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Abstract

Spectroscopic, biochemical, and computational modelling studies have been used to assess the
binding capability of a set of minor groove binding (MGB) ligands against the self-
complementary DNA sequences 5’-d(CGCACTAGTGCG)-3’ and 5’-
d(CGCAGTACTGCG)-3’. The ligands were carefully designed to target the DNA response
element, 5-WGWWCW-3', the binding site for several nuclear receptors. Basic 1D 'H NMR
spectra of the DNA samples prepared with three MGB ligands show subtle variations
suggestive of how each ligand associates with the double helical structure of both DNA
sequences. The variations among the investigated ligands were reflected in the line shape and
intensity of 1D 'H and *'P-{'"H} NMR spectra. Rapid visual inspection of these 1D NMR
spectra proves to be beneficial in providing valuable insights on MGB binding molecules. The
NMR results were consistent with the findings from both UV DNA denaturation and molecular
modelling studies. Both the NMR spectroscopic and computational analyses indicate that the
investigated ligands bind to the minor grooves as antiparallel side-by-side dimers in a head-to-
tail fashion. Moreover, comparisons with results from biochemical studies offered valuable
insights into the mechanism of action, and antitumor activity of MGBs in relation to their

structures, essential pre-requisites for future optimization of MGBs as therapeutic agents.

Key Words

NMR Spectroscopy, Nucleic Acids, Molecular Modelling, Minor Groove Binders (MGBs),

DNA Denaturation, Topoisomerase 1.
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1. Introduction

Sequence-specific molecular recognition of the minor groove in double-helical DNA by low
molecular weight, aromatic peptides continues as a buoyant field of investigative research.!"!! The
broad class of ligands known as lexitropsins has been widely modified chemically and variously
investigated structurally as probes for DNA sequence recognition and particularly as potential
therapeutic agents for a variety of diseases !>, Some of these compounds are now showing promise
as future antibiotics capable of overcoming the pervasive and very threatening advance of antibiotic
resistance '°. Among these is the first in class compound known as MGB-BP-3, 1, belonging to the
Strathclyde Minor Groove Binder family (S-MGBs), a substance that has successfully completed
Phase Ila clinical trials as a treatment against Clostridioides difficile infections and that could

outperform the industry standard vancomycin !7.

Molecules including 1 emerge from a sustained program of empirical investigation into the design,

synthesis and biological testing of a range of molecules, ' !#

which stem from a class of compounds
for which the name thiazotropsins was originally coined and which included the first in class
molecule Thiazotropsin A, 2.% > 2° Since DNA is considered to be the fundamental recognition
target of these compounds, the details of DNA structural and sequence recognition subtleties within

the overall development profile of these small molecule ligands has played a critical role in our

understanding of how these ligands behave with respect to DNA sequence recognition.
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2 (Thiazotropsin A)
Among these investigations, solution-phase NMR spectroscopy studies continue to play a key role
in the biophysical exploration of the structure, dynamics and molecular recognition profiles of the
biomolecular complexes formed. When combined with results arising from related biophysical
studies, computational modelling and biochemical assays, NMR spectroscopy proves to be a well-
placed method that reports subtle structural variations which occur in molecular recognition
processes between ligands and nucleic acids. This becomes clearer through detailed evaluation of
three-dimensional solution-phase structures of these complexes.> 2! Recognition relies on relative
complementarity between hydrogen bond partners, hydrophobic features, electrostatics and related
energetic considerations.® * The hand-in-glove induced steric fit between ligand and biomolecule
target is key and detailed NMR studies, whilst being the gold standard for acquiring intricate
insights into the subtleties within such three-dimensional solution structures, are nevertheless costly
in terms of both the magnet time required to generate the data as well as the labour costs required
to interpret the data and reduce it to a form that is suitable for solution-phase three-dimensional

structure calculations.

Initial assessment of the state of interaction between ligand and DNA can be had by comparing one-
dimensional NMR data for a series of ligand analogues and their potential nucleic acid targets.
When taken in the context of studies across related ligand analogues and their DNA recognition
sequences, the significance of the findings takes on greater weight. The method lends itself to

screening newly synthesized ligands for their ability to target selected DNA sequences.
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[Nlustration of this principle, reported for 3 and 4 with respect to DNA duplex d(CGATATATCG)z,
allowed conclusions to be drawn concerning the relative fit between ligands and proposed DNA

binding site in each case.?

R ~NH
HN
/)-NH
o) o
S HN— N
N ‘\ ~
! (o] N o
3-R=H
4 .R=CH,

Findings from allied studies® guided the design of new analogues (5-7) to target the DNA response
element sequence, 5S'-WGWWCW-3' (W is A or T) in the current study, which serves as the binding
promoter site for the transcription factors of several nuclear receptors, including the androgen
response element (ARE) sequence. Extensive development work has taken place in designing and

testing hairpin and cyclic polyamide ligands in this regard.'? 2326

including for use during in vitro
cell culture studies. These investigations reveal the ability of such molecules to regulate expression
of the androgen receptor, a factor associated with prostate cancer. High polarity connected with
these large molecules and their low cell permeability renders them orally inactive.?¢ If lexitropsin

analogues 5-7 bind with 5-WGWWCW-3', this would offer them better physical and biological

properties due to their enhanced lipophilicity (via thiazole rings) and lower molecular weights.
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Here we report assessment of lexitropsin analogues 5-7 binding to DNA recognition sites in a
sequence-specific manner using a combination of biophysical, theoretical and biochemical
approaches. It is an example of the use of straightforward tools for assessing binding capability with
the added bonus that some of the information reports at the atomic scale. Variations in ligands
include replacement of isopropyl thiazole in § and 6 by N-methyl pyrrole in 7 and replacement of
headgroup N-methyl imidazole in 5 and 7 with thiazole in 6. The selected compounds have been
screened against the DNA sequences 5’-ACTAGT-3’ or 5’-AGTACT-3" within the context of 12-
mer, self-complementary duplexes and supported by preliminary findings for non-self-
complementary 15-mer, 18-mer and 20-mer DNA duplexes containing the same recognition sites

and based on former studies showing how thiazotropsin analogue 8 is bound securely to 5°-

ACTAGT-3>.4%
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In the case of 8, the calculated ligand-DNA complex revealed no particular evidence for hydrogen
bond interaction between nitrogen in the pyridyl headgroup and the DNA recognition site.* It was
speculated that repositioning nitrogen in the headgroup along with reorientation of selected DNA
base-pairs could subtly alter the recognition profile of these molecules and create opportunities for
hydrogen bonding that would secure the ligand to create energetically favourable complexes with

enhanced K.

Screening for the tell-tale signs of slow chemical exchange on the NMR chemical shift timescale
between ligand and DNA and comparison with data arising from DNA denaturation and molecular
modelling studies confirm the structural features and forces that influence stabilization of these

ligand-DNA complexes.

NCI (National Cancer Institute, USA) screening results for the investigated MGBs showed a potent
antiproliferative activity for the ligand with thiazole head group (ligand 6). The study therefore
discusses the potential mechanisms of action and structure-activity relationships for antitumor
activity, which could be helpful for future optimisation and development of MGBs as potential

anticancer agents.

2. Results and Discussion
2.1 Chemical synthesis
Ligands were synthesised according to published procedures® > '3 being reproduced for

convenience to the reader in the Supplementary Information at C1 (description) and by summary

in Scheme C1 (see Supporting Information).
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2.2 One-dimensional NMR data

Stock solutions of DNA samples, prepared alongside concentrated stock solutions of 5-7, were
divided into aliquots. Each DNA sample was titrated using the concentrated stock ligand solutions.
Six samples were created using self-complementary 12-mer oligonucleotides. Further samples were
prepared using 15-mer, 18-mer and 20-mer oligonucleotides as detailed in the Supplementary
Information. Titrating DNA samples with ligand rather than attempting to load the relevant number
of equivalents of ligand into each sample allows nuances within the data to be observed as titrations
proceed. Acquisition of 1D 'H and *'P-{'H} NMR data enable changes to be observed at the
molecular level for both ligand and DNA (via 'H NMR spectra) and DNA alone (via *'P-{'H} NMR
spectra). Focus centres on the §'H = 8.0 — 14.0 ppm region of the 'H NMR spectrum for samples
solubilized in 90% H>0 / 10% DO for observation of DNA imino and peptide NH NMR resonances

arising from ligands containing peptide bonds.

As shown for the titration of 5-7 with d(CGCACTAGTGCG); (Figure 1) three quite similar ligands
result in somewhat different 1D 'H NMR spectral properties: the introduction of 5 to
d(CGCACTAGTGCQG): yields a clear set of peptide NH signals arising from the ligand by the end
point of the titration (Figure 1 (A), h). A mixture of sharp higher intensity signals among a set of
low intensity, broad resonances appear in the DNA imino proton resonance region. Contrastingly,
addition of 6 to d(CGCACTAGTGCG); results in a definitive change in the spectrum, showing as
clean, sharp responses with no evidence of low level, broadened NMR signals (Figure 1 (B), h).
Further marked differences show with 7 compared with the results for § and 6 where signal intensity
is low and definition for the DNA imino and ligand peptide NH resonances is poor and ill defined
(Figure 1(C), h). These differences are noteworthy given the very subtle structural variations across

the three ligand molecules studied.
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Figure 1. Titration of DNA duplex d(CGCACTAGTGCG), with ligands 5-7: Overview of
equivalent regions of 600 MHz 1D 'H NMR spectra recorded for each titration point showing DNA
duplex imino NH and ligand peptide NH resonances associated with each system. (A) Titration with
5; (B) Titration with 6; (C) Titration with 7. Titration points are defined in number of molar
equivalents of ligand with respect to DNA duplex: a) 0:1; b) 0.3:1;¢) 0.7:1; d) 1:1; ) 1.3:1; ) 1.7:1;
g) 2:1; h) 2.1:1. Resonance assignments: 1) Free DNA: 13.59 ppm - T°H3; 13.56 ppm - T°H3; 13.05
ppm - G*H; 12.72 ppm - G'°H1; 12.69 ppm - G®H. 2) Complex with 5: 11.49 ppm - SH16; 11.02
ppm - SH24; 9.62 ppm - 5HS. 3) Complex with 6: 13.38 ppm - T°H3; 13.03 ppm - G’°H1; 13.02
ppm - G®H1; 12.86 ppm - T°H3; 12.81 ppm - G'°HI1; 11.14 ppm - 6H16; 11.06 ppm - 6H24; 9.91
ppm - 6HS; 8.99 ppm - 6H2.

When ligands were added to the solution of d(CGCACGCGAGCG),, several new resonances
emerged in the imino proton resonance region (Figure 1). These resonances steadily intensified
throughout the titration until reaching a 2:1 ratio of ligand to DNA, at which point the resonances
of the free DNA disappeared entirely (most notably with ligand 6). In the presence of free DNA,
the '"H NMR spectrum showed well-defined imino proton resonances from both free and ligand-
bound DNA concurrently, indicating a tight binding that induces a slow exchange between the free

and ligand-bound DNA .>7-?° However, with ligand 7, the NMR spectrum exhibits broadened peaks,

9
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possibly due to intermediate exchange %2 between the free and bound states in case of weak
binding ligands. When all free DNA in solution is bound to ligand, the "H NMR spectrum for the
complex becomes simplified, indicating that two MGB molecules oriented themselves in opposite
directions within the minor groove of the palindromic sequence d(CGCACGCGAGCG),. This
mode of binding preserves the symmetry of the complex and limits variation in the chemical shifts
of both the DNA and ligand protons, thereby simplifying the NMR spectrum. The complexity of
the NMR spectrum alone can therefore serve as an indicator of the stoichiometry of interaction for
tight binding ligands. Having a "TH NMR spectrum with only one peak corresponding to each ligand
proton and the appearance of only 3 and 4 imino proton resonances for the free and ligand bound
DNA, respectively (e.g., ligand 6 Figure 1B) indicated the formation of a 2:1 (ligand: DNA)
symmetric complex with no evidence for the presence of other complexes. These findings are
consistent with previous 1D and 2D NMR studies of analogous MGBs that showed the ability of
these compounds to bind to the minor groove of DNA in a 2:1 ratio as antiparallel side-by-side
dimer in a head-to-tail fashion.* 2”3 Additionally, computational studies (sections 2.6 & 2.7)

confirmed the 2:1 binding stoichiometry of the investigated MGBs.

This theme is extended into the aliphatic methyl proton resonance regions of the same NMR spectra
(Figure 2). Loss of signals arising from free DNA is clearly evident (dashed line position in each
case at the proton chemical shift of the T® methyl group in self-complementary 12-mer). Loss of
free-DNA is clear in each case, but replacement by signals from ligand-bound DNA is variable from
sample to sample including loss of J-coupling definition for the isopropyl methyl proton NMR
resonances in the titration of 5§ with d(CGCACTAGTGCG); (Figure 2 (A), h, at *) compared with

that of 6, where good definition of the retained J-coupling exists (Figure 2 (B), h, at *).

10
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(A) (B) (C)

DNA Thymine CHs Ligand Isopropyl CHs DNA Thymine CHs Ligand Isopropyl CHs DNA Thymine CHs  Ligand Isopropyl CHs
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1.8 16 14 1.2 18 1.6 14 1.2 1.8 16 14 1.2
1H (ppm) 1H (ppm) H (ppm)

Figure 2. Titration of DNA duplex d(CGCACT®AGTGCG), with ligands 5-7: Methyl resonance
regions of 600 MHz 1D 'H NMR spectra recorded for each titration point. (A) Titration with 5; (B)
Titration with 6; (C) Titration with 7. Titration points are defined in number of molar equivalents
of ligand with respect to DNA duplex: a) 0:1; b) 0.3:1; ¢) 0.7:1; d) 1:1; e) 1.3:1; f) 1.7:1; g) 2:1; h)
2.1:1. Dashed line: Signal assigned to T°CH3 in free DNA at §'H = 1.592 ppm. * Methyl '"H NMR
resonance from one of two isopropyl methyl groups of P'Th in 5 and 6. Resonance assignments: 1)
Free DNA: 1.59 ppm — T°CH3; 1.27 ppm - T°CHj. 2) Complex with 5: 1.66 ppm — T°CH3; 1.63
ppm — T°CH3; 1.27 ppm, 1.21 ppm - 53/32CHs. 3) Complex with 6: 1.66 ppm — T°CHs; 1.625 ppm
— T°CH3; 1.27 ppm, 1.21 ppm - 6°'*2CH3; 4) Complex with 7: 1.65 ppm — T®CH3; 1.61 ppm —
T°CHs.

The pattern is consistent for related one-dimensional *'P-{'H} NMR data. For the same systems
(Figure 3) a resonance appears at higher chemical shift close to 8*'P = 0 ppm compared with all of
the other 3!P-{'"H} NMR signals, a feature known to be consistent with a specific phosphodiester
group in the DNA backbone, which transitions from predominantly B backbone conformation in
free DNA to predominantly By backbone conformation in the ligand bound form. Whilst this signal

is clear and present in the complex with 5 (Figure 3 (A), h) and clearer still in the case of 6 (Figure

11
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3 (B), h), a similar resonance present in the data for the DNA complex with 7 (Figure 3 (C), h) is

much less obvious, appearing as a broadened response.

(R) (B) (€)

h)

il

9)

d)
c)
b)
a)
0 - -2 0 - ) 0 - -2
3P (ppm) 3P (ppm) P (ppm)

Figure 3. Titration of DNA duplex d(CGCACTAGTGCG), with ligands 5-7: 3'P-{'H} NMR
spectra recorded for each titration point. (A) Titration with §; (B) Titration with 6; (C) Titration
with 7. Titration points are defined in number of molar equivalents of ligand with respect to DNA
duplex: a) 0:1; b) 0.3:1;¢) 0.7:1; d) 1:1; e) 1.3:1; f) 1.7:1; g) 2:1; h) 2.1:1.

Marked contrast can be drawn between the sets of data presented for the titration of
d(CGCACTAGTGCG), and 5-7 with those associated with the titration of
d(CGCAGTACTGCQG): by the same ligands (Figure 4 and Supporting Information Figures S1-S3
for contrasting data sets to those shown in Figures 1-3). The difference in appearance of the data
for the two DNA sequences is notable, especially for 7. Substantially broadened NMR spectra are
apparent with d(CGCACTAGTGCG); in the presence of 7 (Figure 4c, A, B, and C) in contrast to
the sharp, well defined NMR spectra apparent with d(CGCAGTACTGCG); in the same ligand
context (Figure 4f, A, B, and C). The variations between complexes of 5 with the two DNA

12
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sequences is less obvious on first inspection but is apparent when compared closely with the

complexes of 6 in the two DNA contexts.

(A) (B) (©)

f)

L
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12 9 18 16 14 1.2
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d)

c)

b)
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%%%%%%

Figure 4. Contrasting behaviours of DNA complexes of ligands 5-7 through observation of 1D 'H
and 3'P-{'"H} NMR spectra: (A) 1D 3'P-{'H} NMR data; (B) 1D 'H NMR data in the DNA imino
proton and peptide NH resonance region; (C) 1D '"H NMR data in the aliphatic methyl resonance
region. a)/d): Complexes of 5; b)/e): Complexes of 6; c)/f): Complexes of 7. Black spectra:
complexes with d(CGCACTAGTGCG);; Red spectra complexes with d(CGCAGTACTGCG),.
'H resonance assignments for complexes with d(CGCAGTACTGCG)»: d) Complex with 5: 13.75
ppm - T°H3; 13.01 ppm - G’HI; 12.85 ppm - G*H1; 12.51 ppm - T°H3; 12.20 ppm - G'°HI; 10.95
ppm - 5H16; 10.80 ppm - 5H24; 9.61 ppm — 5HS8; 1.71 ppm — T°CH3; 1.45 ppm — T°CHa. e)
Complex with 6: 13.75 ppm - T°H3; 13.01 ppm - G°H1; 12.86 ppm - G®H1; 12.45 ppm - T°H3;
12.40 ppm - G'°H1; 10.95 ppm - 6H16; 10.70 ppm - 6H24; 9.95 ppm - 6HS; 9.40 ppm — 6H2; 1.72
ppm — T®CHj3; 1.46 ppm — T°CHs. f) Complex with 7: 14.05 ppm - T°H3; 13.01 ppm - G*H1; 12.86
ppm - G®H1; 12.75 ppm - T®H3; 12.20 ppm - G!°H1; 10.75 ppm - 7H16; 9.80 ppm - 7H24; 9.45
ppm — 7HS; 1.73 ppm — TCH3; 1.34 ppm — T°CHa.

Through visual inspection of the NMR line shape, it is evident that ligands 5-7 bind tightly with 5°-
AGTACT-3’ site, as indicated by the sharpness of the NMR peaks (Figure 4, red spectra).
Conversely, the significant peak broadening observed in the association of ligand 7 with 5°-

ACTAGT-3’ site (Figure 4 ¢)) suggests a weak binding interaction. These findings are consistent

13
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with previous studies that have reported 'H NMR data for both strong and weak binding MGBs. *!"

34

2.3 Use of 1D NMR as a qualitative assessment tool for MGB binding

When ligand binding to DNA occurs, changes in chemical shifts and the sharpness of NMR peaks
occur due to both the close contact between the ligand and DNA and the ligand-induced
conformational changes of the DNA helix, with binding influenced by both the number and strength

of the non-covalent interactions formed between the ligand and DNA.

MGBs with dimensions similar to distamycin typically bind to 5-6 base pairs. The observed
alterations in chemical shifts therefore extend across multiple base pairs within a binding site.?! 34
NMR peak shape reflects the behaviour of a complex at the atomic scale. This can guide subsequent
exploration of dynamics and stability using complementary analyses. Sharp NMR peaks may be
associated with changes in molecular dynamics, chemical exchange rates and molecule-on-
molecule association characteristics including aggregation. It may report on increased rigidity>> 3¢
arising from changes caused by formation of non-covalent interactions within a complex. It can also
be used, without recourse to extensive and time-consuming data interpretation, as a first measure in
providing atomic level information on molecular recognition following careful study designs as
illustrated for 6 and 7 when screened against 15-mer, 18-mer and 20-mer DNA duplexes containing
both of the DNA recognition sequences screened in this study (see Supplementary Information).
The ligand induced-bending of the DNA helix toward the major groove results in major groove
compression (see Figure 14). Consequently, the chemical shift of the thymine methyl group can be
influenced by minor groove binders, although the methyl group is located in the major groove. This
is attributed to structural changes in the DNA helix, leading to alterations in the chemical

environment of certain nucleotide protons, including the thymine methyl group within the major

groove.

14
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Distinct resonances for free and bound DNA states in slow chemical exchange on the NMR

chemical shift timescale?> 37

provide a guide when assessing ligand binding. Numerous studies in
the literature report the utility of 1D NMR to study DNA minor groove binders and to determine
the exact binding site in the DNA sequence from the changes in chemical shifts.* ¥4 Among the
investigated MGBs are the conjugated biaryl minor groove binders (e.g., Hoechst 33258, DB226,
DB224, DB60, and DB75)*% distamycin analogues (e.g., thiazotropsin A, thiazotropsin B, AIK 18-
51)*, hairpin and cyclic polyamide* ligands. Despite the structural diversity of these MGBs, they
share the common characteristic of a curved shape that fits the helical structure of DNA. This snug
and close association with the minor grooves comes with disruption of the groove dimensions upon
complexation.***® Therefore, the described NMR method may be widely applied to screen for minor
groove recognition by leveraging chemical shifts, line shape and signal resolution, regardless of the
specific structures of the ligands and the DNA sequences involved in complexation. The unique
binding mode of MGBs, along with structural alterations in the DNA helix, result in distinct changes
in 'H and 3'P-{'H} NMR spectra. This approach proves beneficial for more complex cases when
larger DNA fragments, with mixtures of target sites, are screened for minor groove binding by a
given class of ligand, as illustrated in the supplement to this study with longer DNA fragments. Our
findings show suitability for distinguishing binding site specificity through straightforward
comparison of data arising from such model systems. If the ligand-DNA titration experiment is
well-designed and executed, the likelihood of artifacts other than binding causing changes in line
shape and chemical shifts is negligible. NMR spectroscopy is a well-established, robust, and reliable
technique, offering superior reproducibility of results compared to other analytical methods. Visual
inspection of the 1D NMR spectra by the analyst is helpful in confirming binding and allows
selection of those systems which the researcher can confidently expect to yield high-resolution,

solution-phase NMR structures. Such findings do not require validation by other analytical
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techniques, allowing the analyst to proceed directly to lengthier 2D/3D NMR data collection for

full signal assignment.

It should be emphasized that the conclusions related to the NMR peak shape are valid for interaction
of ligands with short, well-defined ODN duplexes. Long DNA molecules, such as those found in
salmon sperm and calf thymus DNA, may contain multiple binding sites, or some overlapping sites,
that severely complicates any analyses.” ! * This complexity arises from competing effects and

uncertainties regarding the stoichiometry of ligand interaction with long DNA molecules.

In the context of ligand binding to short ODNs, the sharpness of peaks in an NMR spectrum reflects
the rate at which molecules transition between free and bound states. Higher binding affinity often

leads to slower exchange rates between free and bound states, >

where the equilibrium is shifted
toward the bound state. As the ligand is titrated, new signals corresponding to the complexed state
gradually emerge, while the signals for free DNA gradually diminish. ** This results in sharp NMR
peaks as the NMR instrument can distinguish between the separate resonances of the different states
due to the slow transition that generates a stable and dominant bound state. As molecules transition
between states slowly, the NMR signals from each state are observed separately, resulting in well-
defined NMR peaks.? It is important to note that following the binding interaction, the resulting
complexes retain the ability to move freely within the solution. Consequently, the nuclei encounter

a relatively consistent and homogeneous magnetic environment, leading to clearly defined

resonance frequencies and narrower peaks.

Peak broadening in NMR spectra can be directly related to the dynamics of binding interactions
between molecules. Specifically, the rate of exchange between the free and bound states of
molecules involved in binding interactions influences the extent of peak broadening. If the binding
interaction is moderate or weak, where there is continuous equilibrium between the free and bound

states (intermediate exchange), the peaks in the NMR spectrum become broadened.® 3> °1->3 This
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broadening occurs because the NMR signals from the free and bound states are not distinguishable

and hence averaged over time, resulting in reduced resolution and broader peaks in the spectrum.

Peak broadening in NMR spectra can also be attributed to aggregation phenomena within the
sample. When molecules aggregate or form larger structures, such as dimers, oligomers, or
aggregates, the resulting NMR signals can become broadened.>* This broadening occurs because
the aggregated species generally undergo slower molecular tumbling rates compared to individual
molecules. As a result, the NMR signals from these aggregated species encounter heterogeneous

magnetic environments, resulting in broader resonance peaks in the spectrum.

Ultimately, in NMR spectroscopy, the sharpness of peaks can provide insights into the binding of
small molecules with short ODNs: Sharp peaks with no changes in the chemical shifts indicate no
binding. Changes in the chemical shifts, which are associated with the emergence of sharp peaks
may indicate both higher binding affinity and a good chance to obtain a high-resolution NOESY
NMR structure of the ligand—ODN complex. Peak broadening may indicate weak binding affinity
and imply challenge in obtaining clear NOE contacts between the ligand and ODN, as supported by
numerous previous studies.® * 3!, However, it is essential to note that other factors, such as the
temperature, sample conditions, concentration and the nature of interacting molecules, can also
influence peak broadening. Hence, while the sharpness of NMR peaks can offer valuable qualitative
information about binding affinity, quantitative analysis often requires utilizing additional

experimental techniques
2.4 DNA denaturation studies (Tm)

By studying the DNA melting profiles, the effects of ligand-DNA complexation on the stability of
short DNA sequences can be assessed.> Since the stability of the DNA double helix is increased
by ligand binding, elevating the DNA melting temperature (7,,) significantly, A7, values can be

used as an indicator for the strength of binding interaction.!'!: >
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We determined the UV melting characteristics of the two self-complementary 12-mer DNA
sequences in the absence and presence of 2 equimolar quantities of each ligand (5, 6 and 7) in PIPES
buffer. 7,, values were determined from melting curves at the half height when half of the DNA is
denatured. The absorbance was determined in the temperature range 30 — 100 °C. The production
of air bubbles in solution at high temperature (>90 °C) caused an increase in the absorbance

measurements and for this reason these readings were ignored in the final analysis.

In the absence of any added ligand, the melting temperature (75,) of the two DNA sequences was
found to be 48 + 0.5 °C. The melting temperature of the ACTAGT sequence increased by 15 and
23 °C after the addition of ligands 5 and 6, respectively, while a slight increase in T was observed
(3 °C) upon the addition of 7 (Table 1, Supplementary Information Figure S5) indicating weak or
negligible interaction. A large increase was observed in the DNA melting temperature of the
AGTACT sequence by 24, 23, and 18.5 °C, for complexes with 5, 6, and 7, respectively. These
findings clearly indicate that the studied ligands can stabilize the DNA helix via formation of strong
non-covalent interactions and the strength of these interactions, as indicated from the measured 47,

values, are consistent with the NMR findings.

Table 1. Changes in the DNA melting temperature of the studied ODNs, d(5'-GCGACTAGTCGC-
3")2 and d(5'-GCGAGTACTCGC-3"),, after the addition of two equivalents of 5, 6 and 7.

Binding ligand 5 6 7
ATm (°C) of the ODNs'

d(5’-CGCACTAGTGCG-3'):* 15 23 3
d(5’-CGCAGTACTGCG-3')2 24 23 18.5

TAbsorbance was measured in the temperature range 30-100 °C.
The solutions contained 10 mM PIPES buffer, 20 mM NaCl, and 1 mM EDTA at
pH 7.00. ((DNA] =10 uM).
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2.5 Antitumor activity

In line with the protocol of the Drug Evaluation Branch, National Cancer Institute (Bethesda, USA),
60 human tumor cell lines were studied in vitro against the target MGBs, 5, 6 and 7 using nine
different tissues (Supplementary Information, Figure S6). A single-dose (10 uM) was used for
estimating the percentage of growth inhibition of the NCI-60 panel cell lines. The NCI results
showed that ligand 6 induced the highest level of growth inhibition against the NCI-60 panel (92.73

%), whereas compound 5 and 7 showed weak and negligible inhibition respectively (Figure 5).

NCI Results
92.37
100
80
.0
=
:.c:! 60
=
< 40 24.13
" 1
] -3.79
= 0 T —
-20 5 6 7
Compound

Figure 5. Mean % inhibition of the tested compounds (5-7) over NCI-60 cancer cell line panel. The
percentage of growth inhibition was calculated by subtracting mean growth percentage values obtained from
the NCI from 100.

Ligand 6 showed more than 75 % inhibition on 45 cell lines including melanoma, colon, non-small
cell lung, breast, renal, CNS, leukemia, ovarian, and prostate cancer cell lines (Figure 6). It showed
the highest activity against melanoma, colon, breast, and non-small cell lung cancer subpanels. Due
to its broad-spectrum antiproliferative activity, the NCI selected ligand 6 for five-dose testing to
determine its Glso and total growth inhibition (TGI) values (provided in the Supplementary

Information, Figure S7).
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Figure 6. Percentage of growth inhibition induced by ligand 6 against all tested cancer cell-
lines.

Although our biophysical studies confirmed the direct binding of ligands 5-7 with different extents
to short DNA sequences, the huge variation in their antitumor activity can be attributed to another
crucial factor — the lipophilicity of the ligand. The degree of lipophilicity impacts the ligand's
efficiency in penetrating the cell membrane and reaching its molecular target within the nucleus.
This conclusion is consistent with the calculated lipophilicity (LogP) for 5, 6, and 7, which were
found to be 0.55, 1.11, and -1.34 respectively at pH 7.4 (determined by Marvin,

https://www.chemaxon .com). The computational permeability tool, PerMM, °7 indicated that 6

exhibits a 26-fold higher cell permeability than 7 in PAMPA model and a 2.5-fold greater
permeability in Caco-2 model (SI, S13). Additionally, 6 exhibits a 5.4-fold higher cell permeability
than 5 in PAMPA model and a 1.6-fold greater permeability in the Caco-2 model. These results
align with the logP values of MGB compounds and highlight the crucial influence of lipophilicity
on the biological activity of MGBs. For instance, the relatively polar ligands S and 7 can physically
bind to DNA. However, their low cell permeability renders them inactive. A similar observation on

the effect of lipophilicity on lung tumour potency has previously been reported for another structural
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class of MGBs.!? Such results indicate that the lipophilicity plays a vital role in the anticancer
activity of the investigated MGBs and shall be considered in future optimization and development

of novel DNA minor groove binders.
2.6 Molecular Docking

Qualitative 'H NMR data showed the binding of ligands 5-7 to different extents to the two DNA
sequences d(CGCACTAGTGCG), and d(CGCAGTACTGCG),. To perform reliable molecular
modeling studies for these complexes, the starting 3D structures of the two DNA sequences and the
investigated ligands were derived from an experimental NMR refined structure for the complex
between d(CGACTAGTCG); and the related thiazotropsin analogue 8, which was obtained from
the protein data bank (PDB code: 2MNE).* HADDOCK 2.4 web server was used to determine the
best binding pose of the ligands 5-7 with the two DNA sequences and the generated structures were
then used as inputs for the molecular dynamic simulation studies to assess the stability of the studied
complexes. The HADDOCK docking results (Figure 7) of ligands 5-7 with the DNA duplex
d(CGACTAGTCG); showed that these MGBs bind to 5'-ACTAGT-3' in the minor groove of DNA
as dimers in an antiparallel side-by-side fashion, except the complex with ligand 7. This showed a
distorted dimer that did not fit deeply and snugly within the minor groove (Figures 7C). The docking
results of ligands 5-7 with d(CGACTAGTCG), are listed in Table 4. A higher negative
HADDOCK score indicates a more stable complex. According to the HADDOCK results, ligands
5 and 6 showed higher stabilities than 7 with the ACTAGT binding site (Table 2), which is

consistent with NMR results.
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Table 2. Docking results and water refinement of ligands 5-7 with d(CGACTAGTCG),, obtained

from HADDOCK docking server.

Ligand 5 6 7
HADDOCK score -202.4+3.4 -203.2 £1.2 -181.4+£3.6
RMSD (A) 3.9+0.1 0.6+0.4 0.6+0.4
van der Waals energy (kcal/mol) -1454+2.7 -147.3 £33 -128.6 +£3.6
Electrostatic energy (kcal/mol) 3741 £ 11.7 -392.5+13.2 -379.5+10.2
Desolvation energy 17.8+ 0.5 22.6+0.5 23.0+£1.2
Buried surface area (43 2875.7 +38.6 2925.1 +£18.8 2804.0 +47.3

According to the HADDOCK results, electrostatic energy is the major driving force for
complexation. The stability of these complexes is mainly dictated by a series of hydrogen bonds
formed between the NHs of the amide links, the nitrogen of imidazole and thiazole rings in the
MGB structures and the DNA bases in the minor groove. In § and 6, six hydrogen bonds were
formed with the DNA bases, in addition to the electrostatic interaction between the DMAP tail of
the ligand and negatively charged backbone of DNA, whereas 7 exhibited only two weak hydrogen
bonds via the NH’s of the amide links and that might explain the lack of stability of this complex.

The interaction of ligands 5-7 with d-(5’-CGAGTACTCG-3), DNA duplex was also studied using
HADDOCK 2.4 (see Supplementary Information Figures S8 and S9 for the correlated data sets to
those shown in Figure 7 and Table 2). The HADDOCK docking results showed that the three MGB
ligands bind to 5'-AGTACT-3' in the minor groove of DNA as dimers in an antiparallel side-by-
side fashion, which is similar to the binding mode observed with the 5'-ACTAGT-3’ binding site.

However, ligand 7 formed a more stable complex with 5'-AGTACT-3". This can be related to the
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[ Attractive charge [l Conventional Hydrogen Bond

Figure 7. 3D diagram of the best docked structure for (A) 5, (B) 6, and (C) 7, with
d(CGACTAGTCG)s. 2D drawing demonstrating the non-covalent interactions for the complexation
of (D) 5, (E) 6, and (F) 7 with d(CGACTAGTCG),. The binding interactions shown in D, E and F
were generated automatically by BIOVIA Discovery Studio Visualizer (2021). > (Note: the
conformations of the ligands shown on the right-hand side of the figure [D, E and F] do not represent
the correct curved conformation of MGB ligands that matches the curvature of the minor grooves
of DNA, which are correctly defined in ligand-DNA complexes shown on the left-hand side of the
figure [A, B and C]).
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formation of five hydrogen bonds via the amide NH’s and the nitrogen of imidazole in 7
(Supplementary Figure S8, F), which were able to form five hydrogen bonds with the DNA bases
compared to only two hydrogen bonds with the 5’- ACTAGT-3’ binding site.

Remarkably, the nitrogen in head group imidazole and thiazole rings in 5 and 6 respectively, which
sit close to cytosine base number 4 (Base Pair Cs4-Gy7) in the first strand of the DNA duplex
d(CGAC*TAGTCG), was capable of forming a hydrogen bond with the guanine base number 17
on the parallel strand, C4-G17 (Figure 7, D & E). The imidazole and thiazole nitrogen also formed
a direct hydrogen bond with the guanine base number 4 in the first strand (G4-C17) of the DNA
duplex d(CGAG*TACTCG): (see Supplementary Figure S8, D & E). The same trend was noticed
for the isopropylthiazole ring, which formed selective hydrogen bonds with the guanine bases
located at position 7 (G7-C14) and position 14 (C7-G14) in the DNA duplexes
d(CGACTAG'TCG): and d(CGAGTAC'TCG); respectively.

These findings indicate that the imidazole and thiazole rings in the ligand dimer can recognize both
GC and CG base pairs and explain the ability of ligands 5 and 6 to bind with both the ACTAGT

and AGTACT sites.

2.7 Molecular Dynamic Simulations

To determine the stability of the examined ligand-DNA complexes in aqueous solution, molecular
dynamic (MD) simulations were performed. Root Mean Square Deviation (RMSD) was used to
identify the structural stability of 5, 6 and 7 complexes with both DNA duplexes,
d(CGACTAGTCG); and d(CGAGTACTCG),. For the d(CGACTAGTCG): duplex, the whole
system was found to be stable during the 20 ns simulation (Figure 8A). Furthermore, it was clearly
noted that complexes 5 and 6 exhibited more stable average RMSDs of 0.19 nm and 0.25 nm
respectively, and no significant changes in RMSD occurred during the whole run (Figure 8C). By
contrast, complex 7 showed an average RMSD of 0.36 nm with a substantial change from 0.2 nm

to almost 0.5 nm after 8 ns of simulation until the end of the run (Figure 8C). This indicates the lack
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of stability of 7 complexed with d(CGACTAGTCG),. Root Mean Square Fluctuations (RMSFs),
which indicate the mobility of the DNA or ligand atoms during the MD simulation were calculated
for the three complexes. It was apparent that the majority of the DNA atoms in the central region of
the DNA sequence (the binding region) for the three complexes exhibited RMSF below 0.2 nm with
an average of 0.12 nm, 0.13 nm and 0.19 nm for 5, 6 and 7 respectively (Figure 8 G), while the
atoms of the terminal DNA bases showed the highest fluctuation values as these atoms are remote
from the central binding site. The fluctuation of the ligands’ atoms was found in the ranges of 0.05-
0.2 nm, 0.1-0.3 nm and 0.2-0.5 nm for ligands 5, 6, and 7 respectively (Figure 8 H). The majority
of the ligands’ atoms for 5 and 6 showed fluctuations less than 0.2 nm with an average of 0.1 nm
and 0.18 nm respectively. However, 7 had higher fluctuations with an average of 0.4 nm, which
indicate a weaker and unstable binding with DNA as the binding is expected to rigidify the complex
and decrease the flexibility of the bound ligand.

Radius of gyration (Rg), which evaluates the compactness of ligand-DNA association, was
calculated for the three complexes. Ligands 5 and 6 showed steady Rg scores with an average of
11.65 A and 11.76 A respectively. However, ligand 7 exhibited more fluctuations starting from 11.8
A reaching to 13.25 A (Figure 8 D), which also indicates a lower stability for the association of 7
with 5’-ACTAGT-3’ compared to S and 6. Furthermore, Solvent Accessible Surface Area (SASA),
which measures the surface area of the ligand-DNA complex that is accessible to the solvent
molecules, was determined. Low SASA values indicate a more compact and stable complex. Ligand
5 and 6 have lower SASA values, averaged at 4,216 nm? and 4,271 nm? respectively, than 7, which
has an average of 4,599 nm? (Figure 8E). Eventually, 5 and 6 complexes showed more stable
RMSDs, RMSFs, SASAs and Rgs scores during 20 ns MD simulation compared to complex 7,
which showed less stability.

A similar approach was followed to study the stability of 5, 6 and 7 complexations with d-(5’-

CGAGTACTCG-3’), using Molecular dynamic (MD) simulation via the determination of RMSDs,
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RMSFs, SASAs and Rgs scores (see Supporting Information S10 for the correlated data sets to
those shown in Figure 9). The results of all these four descriptors indicated the stability of the
investigated MGB complexes including ligand 7 with d-(5’-CGAGTACTCG-3") in contrast to the
complex between ligand 7 and d-(5’-CGACTAGTCG-3"),, which showed a lack of stability during
the course of 20 ns MD simulations (Figure 9). These findings are consistent with the experimental

NMR results.

Figure 9. Simulated structures of the complex between ligand 7 and d(5’-CGACTAGTCG-3") (the
lower row) and the complex of ligand 6 with d-(5’-CGACTAGTCG-3") (the upper row) during the
course of 20 ns MD simulation (i.e., at 5 ns, 10 ns, 15 ns, and 20 ns). After 10 ns, the structure of
ligand 7 seems to be distorted and the ligand dimer is separated from the DNA duplex structure,
contrary to ligand 6, which remained bound to the minor groove of DNA. The structural
representations were generated using BIOVIA Discovery Studio Visualizer (2021).
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2.8 Rationale of the ligands’ design and their mechanism of action

The MGBs formulated in this study are analogs of distamycin and exhibit three notable features.
Firstly, their structures are curved, enabling them to match the curvature of the minor groove.
Secondly, they form specific hydrogen bonds through the amide NH groups and the N of
thiazole/imidazole, with the DNA bases in the floor of the minor groove (Figure 7). Lastly, they are
monocationic, facilitating the binding of two molecules in an antiparallel orientation to prevent
electrostatic repulsions. These MGB compounds were designed with the purpose of targeting the
DNA response element, 5-WGWWCW-3" (where W represents either A or T), for several nuclear
receptors to disrupt or inhibit the interaction of transcription factors with DNA.There are several
examples of transcription factors that bind with a DNA response element composed of six base
pairs, such as progesterone receptor (PR), mineralocorticoid receptor (MR), glucocorticoid
receptors (GR), estrogen receptor (ER), androgen receptor (AR), constitutive androstane receptor
(CAR), and thyroid hormone receptor (TR).>>-** While the DNA sequence 5-WGWWCW-3' is
known in literature as the DNA response element for the androgen receptor (ARE), it's noteworthy
that other nuclear receptors, including glucocorticoid receptors (GR), progesterone receptor (PR),
and mineralocorticoid receptor (MR), also interact with the same DNA response element. **® This
DNA sequence is organized as repeats of the consensus DNA sequence 5-WGWWCW-3', with a
three-nucleotide spacer. Malfunction of steroid receptors and their transcription factors may drive
cancer cell growth, proliferation, and metastasis, which is observed in many human tumours such
as breast and prostate cancers.® Remarkably, ligand 6 showed potent inhibition of breast cancer
cell lines that are sensitive (e.g., MCF7, T47D) and non-sensitive (e.g., MDAMB-231, MDAMB-
468), to the oestrogen receptor (Figure 7). Similarly, ligand 6 inhibited the androgen non-sensitive
prostate cancer cell lines, PC-3 and DU-145 according to the NCI screening results (Figure 6).
However, since there were no examples of androgen sensitive prostate cancer cells in the NCI-60

panel cell lines, we used the SRB cell viability assay to determine the ICso of ligand 6 against the
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androgen-sensitive prostatic cancer cells, LNCaP. The SRB assay results showed that Ligand 6

effectively suppressed LNCaP cell proliferation (ICso: 2.15 uM) (Figure 10).

LnCaP
Compound ICS0 (uM)
Ligand 6 2.15%0.11
Doxorubicin 1.18%0.07
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Figure 10. ICso of ligand 6 and doxorubicin against LnCaP cells. The cell viability was determined
after 48 hours using the SRB assay. Each value represents the mean = SEM of three independent
experiments.

The design and development of novel MGBs to target specific genes requires revealing the factors
that dictate preferred orientation of MGBs in the minor grooves. Ligand 6 was designed to target
the 5'-WGWWCW-3' sequence and that was facilitated by the findings of our previous study, which
indicated that the position of the dimethylaminopropyl group and the orientation of the amide links
of the ligand with respect to the 5'-3'-ends dictate the preferred orientation of MGBs in the minor
groove of DNA. Furthermore, the 3D NMR structure (PDB: 2MNE) for the complex between
“AIK-18/517, 8, and d(5’-CGACTAGTCG-3"), was used to guide the design of ligand 5, 6, and 7.
We speculated that replacing the pyridine head group in AIK-18/51 (ligand 8) with an imidazole or
thiazole ring in the designed structures would allow the ligand to recognize a guanine base at

position 2 in the binding site, 5'-WGWWCW-3' (Figure 11 A & B). Remarkably, the experimental
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and molecular modelling simulations showed the ability of imidazole/thiazole nitrogen to
selectively recognize both G.C and C.G base pairs by forming a hydrogen bond with the exocyclic
amino group of guanine whether it is located in the first or second DNA strand. This study reports
the first MGBs with small molecular weight that can bind to the 5'-WGWWCW-3’ sequence without
utilizing harpin or cyclic polyamide structures, which were developed by the Dervan group to target
the ARE sequence.'> %% % According to the reported data from Dervan’s lab, a cyclic polyamide
minor groove binder with 8 imidazole/pyrrole rings (Figure 11 C) that binds to the ARE (5'-
WGWWCW-3) can control the expression of AR target genes in studies conducted in cell culture.
The relatively large cyclic polyamide was found to be cell permeable in this study. However,
absorption tests on the substance revealed low Caco-2 permeability, indicating that it may not be
bioavailable orally. 2 According to the computational permeability tool PerMM, ligand 6 exhibits
55 billion times higher cell permeability than the cyclic polyamide in PAMPA model, and 933 times
higher permeability in Caco-2 model (Supplementary Information, S13). The high polarity and large
molecular weight of the cyclic and hairpin molecules (logP -12.03) adversely affected their cell
permeability.> The MGB compounds presented in this study, which contain only four aromatic
rings, possess extra advantageous physical properties due to their reduced molecular weight and
enhanced lipophilicity afforded by thiazole rings as in ligand 6. Furthermore, the main advantage
of the described MGBs over the currently available chemotherapy lies in their ability to bind
reversibly in the minor groove via non-covalent bonds. This binding mechanism avoids the
induction of permanent DNA damage, a common issue with alkylating agents that create covalent
bonds with DNA, resulting in mutations and irreversible DNA damage. Additionally, MGBs exhibit
greater selectivity in their binding compared to other DNA-binding agents like intercalators and
alkylating agents, which are characterized by a lack of selectivity and increased toxicity. The

cytotoxicity of ligands 5-7 was evaluated against normal human dermal fibroblast (HDF) cells at a
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Figure 11. Chemical structures and schematic representation of the binding orientation adopted by
A) ligand 6 dimer in the minor groove A) AIK-18/51, 8, dimer in the minor groove *. C) Cyclic and
hairpin polyamide alignment in the minor groove relative to the DNA sequence.®* % Colour code:
orange hexagon=pyridine; red pentagon=N-methylpyrrole; yellow pentagon=isopropyl thiazole;
magenta pentagon=thiazole; blue triangle=dimethylaminopropyl “tail”.

concentration of 50 uM (Supplementary Information, S14). Ligand 7 demonstrated negligible
toxicity (P-values >0.01), while ligands 5 and 6 exhibited limited toxicity, resulting in a 20-30%
reduction in cell viability at the specified concentration. In accordance with the International
Organization for Standardization (ISO) 10993-5 guidelines, cytotoxicity ranging from 20% to 40%

is categorized as negligible (ISO, 2009). Consequently, these compounds can be deemed safe.
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Ligand 6, which was designed to target the 5-WGWWCW-3' sequence, has shown potent
anticancer activity against androgen sensitive and non-sensitive prostate cancer cell lines.
Additionally, it exhibited potent activity against numerous other cancer cell lines, as illustrated in
Figure 6. These findings indicate that the ligand 6 might inhibit other oncogenes, transcription
factors or DNA binding proteins. To investigate whether our MGBs interfere with the activity of
DNA binding proteins such as the topoisomerase enzymes, the in-vitro DNA relaxation assay was
utilized to assess the activity of topoisomerase I. As shown in Figure 12, the supercoiled DNA was
completely relaxed in the presence of topoisomerase I (Lane 3) as indicated by the appearance of
relaxed DNA fragments. Camptothecin, a known topoisomerase I poison, inhibited topoisomerase
I activity via the formation of a nicked open circular DNA product as a result of stabilizing the
topoisomerase I-DNA cleavage complexes. The open circular DNA product appeared above the
relaxed products (Lane 7), but it is not clearly shown in the image due to Camptothecin’s
fluorescence, which covered the area above the relaxed band. Ligand 6 showed an inhibitory effect
on topoisomerase I activity as indicated by the appearance of a supercoiled DNA band (Lane 5). A
minor inhibition effect was observed with ligand 5 (Lane 4), while no effect was detected for ligand
7 (Lane 6). These findings are consistent with the results of growth inhibition of the NCI-60 panel
cell lines, which showed weak, potent, and negligible inhibition for ligand 5, 6, and 7, respectively
(Figure 6). The topoisomerase | assay results are remarkably consistent with several studies in
literature. These studies have indicated that thiazole-containing minor groove binders (e.g.,

compounds similar to ligand 6) can effectively inhibit topoisomerase I enzyme, "¢

which plays a
pivotal role in relaxing DNA supercoils during DNA replication. This inhibition has the potential
to disrupt both replication and transcription processes leading to various substantial biological

effects including cell death. The results of the topoisomerase I inhibition assay are consistent with

the DNA binding characteristics of minor groove binders.
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Ligand 5 (50 uM)
CPT 50 uM

Ligand 6 (50 uM)
Ligand 7 (50 uM)
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Figure 12. Supercoiled DNA relaxation by topoisomerase I in the presence of 50 pM ligands 5-7
or camptothecin. The reaction products were separated by agarose gel electrophoresis. The relaxed
DNA (Top I activity) was indicated upward of the supercoiled DNA. Lanes 1 and 2: relaxed and
supercoiled control DNA, respectively. Lane 3: supercoiled DNA with topoisomerase I and the
vehicle. Lanes 4, 5, 6 and 7: supercoiled DNA with topoisomerase I in the presence of ligands 5, 6,
7 and camptothecin, respectively.

Minor Groove of Free DNA

Figure 13. A) 3D structure of the complex between ligand 6 (CPK) and d(CGAGTACTCG); (sticks
and tubes) showing MGB-induced widening of the minor groove and bending of the DNA helix
generating a compressed major groove. B) The width of the minor groove (11.7 A) for free DNA
(narrow and deep). C) The width of the minor groove (15 A) for the complex between ligand 6 and
d(CGAGTACTCG),, (wide and shallow).
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Another potential mechanism for DNA minor groove binders reported in the literature is the
allosteric modulation of transcription factors binding site % through the MGB induced widening of
the minor groove and compression of the major groove, which blocks the transcription factor from
recognizing their target in the major groove of DNA. To assess this hypothesis, the minor groove
width for both the free and complexed DNA structure with ligand 6 was calculated using the 3D

structures produced from the molecular docking studies (Figure 13). The minor groove width for
the free and complexed DNA with ligand 6 were found to be 11.70 A and 15.00 A respectively
(Figure 13 B & C). This widening of the minor groove twists the DNA structure towards the major
groove generating a compressed major groove (Figure 13 A). These structural alterations in the
DNA helix explain the molecular basis for the allosteric perturbations of transcription factor-DNA
interfaces by the MGB compounds. The findings related to ligand 6 indicate that the broad-
spectrum antiproliferative activities of this molecule might originate from its ability to target
multiple nucleic acid sequences and promoter sites of different oncogenes and hence might inhibit
various DNA binding proteins and transcription factors. Small molecules that bind to DNA can
generate significant biological effects and induce profound inhibition of different proteins as a result
of altering or disrupting the DNA structure or function.'! 7”2 Qur study clearly indicates that the
observed multitarget activity of MGBs arises from their intervention at nucleic acids level. This

multi-target activity could be beneficial for the treatment of multifactorial diseases such as cancer.

3. Conclusions

In this study, we utilized a variety of techniques including spectroscopic (NMR spectroscopy and
DNA UV melting), computational (molecular docking and MD simulations) and biochemical
methods (NCI screening, SRB and topoisomerases I assays) to characterize the interaction of novel
MGBs with DNA and to gain insight on their mechanism of action. NMR spectroscopy was

effectively used to confirm the binding of the investigated MGBs with short well-defined DNA
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sequences before proceeding to advanced NMR experiments, which is beneficial in screening
studies. The NMR results were consistent with the DNA UV melting and the molecular modeling
results, which confirmed the binding with different extents to short DNA sequences. The modeling
results showed the ability of the investigated MGBs to fit snugly in the minor groove as antiparallel
dimers via hydrogen bonding with the DNA bases and electrostatic interaction with backbone of
DNA. The NMR and modeling data indicated that the thiazole and imidazole rings can recognize
both G.C and C.G base-pairs, while the amide links of the ligand can bind to AT or TA bases pairs.
The ability of MGBs to target multiple DNA sequences including the promoter site (5'-
WGWWCW-3) of several nuclear receptors, may explain the observed broad spectrum anticancer
activity of ligand 6. Disruption of DNA structure and function via the allosteric inhibition of
transcription factors and other DNA binding proteins (e.g., topoisomerase enzymes) can block the
replication and transcription processes leading to significant biological effects such apoptosis,
necrosis, cell death and inhibition of protein synthesis '*7*. Targeting the promoter sites of multiple
oncogenes, transcription factors or DNA binding proteins represents the potential mechanisms of
action of the MGB compounds at the molecular level. This multi-target activity could be
advantageous in the treatment of multifactorial diseases such as cancer.”>”’’ Although modern
approaches to drug discovery focus on the design of selective drugs to avoid side effects, treatment
of complex diseases requires the design of drugs that can interact with numerous biological targets.
This study presents the first small-molecular-weight MGBs that bind to the 5'-WGWWCW-3'
sequence without utilizing the high molecular weight, harpin or cyclic polyamide scaffolds. The
molecular weight of the MGBs introduced in the current study is approximately half that of the
hairpin and cyclic polyamide molecules developed by Dervan group to target the S'-WGWWCW-
3’ sequence. Whereas these compounds consist of 8 heterocyclic rings, our MGBs are comprised of
4 heterocyclic rings. The reported MGBs have additional beneficial physical properties due to their

low molecular weight, improved lipophilicity, and enhanced DNA binding selectivity toward G.C

35



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

Spectroscopic, biochemical and computational studies of bioactive DNA minor groove binders targeting 5-WGWWCW-3' motif

base pairs provided by the thiazole rings. These features could potentially contribute to their
anticancer activity. Moreover, MGBs exhibit greater selectivity compared to other DNA-binding
agents such as intercalators and alkylating agents, which are characterized by a lack of selectivity
and increased toxicity. Additionally, the key advantage of MGBs over existing chemotherapy lies
in their ability to bind reversibly in the DNA minor groove via non-covalent bonds without inducing
permanent DNA damage, which is commonly associated with conventional chemotherapeutic
drugs.

This study indicates that the structural optimization of MGBs should prioritize enhancing the
ligand's lipophilicity while preserving the essential binding groups in the MGB scaffold. This
improvement could be achieved, for example, by introducing fluorine atoms to the aromatic rings
or incorporating more lipophilic tail groups like piperidine propylamine and morpholine
propylamine. Several cycles of structural optimization may be necessary to enhance the efficacy
and potency of MGBs. Ultimately, this study revealed the structural features that drive lexitropsin-
DNA interactions, and that could be useful to guide future design and development of novel MGBs

as potential therapeutic agents.

4. Experimental Section

4.1 General

The solvents and reagents used in this study were purchased from Sigma-Aldrich (Steinheim,
Germany). The self-complementary ODNs d(CGCACTAGTGCG), and d(CGCAGTACTGCG),
were purchased from Alpha DNA Ltd. (Montreal, Canada) as desalted, cartridge-purified,
lyophilized powders, which were used without further purification. The chemical structures of MGB
intermediates and final products were confirmed by NMR spectroscopy and mass spectrometry

(Supplementary Information, S11).
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The NMR Chemical shifts were measured using a Bruker 500 MHz instrument for both 'H and '*C
NMR experiments, and they were expressed as parts per million (ppm) compared to the internal
tetramethylsilane standard. The ACD NMR program (academic version)’® was used to process
NMR data. The NMR data were displayed as follows: dd (double doublet), q (quartet), m
(multiplet), s (singlet), or bs (broad singlet), J, the coupling constant, is given in hertz (Hz).
Electrospray ionization-mass spectrometry (ESI-MS) experiments were performed for the
intermediate and final products using a triple-quadrupole tandem mass spectrometer (MicromassW
Quattro microTM Waters Corp., Milford, MA, United States) with an electrospray ionization
interface. The reactions were monitored using thin-layer chromatography (TLC) silica gel plates
(0.25 mm, E. Merck, 60 F254) and visualized under UV lamp. The melting points were measured
using a STUART SMP50 melting point apparatus. HRMS spectra of the final products were

acquired utilizing ESI timsTOF Pro instrument (Bruker Daltonics).

The final MGB products, 5-7 were prepared as TFA salts and purified by reverse-phase HPLC using
Agilent 1260 infinity liquid chromatography (Agilent Technologies, Palo Alto, CA, U.S.A.). All
compounds tested in this study are > 95% pure by HPLC analysis (see Supplementary Information,
S12). The C18 column used in HPLC (Zorbax-SB-C18) has a length of 25 cm, an internal diameter
of 9.4 mm and particle size of 5 um. The HPLC gradient elution method used for separation and

purification is described below.

Time (mins) | Flow rate % Water (0.1% % Acetonitrile
(ml/min) TFA) (0.1% TFA)

0 4 90 10

25 4 50 50

26 4 0 100

30 4 0 100

31 4 90 10

35 4 90 10
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4.2 NMR Spectroscopy

Samples of ligands 5-7 were separately prepared as DMSO-ds solutions at concentrations of 10 mM
in a final volume of 550 pL. Full NMR signal assignment of 'H, '*C and '°N resonances for each
compound was carried out using classical NMR procedures for small molecule structure elucidation
(including acquisition and interpretation of 2D ['H, '3C] and ['H, ""'N] HSQC and HMBC alongside
2D ['H, 'H] COSY, TOCSY and NOESY NMR data acquired at 600 MHz) to confirm the structures
and integrity of each compound (See Supporting Information Table S4 for details). DNA samples
were prepared as 1 mM stock solutions in 50 mM phosphate buffer at pH = 7.4 made with 90% H>O
and 10% D-O to provide a deuterium frequency lock. Ligands were prepared as concentrated
solutions in volumes of 50 uL H>O such that upon addition to the DNA NMR sample (550 uL
volume admitted to a 5 mm diameter high-precision NMR tube) their final molar ratios would match
those of the DNA for ligand:DNA single strand ratios of 1:1 (e.g. 2:1 ligand:duplex ratio), thereby

taking into account dilution effects.

NMR spectra were acquired on a Bruker 600 MHz AVANCE II" NMR spectrometer equipped with
a TBI ['H, 13C, X]-z probe-head fitted with an actively shielded gradient coil. 1D 'H NMR spectra
were acquired using excitation sculpting for efficient solvent signal suppression using Bruker pulse
program zgesgp. Spectra were centred at 3'H = 4.694 ppm (offset = 2816.74 Hz) and set for a
frequency width of 20.557 ppm (12335.53 Hz). Data were acquired with 64 transients and 4 dummy
transients using a data acquisition time of 1.328 s and a recycle time of 2.0 s in 32K data points.
Excitation sculpting was achieved using a sinc shaped pulse of duration 2 ms at a power of 2.49
mW and sets of paired z-pulsed field gradients with values of 31% and 11% of the maximum 50
G/cm value applied during periods of 1 ms each. 1D *'P-{'H} NMR spectra were acquired using a
power-gated pulse sequence, Bruker pulse program zgpg30. Spectra were centred at 3*'P = 0 ppm
with 'H decoupler offset set to 'H = 4 ppm. Data were acquired with 256 transients into 2K data

points over a frequency width of 10 ppm (2429.54 Hz) for an acquisition time of 421 ms using a
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recycle delay of 0.5 s. Aliquots of ligand solutions (5 pL) were added stepwise to DNA samples
(550 pL starting volume). Following each addition, an initial white precipitate gave way to a clear
solution indicating take-up of the ligand by the DNA in the form of a complex. Both 1D 'H and 1D
3IP-{'H} NMR spectra were acquired automatically using a sample changer running under
IconNMR prior to the first ligand aliquot addition and then subsequently after each 5 uL ligand
aliquot addition. The imino-proton '"H NMR resonance region (8'H = 12-14 ppm) was monitored
for changes in the DNA after each addition along with the aromatic peptide NH resonance region
(8'H = 8-12ppm), which was used to assess the presence of ligand. Ligand aliquot additions were
stopped when the NMR data showed evidence of a titration end-point. Following sample
preparations, this whole process can be completed by a non-expert NMR user in a typical period of

2-3 hours.
4.3 DNA UV melting studies

The absorbance profiles of the free and complexed ODNs [d(5'-CGCACTAGTGCG-3'); and d(5'-
CGCAGTACTGCG-3")2 ] at 260 nm versus temperature were measured in the range 30 — 100 °C
at a heating rate of 1 °C/min. The ligands and ODNs were dissolved in 10 mM PIPES buffer (pH
7.0), 20 mM NaCl, and 1 mM EDTA. Two equimolar quantities of the ligands were added to the
DNA solution ((DNA] = 10 uM). The measurements were carried out using a Shimadzu UV-2600

spectrophotometer equipped with S-1700 temperature control unit.

4.4 Cell Culture and Cell Safety Assay

Normal human dermal fibroblast cells (HDF, 106-05A, Sigma, EU) were cultured in complete
Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich, USA). The cell line was obtained
from the European Collection of Cell Cultures (ECACC, UK). Cell line incubations were kept at

37°C in a humidified incubator with 5% CO2. Cytotoxic effects of the ligands were assessed
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through the 3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide (MTT) assay. In summary,
100 L of the cell line was seeded at a density of 1 x 104 cells/well in a 96-well plate and incubated
at 37 °C with 5% CO2 for 24 hours. Following cell adherence, the media were removed, and 100
pL of the tested compound at a concentration of 50 uM in fresh media was incubated for another
24 h. Subsequently, each well received 20 pl of sterile filtered MTT reagent in PBS (5mg/mL), and
the mixture was incubated for 4 hours. After aspirating the aliquots, DMSO (100 pL/well) was
added to dissolve the resulting formazan. DMSO (0.1% ) was employed as a negative control. The
generated purple colour was quantified using the Multiskan Go machine (spectrophotometer) at
570nm. Each experiment was replicated three times, and the cell viability percentage was

determined using the following formula.
Cell viability (%)

=[(OD test -OD blank)+ (OD negative control -OD blank)] x100

4.5 Passive membrane permeability

The PerMM web server (https://permm.phar.umich.edu/) was used for the evaluation of the passive
permeability of the investigated MGBs across a variety of membrane systems, including PAMPA,
BBB, and Caco-2 systems. The 3D structures of the tested MGBs 5-7 were generated using the PDB
structure 2mne,* while the 3D structure of the cyclic polyamide ligand was obtained from the PDB
structure 30MJ.%° These 3D structures served as input files and were submitted for analysis by the
PerMM server to determine the passive membrane permeability, utilizing the default settings (T =

298 K, pH 7.4).>7

4.6 Molecular Docking and Structure Refinement
The starting 3D structures of the complexes between the studied MGBs (5-7) and the DNA duplexes

d(CGACTAGTCG), & d(CGAGTACTCG); were built from an NMR solution structure obtained
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from the protein data bank (PDB code: 2MNE) for the interaction of an analogous compound
(AIK18/51, 8) with d(CGACTAGTCG).. Discovery Studio Visualizer (2021) 7 was used to modify
the AIK18/51 structure to obtain the structures for ligands 5-7. UCSF Chimera software was used
to generate the 3D structure of d(CGAGTACTCG): from 2MNE by replacing the following DNA
bases: C4, G7, C14, and G17 (in the 2MNE) with G4, C7, G14, and C17 respectively. This was
performed using the function Swapna, which “mutates” nucleic acid residues in Chimera. The
generated pdb files for the studied complexes were then refined using the water refinement protocol
in HADDOCK webserver (version 2.4, https://wenmr.science.uu.nl/haddock2.4/) 8% 3! The
Haddock protocol of energy minimization for the initial structures was employed. Site-specific
docking was then performed to determine the best docked conformation for the three ligands with
the binding sites 5’-~ACTAGT-3’ and 5-AGTACT-3". The HADDOCK generated pdb structures

were then subjected to NAMD molecular dynamic simulations.

4.7 Molecular dynamic simulations
The interactions of ligands 5-7 with the DNA duplexes d(CGACTAGTCG). &
d(CGAGTACTCG), were studied by molecular dynamic simulations using NAMD v2.15

(https://www ks.uiuc.edu/Development/Download/download.cgi?PackageName=NAMD).%?

Ligand atoms were parametrized by CHARMM General Force Field (CGenFF), 3° which performs
atom typing and assignment of parameters and charges by analogy in a fully automated fashion.
The DNA atoms were parametrized using CHARMM36 additive force fields. The molecular
dynamic simulation input files, including the PDB files, force field parameters, the solvated system
and the periodic boundary conditions, were generated using the CHARMM-GUI webserver

(https://www.charmm-gui.org/).%* Each complex system was solvated with TIP3P solvent

molecules in a periodic cubic box with an average of (90 A x 90 A x 90 A) and neutralized with 18

Na' counter-ions. The long-range electrostatic interactions were calculated using the particle mesh
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Ewald (PME)* method, and periodic boundary conditions with a 15 A cutoff for non-bonded
interactions were applied. Lennard-Jones (LJ)*® calculations were used to calculate the van der
Waals interactions. Three steps of energy minimization and equilibration were conducted: (i) Using
the conjugate gradient method, the potential energy of the entire system, which included DNA,
ligand, solvent, and ions, was minimized for 50,000 steps (100 ps). (i) The system was heated using
the NVT ensemble and Langevin dynamics were used after adding constraints to the DNA and the
ligand. (iii) The SHAKE® algorithm and the NPT ensemble were employed at a constant pressure
of 1 bar and temperature of 300 K for 100 ps to restrict hydrogen to heavy atom bonds. NPT
ensemble was used to simulate the MD production runs for 20 ns for each complex at 300 K
temperature, 1 bar pressure, and a time step of 2 fs. Graphs were produced using the Qtgrace
program, and MD trajectories were displayed using the Visual Molecular Dynamics software

(VMD, version 1.9.4).%8

4.8 Anticancer screening against the NCI-60 cancer cell lines
Testing against the cancer cell lines was performed at the National Cancer Institute (Bethesda, MD,
USA) using a standard protocol.*

4.9 Cytotoxicity assay

The cytotoxicity of 6 in LnCaP cells was measured by Sulforhodamine B (SRB) assay.” Both ligand
6 and Doxorubicin powders were dissolved in sterile water. The serial dilutions to obtain the final
concentrations were prepared in culture medium. The cells were seeded in 96-well plates at a density
of 8,000 cells per well. The next day, the cells were treated with various concentrations of 6 (0.0001-
50uM). Doxorubicin was used as a reference drug. After 48 hours, the cells were fixed with 50%
trichloroacetic acid (Sigma Aldrich, Germany), washed and stained with 0.4% SRB (Sigma Aldrich,
Germany). The SRB dye was solubilized with 10 mM Tris base and colour intensity was measured

at 492 nm using a microplate reader Varioskan™ Flash (Thermo Fisher Scientific, USA). GraphPad

42



905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

Spectroscopic, biochemical and computational studies of bioactive DNA minor groove binders targeting 5-WGWWCW-3' motif

Prism 8 software (GraphPad Software, USA) was used to calculate the ICso value by sigmoidal
curve fitting models.

4.10 Topoisomerase I relaxation assay

The in vitro effect of ligands 5-7 on Top I activity was measured using the Human Topoisomerase
I Assay Kit (TopoGEN, USA) according to manufacturer’s protocol.!! In brief, the reaction
mixtures (20 uL) contained nuclease-free water, Top I reaction buffer (10 x TGS) (10 mM Tris-
HClpH 7.9, 1 mM EDTA, 0.15 M NaCl, 0.1% BSA, 0.1 mM Spermidine, 5% glycerol), 0.25 pg of
the supercoiled plasmid DNA and 1-unit human Top I. The relaxation reaction was incubated at 37
°C for 30 minutes in the absence or in the presence of 50 M of the tested ligand or Camptothecin
(positive control). After 30 minutes, the reaction was terminated by adding 4 uL of 5 x gel loading
buffer containing the loading dye (0.125% bromophenol blue, 25% glycerol, 5% Sarkosyl). The
DNA products were run in 1% agarose gels at 2 V/cm for 2 hours in 1X TAE buffer. After
electrophoresis, the gels were stained with RedSafe™ (iNtRON Biotechnology, Korea) for 30
minutes, de-stained with Millipore water and photographed by ChemiDocTM imaging system

(Biorad, USA).

4.11 Synthesis

4.11.1 Synthesis of the intermediate structures

The synthesis of the intermediate structures (la, 1b, le, 1d, 1f, 1g, 2a, 2d, 3a, 3b, 3c, 3d — see
Supplementary Information) was reported in reference#> 1°.

4.11.2 Synthesis of N-[3-(dimethylamino)propyl]-2- {1-methyl-4-[1-methyl-4-(1-methyl-1H-
imidazole-2-amido)-1H-pyrrole-2-amido]-1H-pyrrole-2-amido}-5-(propan-2-yl)-1,3-thiazole-

4-carboxamide (Ligand 5).

Intermediate 3d (0.136g, 0.3228 mmol) was dissolved in THF (5 ml) and cooled to 0 °C under ice

bath. 10%-Pd/C (0.05 g) was added slowly in small portions while the solution is stirring. The round
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bottomed flask was emptied and refilled with hydrogen gas several times and the reaction mixture
was left stirring under hydrogen for 3 hours. Pd/C was then filtered and the organic solvent was
removed under vacuum to produce the amine product intermediate, which was dissolved in 1.5 ml
DMF and added dropwise to a solution of 1f (0.077 mg, 0.3104 mmol), HBTU (0.1403 g, 0.3699
mmol), and triethylamine (0.185 g, 1.8271 mmol) in DMF (4 ml) and the reaction was left stirring
overnight at room temperature under nitrogen gas. The organic solvent was then removed under
vacuum and saturated sodium bicarbonate solution was added (12 ml) to the reaction mixture. The
crude product was extracted twice (2x20 ml) with ethylacetate and the organic layer was collected,
dried (over magnesium sulphate) and then evaporated under reduced pressure to obtain the crude
product, which was purified by HPLC (reverse-phase) using gradient elution as described in section
4.1. The product was then freeze-dried to obtain the final product as white solid. Yield (51%); MP:
202-204 °C; 'H NMR (ACETIC ACID-d4) & 1.32 (6H, d, CH3), 2.12 (2H, m, CH>), 3.02 (6H, s,
NCH3), 3.31 (2H, t, NCH>), 3.49 (2H, q, CONH-CH>»), 3.97 (3H, s, NCH3), 4.00 (3H, s, NCH3),
4.11 (3H, s, NCHz3), 4.33 (1H, m, Ar-CH), 7.06 (1H, d, Ar-H), 7.08 (1H, d, Ar-H), 7.32 (1H, d, Ar-
H), 7.36 (1H, d, Ar-H), 7.38 (1H, d, Ar-H), 7.48 (1H, d, Ar-H) ; *C NMR (ACETIC ACID-ds): 6
15.31,17.70,26.29,26.97,27.33,33.34, 46.08, 95.07,97.48,97.52,109.75, 112.42, 114.42, 117.21,
126.71, 129.48, 137.78, 146.06, 149.82. HRMS (ESI): m/z calcd for C290H3sN1004S, 623.2876,

found 623.2880 [M + H]".

4.11.3 Synthesis of N-[3-(dimethylamino)propyl] -2-{1-methyl-4-[1-methyl-4-(1,3-thiazole-4-
amido)-1H-pyrrole-2-amido]-1H-pyrrole-2-amido }-5-(propan-2-yl)-1,3-thiazole-4-

carboxamide (Ligand 6)

The synthetic procedure for preparing ligand 5 was applied in the synthesis of ligand 6. In brief, the
nitro intermediate 3d was reduced by catalytic hydrogenation then coupled directly with the acid 1g
using HBTU and triethylamine. The final product was purified by reverse phase HPLC, freeze dried,
and obtained as white solid. Yield (55 %); MP: 195-197 °C; 'H NMR (ACETIC ACID-d4) 6 1.31
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(6H, d, CH3), 2.12 (2H, m, CHa), 3.03 (6H, s, NCH3), 3.31 (2H, t, NCHa), 3.48 (2H, q, CONH--
CHb), 3.96 (3H, s, NCH3), 3.98 (3H, s, NCH3), 4.35 (1H, m, Ar-CH), 7.14 (1H, d, Ar-H), 7.42 (1H,
d, Ar-H), 7.42 (1H, d, Ar-H), 7.47 (1H, d, Ar-H), 8.33 (1H, d, Ar-H), 9.11(1H, d, Ar-H), 9.51 (1H,
s, CONH), 9.69 (1H, s, CONH). *C NMR (ACETIC ACID-ds): § 15.15, 17.57, 26.03, 26.78, 27.14,
36.88, 45.94,95.14, 97.43, 106.05, 108.36, 111.36, 112.64, 114.34, 126.48, 137.71, 142.23, 144.96,
148.56, 149.77, 150.31, 154.37. HRMS (ESI): m/z caled for CagH3sNoO4S2, 626.2332, found

626.2342 [M + H]".

4.11.4 Synthesis of N-[5-({5-[(5-{[3-(dimethylamino)propyl] carbamoyl}-1-methyl-1H-pyrrol-
3-yl) carba moyl]-1-methyl-1H-pyrrol-3-yl}carbamoyl)-1-methyl-1H-pyrrol-3-yl]-1-methyl-

1H-imidazole-2-carboxamide (Ligand 7)

The synthetic procedure for preparing ligand 5 above was applied in the synthesis of ligand 7. In
brief, the nitro intermediate 2d was reduced by catalytic hydrogenation then coupled directly with
the acid 1fusing HBTU and triethylamine. The product was purified by reverse phase HPLC, freeze
dried, and the final product was obtained as yellow solid. Yield (39 %); MP: 210-212 °C; '"H NMR
(ACETIC ACID-d4) 6 2.12 (2H, m, CH»), 3.04 (6H, s, NCH3), 3.33 (2H, t, NCH>»), 3.36 (6H, s,
NCHs), 3.49 (2H, q, CONH--CH>), 3.90 (3H, s, NCH3), 3.93 (3H, s, NCH3), 3.96 (3H, s, NCH3),
4.12 (1H, s, NH) 6.94 (1H, d, Ar-H), 6.98 (1H, d, Ar-H), 7.05 (1H, d, Ar-H), 7.22 (1H, d, Ar-H),
7.27 (1H, d, Ar-H), 7.33 (1H, d, Ar-H), 7.84 (1H, s, CONH), 9.27 (1H, s, CONH), 9.33 (1H, s,
CONH). BC NMR (ACETIC ACID-d4): 6 16.22, 20.82, 20.91, 26.31, 26.53, 26.93, 27.02, 27.11,
33.41,46.03, 95.01, 95.39, 109.78, 112.64, 113.77, 113.96, 114.33, 114.78, 116.54, 117.43, 145.88,
149.79, 149.93, 154.02. HRMS (ESI): m/z calcd for C27H38N1004, 576.2999, found 577.3000 [M +

HI".
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