interfacial water molecule.23,39 The amidine N4 utilizes interfa-
cial water molecule to form an H-bond with N3 of A4 (–NH/O–
H/N). Our results show that DB2447 is one of the special
compounds that can make direct and indirect hydrogen bond
contacts with DNA. Furthermore, our results suggest that
DB2447 binding affects the structure of 50-AGAA-30. An overlay of
the bound and unbound (PDB ID: 8V9N) structures of PU.1-
AGAA (Fig. 1b) shows compression of the DB2447-bound
minor groove (blue in Fig. 1b).

This compression of the minor groove width is elucidated in
Fig. 1c. DB2447 binding compresses the minor groove. The
DB2447-bound minor groove is compressed by at least 1.5 Å
between phosphates P7 and P31 (blue in Fig. 1c). Beyond the
binding region of DB2447, the changes in the minor groove
distances are negligible.
X-ray structure of the DB2447-bound PU.1-AAGA complex

The PU.1-50-AATAAGAGGAAGTGGG-30 complex with DB2447
(PDB ID: 8VDI) is shown in Fig. S2.† The single G was shied
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Significant bonding distances between 50-AATA-
GAAGGAAGTGGG-30 (wire) and DB2447 (stick and wire, carbon in
magenta, nitrogen in blue) (PDB ID: 8VDH). The single G recognition,
a strong direct H-bond between pyridyl N3 of DB2447 with N–H of G5
residue (stick and wire, carbon in green, nitrogen in blue) is 2.8 Å. H-
bond between the amidine N1 and N3 of A7 is 3.2 Å. Amidine N4 forms
an interfacial water-mediated H-bond with N3 of A4, N4–O–H2 is 2.6
Å and O–H2–N3 of A4 is 2.8 Å. (b) Overlay of the structure of DB2447
bound 50-AATAGAAGGAAGTGGG-30 complex (dark blue) with native
(red) (PDB ID: 8V9N). PU.1 protein is bound to themajor groove in both
DNA complexes while DB2447 is bound in the minor groove. (c) Minor
groove width difference between AGAA-Native (red) and AGAA-
DB2447 (blue).

Fig. 2 (a) Significant bonding distances between 50-AATAA-
GAGGAAGTGGG-30 (wire) and DB2447 (PDB ID: 8VDI) (stick and wire,
carbon in magenta, nitrogen in blue). The single G recognition,
a strong direct H-bond between pyridine N3 of DB2447 with N–H of
G6 residue (stick and wire, carbon in green, nitrogen in blue) is 2.9 Å.
H-bond between the amidine N1 and O2 (in red) of T27 is 3.3 Å. The
amidine N4 forms a direct H-bond interaction with O2 of T30,
a distance of 3.5 Å. N4 also forms an interfacial water-mediated bond
with N of A31, N4–O–H2 IS 3.6 Å and O–H2–N is 2.7 Å. (b) Overlay of
the structure of DB2447 bound to the 50-AATAAGAGGAAGTGGG-30

complex (sky blue) with native (red) (PDB ID: 8E4H). PU.1 protein is
bound to major groove in both DNA complexes. DB2447 bound in the
minor groove of AAGA-DB2447. (c) Minor groove width difference
between AAGA-Native (red) and AAGA-DB2447 (blue).
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from the 5th position in 50-AGAA-30 DNA to the 6th position in
50-AAGA-30 DNA. The PU.1-AAGA-DB2447 structure diffracted to
a resolution of 1.93 Å with an Rfree value of 20.1%. DB2447 was
bound in a 1 : 1 manner to the PU.1-50-AAGA-30 complex. Fig. 2a
shows the unique recognition principle of DB2447 for a single G
residue. The pyridyl N3 of DB2447 forms a strong direct
hydrogen bond with the NH2 of G6 (2.9 Å). The amidine N1
forms a direct hydrogen bond with the O2 of T27 at a distance of
3.3 Å. On the other end of DB2447, multiple interactions are
observed. There is a direct hydrogen bond interaction between
amidine N4 and O2 of T30 (3.5 Å), and an indirect hydrogen
bond interaction between N4 and N3 of A31. The compound
utilizes interfacial water to form a hydrogen bond contact with
the N3 of A31. The amidine N4 forms an H-bond with an
interfacial water molecule (–NH/O–H) at a distance of 3.6 Å,
while the water molecule contacts the DNA (O–H/O]T) at 2.7
Å.

DB2447 recognizes a single G residue similar to PU.1-AGAA.
However, one major difference observed in AGAA is that both
amidines (N1 and N4) of DB2447 contact the 50-AGAA-30 or
forward strand (Fig. 1a), while both amidines (N1 and N4) in 50-
AAGA-30 each contact the complementary or reverse strand (30
© 2024 The Author(s). Published by the Royal Society of Chemistry
/ 50). In AGAA, the N1 and N4 amidine contacts the N3 of A4
and A7, respectively, of the 50-AGAA-30 strand. In contrast, the
N1 amidine in AAGA contacts the O2 of T27, and the N4 amidine
contacts both the O2 of T30 and the N3 of A31, respectively,
which is the complementary strand. It is noteworthy to mention
that previous reports of AT bp binding diamidines oen show
one amidine end (NH2) contacting the 50 / 30 strand while the
other end contacts the complementary strand.19,20,23,37 However,
DB2447 appears to be an exception as both amidine groups (N1,
N4) bind to the same strand whether in AGAA or AAGA. We
propose that this exceptional feature has been observed due to
the high degree of exibility of DB2447. Planar exibility is
a favorable property for a minor groove binder for interactions
with the groove shape. Crystal structure and MD results from
previous reports have shown that diamidines can systematically
orient themselves to make the most optimum contact in the
minor groove structures.23 The crystal structures of AGAA and
AAGA demonstrate that DB2447 is exible enough to make
favorable additional contacts in its recognition of a single G
residue. DB2447 binding to the minor groove of 50-AAGA-30

compresses the groove width in comparison to the unbound
complex (PDB ID: 8E4H) (Fig. 2b). The minor groove is
RSC Adv., 2024, 14, 29675–29682 | 29677
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compressed by 1.5 Å at P8 (Fig. 2c). Like 50-AGAA-30, the changes
in the minor groove distance become negligible away from the
region of DB2447 binding.
Fig. 3 (a) Snapshot of MD simulations of the PU.1-AGAA-DB2447
complex; DB2447 (magenta, ball, and stick) bound to the single G
recognition site with diamidine groups (N1/N2 and N4/N5) contacting
the DNA. (b) N3 maintains a strong H-bond (black, dashed lines) with
NH2 of G5. (c) N4 and N5 making alternating contacts with A4. N4
makes contact using an interfacial water (3.4 Å–5.8 Å). Favorable C–H
interactions are observed between C12/A5 and C15/A7 (Figure S3†).
(d) N1 and N2 making alternating contacts with A7. (e) Snapshot of MD
simulations of the PU.1-AAGA-DB2447 complex. Color scheme same
as Fig. 3a. (f) N3 maintains a strong H-bond (black, dashed lines) with
NH2 of G6 (g) N4 amidine makes contact with O2 of T30 throughout
the simulation experiment but no amidine bond rotation was
observed. (h) N1 contact with O2 of T27 show only a transient amidine
rotation for the entire period of simulation. N4 and N1 make strong
direct contacts (2.6 Å–3.4 Å) and also utilize interfacial water (3.4 Å–
5.8 Å) in their interactions with DNA throughout the MD simulation.
Molecular dynamics (MD) simulation studies of the DB2447
binding in the minor groove of the PU.1-AGAA and PU.1-AAGA
complexes

To expand on the observations of our ligand-DNA complex
crystal structures, we conducted a 600 ns MD simulation study
to understand the dynamic behaviours of DB2447 binding in
the minor groove of PU.1-AGAA and PU.1-AAGA (Fig. 3). The
simulation study provides further comprehension of the prop-
erties of DB2447 single G recognition (Fig. 3). A signicant
observation of the MD simulation experiment is that N3 of
DB2447 in the minor groove of AGAA shows and maintains the
principle single G recognition contact with NH2 of G5 while the
N1 and N4 amidine contact the N3 of A7 and A4 respectively
(Fig. 3a–d). The strong direct H-bond of N3 with NH2 of G5 (2.6
Å–3.4 Å) remains constant for the entirety of the MD simulation
(600 ns) (Fig. 3b). Again, this further underlines the excellent
selectivity of DB2447 for a single G residue. In contrast, N1 and
N4 of DB2447 do not maintain a consistent bonding distance
with the DNA. Fig. 3c shows that the average distance of N4
throughout the simulation experiment is 4.95 Å. This is
because, at various periods of the MD simulation, N4 does not
have the optimum distance to maintain a strong direct contact
with N3 of A4, and thus, will require interfacial water for
mediated DNA contact (3.4 Å–5.8 Å). The rotation of the DB2447
bonds allows the amidine to have alternating NH groups (N4
and N5) contacting the DNA throughout the entire simulation.
The amidine bond rotation causes the NH groups (N4 and N5)
at one end of DB2447 to maintain an overall strong interaction
with DNA. Fig. 3d shows that N1 can make strong direct contact
with N3 of A7 (2.6 Å–3.4 Å) and maintains that contact for much
longer periods during the entire MD simulation experiment as
the average distance of N1 to N3 of A7 was 3.2 Å. The simulation
results show that N1 requires interfacial water (3.4 Å–5.8 Å) but
at a less consistent period than N4. Of course, like the former
amidine end, bond rotation means that N2 can alternate with
N1 in making direct contact with the DNA (Fig. 3d). Other
interactions of DB2447 include those of the phenyl C–H's (C12
and C15) with DNA (Figure S3†).

The MD experiment for AAGA (Fig. 3e) shows the N3 of
DB2447 making the principle recognition contact with the
single G (Fig. 3f). This strong H-bond contact (2.6 Å–3.4 Å)
remains stabilized throughout the simulation. More so, this
shows DB2447 to be an excellent selection molecule for a single
G in an AAGA sequence. N4maintains an average distance of 3 Å
for the simulation. This suggests a predominant strong direct
H-bond contact (2.6 Å–3.4 Å) between N4 and O2 of T30
throughout the simulation, as observed in Fig. 3g. Although
Fig. 3g does show N4 amidine vibrating away from O2 of T30 at
certain periods of the experiment, no bond rotation was
observed. The average distance of N1 for the entire simulation
was 4 Å. Fig. 3h suggests that N1 required interfacial water (3.4
Å–5.8 Å) for contact with O2 of T27 about 90% of the simulation
29678 | RSC Adv., 2024, 14, 29675–29682
time. This means the N2 amidine, for long periods of the
simulation, did not alternate with N1 to make DNA contact.
Fig. 3h shows a rotation of the amidine bond for a transitory
period during the simulation (frames 1–300 and 16 357–18 079).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The DB2447 single G recognition principle of AGAA show
the N3 recognition of G5 in three different MD simulations. N3
recognition remain stable for entire simulation (MD1 is in dark blue,
MD2 is bright red, MD3 in green). Same colour scheme used in all
subsequent plots. (b) The DB2447 single G recognition principle of
AAGA show the N3 recognition of G6 in three different MD simulations
complex. (c and d) The N1 amidine interactions for AGAA and AAGA in
three different MD simulations. Results show an alternation in N1
interaction with DNA in all three MD experiments. Strong direct H-
bonds observed in all three experiments as well as recruitment of
interfacial water for binding. (e and f) The N4 interactions with DNA in
all three MD experiments. Figure (e) show that in all three experiments
in AGAA, N4 mostly utilizes an interfacial water for DNA contact while
maintaining alternating contacts. Figure (f) shows in all three MD
experiments that N4 can form strong direct H-bond and also utilize an
interfacial water for DNA contact.
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Also observed from Fig. 3e is a strong direct H-bond interaction
between N4 and N3 of A31. Although a strong direct DNA
contact for N4 with A31, Figure S4† suggests the average
distance of N4 from A31 also allows N4 to use interfacial water
for indirect contact (3.4 Å–5.8 Å) with the DNA. This is corrob-
orated by the crystal structure of AAGA (Fig. 2a). Overall, the
results of the entire MD simulation experiment show the three
major H-bond interactions that facilitate the binding of DB2447
at the AGAA and AAGA minor grooves at N1, N3, and N4
respectively. For the entire simulation with both sequences, N3
always maintains a strong and persistent H-bond with the
single G (Table S2†). At the same time, N1 and N4 both have
periods of strong direct H-bond with DNA and periods of
interfacial water-assisted DNA contact.

In addition to the former MD experiment (MD1), two more
MD simulation experiments (MD2 and MD3) were conducted
for both AGAA and AAGA, respectively. These subsequent
experiments used the same MD parameters as MD1. Fig. 4a and
b shows the remarkable consistency of the principle recognition
property of DB2447 for single G in both AGAA and AAGA. In
both sequences, N3 maintains a strong direct H-bond contact
(between 2.9 Å to 3.1 Å) with the single G throughout the MD2
and MD3 experiments. In Fig. 4c, the MD2 and MD3 experi-
ments for the N1 in AGAA and AAGA show that N1 makes
a strong direct H-bond with N3 of A7 and can also use interfacial
water assistance for DNA contact. The average distances of N1 in
AGAA (N1/N3 of A7) and AAGA (N1/O2 of T27) for MD2 and
MD3 are 4.5 Å, 4.2 Å (MD2) and 4.2 Å, 2.8 Å (MD3). Fig. 4c and
d show that N1 vibrates away at varying distances from the DNA
in the multiple simulations, allowing N2 to contact DNA.

The MD simulation results for N4, Fig. 4e and f, show an
interesting observation. Fig. 4e shows the N4 of DB2447 for
AGAA, which uses interfacial water for DNA contact for long
periods of the simulation. The average distances were 4.4 Å and
3.9 Å for MD1 and MD2, respectively. N4 of AAGA also uses
interfacial water signicantly throughout the simulation, with
average distances of 3.9 Å for MD1 and 3.9 Å for MD2. Also, the
increasing distance of N4 from DNA shows a bond rotation that
allows N5 to alternately make direct H-bond contact with O2 of
T30. Again, despite the longer bonding distances of N4 in AGAA
and AAGA, N4 always retain a strong direct H-bond contact with
DNA at certain periods of the simulation. Both N1 and N4 of
AGAA and AAGA make strong direct contact with DNA or use
interfacial water for stability in all the simulations.

Both structural and MD results highlight the unique proper-
ties of DB2447. The stability of the principle H-bond formation
and the dynamic amidine group interactions provide potency and
stability for the compound as it interacts with the shape of the
minor groove. As a result, DB2447 does not show any sliding
along the shape of the minor groove throughout the entire
simulation. Additional polar interactions are observed between
the DB2447 phenyl rings and DNA. For example, C12/A5 and
C15/A7 in AGAA (Fig. 3a and Figure S3†) show a consistent polar
molecular interaction (3.5 Å to 4.0 Å) for the entire simulation
studies. The favorable C12 and C15 interactions with the N3 of A5
and A7 of the DNA, respectively, further stabilize the overall B-
DNA structure. These interactions are similarly observed in AAGA.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Biosensor surface plasmon resonance (SPR) determination of
binding affinities and kinetics

As DB2447 has been reported to be selective for a single G
residue, the binding equilibrium constant for DB2447 was
evaluated to characterize their interaction with -AGAA- and
-AAGA- sites. This was done using SPR methods with chip-
immobilized streptavidin capture of biotin-labelled hairpin
DNA on a sensor chip surface. The DB2447 compound was
injected over the chip surface in a buffer solution at 100 mM
NaCl. Given the single G shi between both binding sites,
DB2447 has measurably different binding affinities
(Figure S5†). Table S3† shows the binding of DB2447 in a single
binding site of 50-TAGAA-30 has a KA = 5.4 × 106 M−1 (KD = 185
nM) at 0.1 M NaCl. In comparison, the DB2447 binding in 50-
TAAGA-30 has a binding affinity KA = 3.5 × 106 M−1 (KD = 286
nM), which is over 1.5 times weaker than the 50-TAGAA-30
RSC Adv., 2024, 14, 29675–29682 | 29679
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binding site. The results show the difference in binding affini-
ties could be related to structure. The structure of AAGA has
a anking G residue

�
50-TAAGAG -30

�
that causes a greater

expansion of the minor groove from P7 to P8 (Fig. 2c) compared
to P7 to P8 of AGAA

�
50-TAGAAG-30

�
(Fig. 1c).

Discussion

DB2447 binds in 1 : 1 mode to PU.1-AGAA with the 2Fo-Fc map
showing a singular binding orientation (Fig. S6a†). The
symmetrical nature of DB2447 makes the pyridine group the
center of symmetry. The nitrogen of the pyridine accepts the
NH2 from the single G to delineate the recognition principle of
DB2447. The binding of a single G in AGAA by DB2447 ranges
across ve residues (50-TAGAA-30) in the minor groove. The
central N3 of DB2447 recognizes the single G in 50-TAGAA-30,
while the linking methoxybenzamidine groups span across the
four anking residues. The DB2447 conformation in the minor
groove is such that there is a strong direct H-bond at one dia-
midine end, while the other amidine utilizes interfacial water
molecules for DNA contact (Fig. 1a). Similar binding confor-
mation in the minor groove as DB2447 has been reported for
some specially designed diamidines.23 The consequence of
DB2447 binding is that one amidine end in the minor groove
protrudes closer to the minor groove oor, while the other
amidine end slightly extends outwards.

DB2447 binds similarly in the AAGA complex. The optimum
length of the N3 H-bond in both structures emphasizes the high
selectivity of DB2447 for a single G (Fig. 1a and 2a). The strong
direct H-bond formation by N3 of DB2447 appears to lock in the
single G recognition in both AGAA and AAGA structures. In the
bound -AAGA- structure, N3 forms a direct H-bond with the 50-
AAGA-30 strand of the DNA, while N1 and N4 both contact the
complementary strand, respectively. In contrast, the bound
AGAA structure shows that the N1, N3, and N4 do not contact
the complementary strand (Fig. 1a).

The amidine groups (N1 and N4) in AGAA and AAGA can
make strong direct H-bonds with the DNA and use interfacial
water for assisted interactions with DNA (Fig. 1a and 2). The
behaviour of these amidine groups of DB2447, as observed in
the structural results, has been substantially corroborated by
the MD simulation experiment results (Fig. 3 and 4). Therefore,
the MD simulation results help to explain the determined
hydrogen bond distances of the crystal structures. For example,
the N4 amidine in the AAGA complex can make direct contact
with the DNA (Fig. 2a), though the distance (3.5 Å) is slightly
greater than the acceptable limit. A longer H-bond is also
observed for the interfacial water contact by N4 of DB2447 (3.6
Å) (Fig. 2a). The MD simulation results show the interacting
amidine groups N1 and N4 of DB2447 and surrounding water
molecules to be highly dynamic (Fig. 3a and b). The combina-
tion of the amidine bond rotations and dynamic water account
for varying bonding distances with the DNA, including but not
limited to the slightly longer H-bond distances at the amidine
N4 end. Furthermore, the MD simulation results show that at
different states of DB2447 binding, the N4 amidine can alter-
nate between making direct contact with the DNA (N4/T30) or
29680 | RSC Adv., 2024, 14, 29675–29682
using interfacial water to make DNA contact (N4/A31). One
suggestion for the dynamics observed at the N4 amidine is the
subsequent widening of the groove width from a narrower A7 to
a wider G8. This widening of the minor groove decreases the
proximity for a favorable interaction between amidine and DNA,
possibly leading to less stable amidine–water interactions.
However, the MD simulation results suggest DB2447 has no
xed conformations for DNA contacts at the amidine end. The
DB2447 amidine groups behaved differently at different periods
of the simulation to maximize contact with DNA. This means
that amidine group dynamics play amajor role in the stability of
DB2447 in the minor grooves of these sequences. Except for the
principle recognition at N3, the nature and context of the
interactions of DB2447 with the DNA can change with time. The
dynamic interactions at play at the amidine ends of DB2447 are
necessary for DB2447 binding and stability at the minor groove.
As the principal single G recognition contact at N3 is stabilized,
the N3 acts like the pivot of the molecule, as the planar
components of DB2447 confer exibility across the compound,
especially at its terminal ends. This unique quality of DB2447
allows for an overall stabilized interaction that ts with the
shape of the minor groove. A combination of MD and crystal
structure results suggests that interfacial water is necessary for
DB2447 binding in the minor groove. The necessity of an
interfacial water molecule for assisted DB2447 binding is sup-
ported by the fact that the DB2447-bound structures do not
show other surrounding water molecules at the terminal ends of
the diamidine. This suggests the presence of an interfacial
water molecule at the location of the DNA-DB2447 interface
could be considered critical for DB2447 binding and stability.

The binding studies show that DB2447 has a stronger
binding affinity for AGAA than AAGA. In contrast to crystal
structure and MD studies, SPR can quantitatively measure the
binding affinity of DB2447. As it appears, AGAA seems to offer
a favorable binding motif for DB2447 (KD = 185 nM) than AAGA
(KD = 286 nM). These results suggest there maybe structural
implications associated with DB2447 binding because of the
single G shi. As discussed earlier, the subsequent widening of
the AAGA minor groove at the A7-G8 junction (about 2 Å) would
appear to diminish H-bond contact, not enhance it. This might
help explain the greater binding affinity of DB2447 for AGAA.
Although the structure and MD results show an overall favor-
able DB2447 affinity for the DNA, our SPR results provide
a more quantitative evaluation that captures the relative affin-
ities of DB2447 in both single G DNA sequences.

Further structural considerations for DB2447 binding are
observed within the minor groove. The single G in the AGAA
DNA is located just along the rst DNA turn (Figure S1†), and as
a result, the G5 residue in AGAA is deeper into the minor groove
than G6 in AAGA (Fig. 1a and 2a). As a consequence, DB2447
orients itself to make the most optimum contact with the 50-
AGAA-30 strand because of the position of NH2 of G5. This is not
the case with AAGA, as the single G is located slightly away from
the DNA turn. These results emphasize single G recognition as
the guiding factor for DB2447 binding in the minor groove.
Although the N3 selectivity for single G remained consistent in
both structures, the manner of DB2447-binding was affected by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the position of the single G. The increased widening of the groove
width in AAGA and the position of DNA turn in AGAA seem to favor
a stronger DB2447 binding in AGAA. Hence, a stronger binding
affinity is reported for the AGAA structure. The helical parameters
of both DNA complexes were evaluated to determine the effect of
DB2447 binding on the local base pair geometry of AGAA and
AAGA. The resulting analysis showed no signicant changes in the
local base geometry of the AGAA and AAGA complexes compared
to their native structures (Figure S7 and S8†).

Conclusions

The results of this study demonstrate that DB2447 is highly
selective for a single G residue in a mixed DNA context. The
detailed structural, MD, and SPR data provide rational support
for our understanding of single G recognition. Notwithstanding
the relative binding affinities of DB2447 for both AGAA and
AAGA DNAs, the selectivity of DB2447 for a single G in both
structures was unaffected. The discussions elaborated in this
report provided further comprehension of the properties and
dynamics of GC-specic binders. Indeed, these ndings are
relevant and signicant to current advances in biotechnology
and therapeutic applications.
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