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A series of novel DNA-interactive C8-linked pyrrolobenzodiazepine (PBD)-heterocycle polyamide conju-
gates has been synthesised to explore structure/sequence-selectivity relationships. One conjugate (2d)
has a greater selectivity and DNA binding affinity for inverted CCAAT sequences within the Topoisomer-
ase Iloe promoter than the known C8-bis-pyrrole PBD conjugate GWL-78 (1b).

© 2011 Elsevier Ltd. All rights reserved.

The CCAAT box is a common DNA sequence motif present in di-
rect or reverse orientation in the promoters of many eukaryotic
genes. It is usually found approximately 80 base pairs upstream
of the transcription start site and may be present in one or more
copies. It provides a recognition site for a number of general tran-
scription factors (known as CCAAT box binding proteins or factors)
including the ubiquitously expressed Nuclear Factor Y (NF-Y), in
which case protein-specific binding is necessary for CCAAT box
activation.!? Studies have shown that CCAAT box binding proteins
such as NF-Y? are associated with a number of important cellular
processes including cell cycle progression,® differentiation,” and
cellular aging.>® NF-Y has been shown to exert both stimulatory
and inhibitory effects on gene expression, and an important link
between NF-Y and p53 has emerged in which activation of p53
by DNA damage induces repression of G2/M genes through NF-Y
association leading to cell cycle arrest. Conversely, P53 mutants
commonly found in human tumour cells have an increased affinity
for NF-Y, resulting in activation of growth-promoting genes under
NF-Y control.”® Therefore, targeting the interaction of NF-Y with
DNA could be a potential strategy for blocking the proliferation
of cancer cells.

There have been previous attempts to use small molecules to
disrupt NF-Y/DNA binding both for experimental purposes and as
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a potential means to develop novel therapeutic agents.>'° We have
previously reported the synthesis of a series of C8-linked PBD-
poly(N-methylpyrrole) conjugates (1a-f, Fig. 1A), members of
which have significant DNA recognition properties and the poten-
tial to modulate the activity of specific transcription factors.!!
These conjugates bind covalently through their C11-position to
the C2-NH, functionality of guanine residues in the DNA minor
groove with a preference for 5-XGXW; motifs (X = any base, but
mainly a purine; W=A or T; z=3 + 1).!! Hochhauser and co-work-
ers demonstrated that one member of this family, GWL-78 (1b),
can inhibit the binding of NF-Y to inverted CCAAT box sequences
1-3 (ICBs 1-3) within the human DNA Topoisomerase Il (Topo-
Ilo) promoter.’ 1b was demonstrated to interact with a variety
of CCAAT-containing promoters leading to p53-independent cell
cycle arrest.!?

In an effort to further investigate the interactions of 1b with
ICBs sites, and to improve on the potency and selectivity of the par-
ent ligand, we prepared a library of six analogs of 1b (2a-f, Fig. 1B)
in which the pyrrole residues in the C8-polyamide chain were
changed to various combinations of pyrrole (Py), imidazole (Im)
or thiazole (Th) rings. These heterocycles were selected as they
have been previously used by Dervan to enhance the sequence rec-
ognition of non-covalent minor-groove binding DNA-interactive
ligands.!® Thermal denaturation and DNA footprinting assays were
employed to assess the DNA-binding affinity and sequence selec-
tivity of these molecules, and their cytotoxicities were determined
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Figure 1. (A) Structures of the C8-linked pyrrolobenzodiazepine-poly(N-methyl-
pyrrole) conjugates'! including GWL-78 (1b), and the C8-coupled PBD-linker
fragment 1g upon which 1a-f and 2a-f are based. (B) The library (2a-f) of
analogues of 1b containing combinations of imidazole (Im), thiazole (Th) and
pyrrole (Py) heterocycles in the C8-polyamide chain.

in the National Cancer Institute (NCI) 60-cell-line panel. The thia-
zole-containing conjugate 2d emerged as superior to 1b in terms
of overall DNA-binding affinity, selectivity for specific ICB se-
quences and growth inhibitory potency.

The synthetic approach used to prepare PBD-conjugates 2a—f is
shown in Scheme 1. The heterocyclic amino esters 3a-c and the
Boc-protected heterocyclic amino acids 4a-c were prepared
according to literature methods'*!'* and then coupled together
(using EDCI/DMAP) to produce the N-Boc-protected imidazole
(5a-c) and thiazole (5d-f) dimers which, without purification,
were deprotected to provide 6a-f. These dimeric units were then
coupled to the previously described!! PBD capping unit 7 to obtain
PBD conjugates 2a-f in moderate to good yields.!>
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Table 1
Thermal denaturation and in vitro cytotoxicity data for the PBD-heterocyclic
conjugates 2a-f, 1b (GWL-78) and the linker PBD 1g.

Compound ATy (°C) Cytotoxicity (NCI 60-cell-line panel)®
Oh 4h 18h  Glsp (nM) TGI (nM) LCso (UM)

2d 145 152 1538 3.1 96.0 9.1

1b 13.7 145 15.1 11.0 120.0 10.0

2c 103 109 114 355 933.0 13.5

2b 100 107 11.2 100.0 1445.0 324

2e 9.3 96 102 14.8 363.0 19.1

2f 7.7 8.0 8.3 70.8 813.0 123

2a 2.8 3.0 3.1 691.8 4898.0 19.5

1g 0.2 0.3 04 1740.0 11,800.0 46.8

2 Induced AT, following incubation at 37 +0.1 °C for the time shown.'® For
control CT-DNA alone, ATy, = 67.82 + 0.07 °C (mean from >90 experiments). All AT,
values are +0.1-0.2 °C. For a fixed 1:10 molar ratio of [ligand]/[DNA], DNA con-
centration =50 M (base pairs) and ligand concentration=5 puM, in aqueous
sodium phosphate buffer [10 mM sodium phosphate + 1 mM EDTA, pH 7.00 + 0.01].

Y Glso, TGI and LCsq values (the concentrations causing 50% growth inhibition,
total growth inhibition, and 50% lethality, respectively) are mean across the 60-cell-
line-panel.

Table 2
Minimum concentration of each PBD-conjugate required to provide a measurable
footprint at the ICB1 and ICB2 sites

Compound Identity DNA footprinting potency® (M)
ICB1 ICB2

2d Py-Th-PBD 0.2 0.2

1b Py-Py-PBD 1 1

2b Im-Py-PBD 5 5

2c Im-Im-PBD 25 5

2a Py-Im-PBD >25 >25

2e Th-Py-PBD >25 1

2f Th-Th-PBD >25 >25

¢ concentration (uM) at which DNA footprints were observed.

The relative overall binding affinities of 2a-f were evaluated
from their induced effects upon the melting behaviour (T;,) of dou-
ble-stranded calf thymus (CT) DNA.!"16-1° The results (Table 1)
show that all the conjugated ligands increased the thermal stabil-
ity of the DNA duplex but to different extents. In particular, the Py-
Th-PBD conjugate (2d) had a higher DNA binding affinity than 1b
and all other library members, with a ATy, value of 14.5 °C without
incubation (i.e., 0 h)'® compared to 13.7 °C for 1b. The Im-contain-

5a/6a: Py-Im
5b/6b: Im-Py
5c/6c: Im-Im
5d/6d: Py-Th
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Scheme 1. Reagents and conditions: (a) EDCI, DMAP, CH,Cl,, 18-48 h, 35-99%; (b) CH,Cl,/TFA/H,0 (50:47.5:2.5 v/v), 30 min (or 4 M HCI in dioxane, 30 min, for the
imidazole-containing dimers); (c) Pd[PPhs],, pyrrolidine, CH,Cl,, 3 h, 30-55% (Het = generic heterocycle).
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ing PBD conjugates 2b-c and the Th-containing 2e-f stabilised
DNA less effectively than 2d or 1b, and the Im-containing 2a had
the lowest AT, compared to all other compounds. For comparative
purposes, the C8-coupled PBD-linker fragment 1g (Fig. 1A) was
evaluated in both the DNA thermal denaturation assay and in the
NCI 60-cell-line panel (Table 1). It had only weak duplex DNA sta-
bilizing properties (i.e., ATy, = 0.4 °C after 18 h) and was not appre-
ciably cytotoxic compared to the PBD-conjugates 2a-f, thus
confirming the contribution of the C8-heterocyclic rings to the
activity of 1b and 2a-f.

DNase I footprinting studies were carried out to evaluate the se-
quence selectivity of the PBD-polyamide conjugates using a new
methodology described by Hartley and co-workers.?° This involved
the use of IR dyes rather than a radiolabel, with DNA fragments
visualized on the gel through detection of the dyes with a diode la-
ser. PBD conjugates 2a-f and 1b were footprinted against a 170 bp
fragment of the human Topo-Ilot promoter containing the ICB1 and
ICB2 sites. All PBD-heterocycles were incubated with the DNA
fragment at different concentrations (0 — 25 uM) overnight prior
to DNase I cleavage. According to the literature,'! incubating PBD
C8-conjugates such as 1a-f with DNA for 17 h should lead to com-
plete covalent binding. The results are summarized in Table 2, and
a typical gel resulting from the study is shown in Figure 2A.

The results demonstrate that substitution of an imidazole or
thiazole unit for a pyrrole in the C8-polyamide chain of 1b signif-
icantly affects the binding affinity and selectivity of the com-
pounds for the CCAAT motifs. Conjugate 2d showed the greatest
binding affinity, generating measurable footprints at both ICB1
and ICB2 sites at 0.2 uM, a concentration 5-fold lower than for
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1b (1 pM) (Fig. 2A). In contrast, three imidazole- (2a-c) and two
thiazole-containing (2e-f) PBD-conjugates had a lower affinity
for the ICB sites. Interestingly, compounds 2¢ and 2e were able
to discriminate between the two ICB sites, binding at a lower con-
centration to ICB2 (see Table 2).

The conjugates were also screened in the NCI 60-cell-line panel
(Table 1). Once again, 2d was found to be the most potent member
of the series, with a greater cytotoxicity compared to 1b and all
other library members. Furthermore, it was found to be more ac-
tive against breast, colon and renal cancer cells compared to other
tumour types in the NCI panel. The mean Glsq value across all cell
lines was approximately 3-fold lower than for 1b (i.e., 3.1 vs
11.0 nM, respectively). These results correlate with the thermal
denaturation and footprinting data, with 2d exhibiting the highest
potency in all assays. Furthermore, the Glsq value for 2d (3.1 nM) is
nearly 3000-times lower than its LCso value (9.1 uM), consistent
with its proposed mechanism of action as a transcription factor
inhibitor.

Molecular modelling studies were performed in an effort to
rationalize the superior DNA binding affinity and sequence selec-
tivity of conjugate 2d compared to 2a, which had the lowest po-
tency in all assays. In each case, a 5'-CTACGATTGGTTCTT-3’
duplex containing an ICB sequence (underlined) flanked by a 5'G
(bold) as found in ICBs 1 and 2 in the Topo-Ilo. promoter was used.
B-DNA was constructed with the AMBER package,?! and the xleap
program was used to make an initial graphical alignment of the li-
gand in the minor groove prior to forming a covalent attachment
between the C11-position of the PBD and the C2-NH, of guanine-
5 in the minor groove of the 15-mer DNA model. The PBD A-ring

Figure 2. (A) DNase I footprinting gel showing the binding of PBD conjugates 1b (GWL-78) and 2d to a 170 bp fragment of the human Topo-Ila. promoter. Footprints can be
seen at both the ICB1 and ICB2 sequences as marked on the gel. Lanes a-h correspond to concentrations of 0, 0.0016, 0.008, 0.04, 0.2, 1, 5 and 25 pM, respectively. The marker
lane (m) allowed sequence identification. (B) Model of complex of 2d covalently bound to a 15-mer DNA duplex containing an embedded 5-GATTGG-3' tract.
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was oriented towards the 3’-end of the covalently-modified strand
with a S-configuration at the C11-position of the PBD, consistent
with observations reported in the literature.!! Subsequent minimi-
zation was performed using AMBER, initially applying a large posi-
tional restraint to the DNA only. This was gradually reduced to zero
in further rounds of minimization. A long range non-bonded cut-
off was applied along with use of the GBSA implicit solvent model
and monovalent ion screening (0.2 M). After the energy minimiza-
tion procedure, both bound conjugates appeared to be well-accom-
modated within the DNA minor groove with virtually no induced
distortion of the overall host duplex structure. Figure 2B shows
the excellent fit achieved by the most potent ligand 2d in the min-
or groove of the ICB1 sequence when covalently bound to the C2-
NH, of G5. Surprisingly, there were no obvious differences be-
tween the two models in terms of distortions or steric interactions
that might account for the large difference in experimental binding
affinities observed for 2a and 2d.

A further investigation centred on evaluating the free energy of
binding by constructing the two ligands in their most appropriate
conformations prior to covalent interaction. This was followed by
graphical alignment in the minor groove by placing the N10 of each
PBD moiety with its partial negative charge in close proximity to
the partial positive charge of a C2-NH, hydrogen of guanine-5. A
similar stepwise minimization procedure as used for the cova-
lently-bound ligands was then applied, and free energy calcula-
tions undertaken using the AMBER MM-PBSA approach. This
involved extracting 200 frames from a 2ns molecular dynamics
simulation followed by calculation of the average free energy of
binding in each case. However, this methodology also failed to pro-
vide an explanation for the observed difference in binding affinity
between 2a and 2d. Perhaps this reflects the limitations of model-
ing approaches of this type to discriminate between ligands with
relatively small structural differences when binding to a complex
target such as DNA.

In summary, these results demonstrate that it is possible to
modify the C8-bis-pyrrole side chain of GWL-78 (1b) to improve
DNA binding affinity and selectivity for specific ICB sites within
the human Topo-Iloe promoter, although it is not yet possible to
rationalize how the improved activity of 2d relates to the struc-
tural change. Further studies of 2d are underway to evaluate its
ability to stabilize shorter fragments of DNA containing the ICB
binding sequence, and to determine whether it can inhibit the
binding of NF-Y to DNA in cells using methods such as chromatin
immunoprecipitation (ChIP). In addition, the effect of extending
the length of 2d with further heterocycles is being investigated.
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