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Indolo[3,2-c]quinoline G-Quadruplex Stabilizers:
a Structural Analysis of Binding to the Human Telomeric

G-Quadruplex

Jodo Lavrado,*™ Stephan A. Ohnmacht,™ Isabel Correia,’ Clara Leitao,™ Silvia Pisco,”
Mekala Gunaratnam,® Rui Moreira,® Stephen Neidle,”™ Daniel J. V. A. dos Santos,™ and

Alexandra Paulo®

A library of 5-methylindolo[3,2-clquinolones (IQc) with various
substitution patterns of alkyldiamine side chains were evaluat-
ed for G-quadruplex (G4) binding mode and efficiency. Fluores-
cence resonance energy transfer melting assays showed that
IQcs with a positive charge in the heteroaromatic nucleus and
two weakly basic side chains are potent and selective human
telomeric (HT) and gene promoter G4 stabilizers. Spectroscopic
studies with HT G4 as a model showed that an IQc stabilizing
complex involves the binding of two 1Qc molecules (2,9-bis{[3-
(diethylamino)propyllamino}-5-methyl-11H-indolo[3,2-c]quino-

lin-5-ium chloride, 3d) per G4 unit, in two non-independent
but equivalent binding sites. Molecular dynamics studies sug-

Introduction

Guanine (G)-rich nucleic acid sequences are able to adopt
stable four-stranded secondary structures called G-quadruplex-
es (G4). These DNA structures differ from other nucleic acid
structures, as they are composed of stacked coplanar guanine
tetrads stabilized by monovalent cations (G-tetrad units), along
with connecting loops.™ Unlike double-stranded (ds) DNA, G4s
can exhibit extensive structural diversity and polymorphism,
which depends on various factors:? 1) oligonucleotide strand
sequence; 2)strand orientations (e.g. parallel, antiparallel,
hybrid); 3) type and size of loops (e.g. diagonal, lateral, double
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gest that end-stacking of 3d induces a conformational rear-
rangement in the G4 structure, driving the binding of a second
3d ligand to a G4 groove. Modeling studies also suggest that
3d, with two three-carbon side chains, has the appropriate ge-
ometry to participate in direct or water-mediated hydrogen
bonding to the phosphate backbone and/or G4 loops, assisted
by the terminal nitrogen atoms of the side chains. Additionally,
antiproliferative studies showed that IQc compounds 2d (2-{[3-
(diethylamino)propyllamino}-5-methyl-11H-indolo[3,2-c]quino-

lin-5-ium chloride) and 3d are 7- to 12-fold more selective for
human malignant cell lines than for nonmalignant fibroblasts.

chain reversal); and 4) solution environment (e.g. Na*, K™ and
dehydration conditions). G4s are highly associated with human
diseases such as cancer,®! HIV," and diabetes,” and have been
quantitatively visualized in human cells.”! Moreover, in the
Non-B-DNA Database, over 361000 putative G4-forming se-
quences (PQS) have been predicted,”” with an enrichment in
telomeres, rDNA, promoter regions, untranslated regions of
RNA, first exons and introns of many genes.®

In human telomeres (HTs), PQS comprise tandem repeated
single-stranded d[AG;(TTAG;);] sequences, with a 150-200-nu-
cleotide-long single-strand overhang.” This G-overhang acts as
a substrate for telomerase, an RNA reverse transcriptase re-
quired for telomere extension, which is highly down-regulated
in normal cells, resulting in a limit to the number of cell divi-
sions." However, cancer cells can avoid this natural telomere
erosion by means of telomere maintenance mechanisms. Telo-
merase is overexpressed and up-regulated in ~85% of human
cancers, inducing telomere stabilization and cellular immortali-
zation, and its inhibition has been proposed as an effective
strategy for the development of new and more selective anti-
cancer agents."

Besides telomeres, G4s have been identified near the tran-
scription starting sites and promoter regions of a number of
genes that regulate cell proliferation (e.g. c-MYC, KRAS, c-KIT,
HSP90, VEGF).*'? This appears to suggest a possible function
of G4s in controlling gene activity in cells,"¥ and as such may
be novel targets for cancer therapy.® '
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The particular structure of G4s provides substantial advantag-
es over duplex DNA for small-molecule binding. Therefore, in
the last decade an intensive search for small molecules as G4 li-
gands has led to their development, spanning a wide variety of
chemical classes."™ According to present knowledge, based
mostly on crystallographic, NMR, and molecular modeling stud-
ies, the binding mode of these ligands to G4 structures is gov-
erned by some simple principles:"® 1) Cationic substituents
usually result in higher binding affinities. 2) w-Stacking with G-
tetrads: large planar aromatic surfaces establish st-stacking in-
teractions with G-tetrads (end-stacking) and importantly, usually
have larger surface areas than typical ds DNA ligands, resulting
in G4 selectivity. 3) Groove and loop binding: some ligands can
bind selectively to the G4 grooves. These ligands can improve
selectivity by recognizing a specific groove characteristic in dif-
ferent G4 structures. Notwithstanding, the design of highly effi-
cient G4 ligands remains challenging, in part due to our limited
knowledge of the binding modes with many G4s, some of
which can be dynamic and polymorphic in structure.

Indolo[3,2-blquinolone (IQb) alkaloids are a well-established
class of G4 binders and have emerged with potential applica-
tions as antitumor therapeutic agents."”” One of the first reports
on these compounds was published by Neidle and co-workers,
who showed that 1Qb derivatives stabilize the human telomeric
G4, F21T"® Subsequent studies explored IQbs as G4 stabilizers
in telomere and oncogene promoter regions and evaluated
their bioactivity."” We previously reported the in vitro and in
vivo anticancer profiles of three 5-methyl-IQb derivatives which
showed moderate stabilization of the F21T G4.2” The study
was recently extended to di- and trisubstituted 1Qb derivatives,
and the results suggest that the type, number, and relative po-
sition of protonated side chains are important factors that
govern binding efficiency and inter-G4 selectivity.”"

However, despite numerous G4 binding studies with 1Qb de-
rivatives, the binding ability of the natural isomer, indolo[3,2-
clquinoline (IQc), has not been explored. With this in mind, we
decided to evaluate the binding of 1Qc derivatives (1, 2a-g,
and 3c-h; Figure 1) to several G4 structures and to perform
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Figure 1. Structures of the indolo[3,2-clquinoline derivatives.
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a comprehensive molecular modeling study on how these 1Qcs
interact with G4s. There is extensive structural knowledge on
its polymorphs, and so the human telomeric sequence was
used as a general model for G4 binding studies. In broad
terms, this will have applicability to future binding studies with
other G4 targets, and in particular, will allow the development
of 1Qc derivatives with improved efficiency and selectivity. An
IQc G4 binding study was performed using biophysical meth-
ods, and insight into DNA flexibility and solvent effects around
the binding sites was obtained by molecular modeling. Addi-
tionally, to evaluate the effects of IQc compounds in cancer
cells, the antiproliferative activity of selected ligands was evalu-
ated in several cell lines.

Results and Discussion
Chemistry

The indolo[3,2-clquinoline (IQc) derivatives 2-3 were prepared
from 1Qc scaffold 1 according to the route depicted in
Scheme 1. The synthetic pathway starts with preparation of 4-
chloro-6-bromoquinoline (9) by Gould-Jacobs cyclization from
4-bromoaniline (4).*? The synthesis of the 1Qc nucleus was ac-
complished by coupling intermediate 9, as previously de-
scribed by Molina etal.,” with commercially available 1H-
benzold][1,2,3]triazole (11a), or 6-bromo-1H-benzo[d][1,2,3]tria-
zole (11b) obtained from an ultrasound-assisted reaction of 4-
bromobenzene-1,2-diamine (10) with sodium nitrite,*” to give
12. Final cyclization, by thermal decomposition of the 1H-
benzo[d][1,2,3]triazole moiety of 12 by means of a Graebe-UlI-
mann condensation, resulted in the indolo[3,2-clquinolines 1.
Alkylation of IQc 1 was achieved by microwave-assisted reac-
tion with iodomethane followed by treatment with sodium
carbonate to give 2a or 3a-b in the free-base form. Structures
of all compounds were established on the basis of 2D 'H and
3C hetero-correlation NMR experiments (HMQC and HMBCQ).
Assignment of bromine in positions 8 or 9 of the 1Qc nucleus
of 3a and 3b was confirmed by NOE difference experiments
(Supporting Information).

Synthesis of the final derivatives 2b-g and 3 c-h was accom-
plished by microwave-assisted palladium-catalyzed cross-cou-
pling of alkyldiamines with the IQc (2a, 3b, or 3¢) via Buch-
wald-Hartwig amination. The free-base forms of the IQc deriv-
atives were fully characterized by NMR experiments. The de-
shielding effect observed for *C NMR signals of C2, C8, and C9
for derivatives 2b-g and 3 c-h (Supporting Information) con-
firm the introduction of the alkyldiamine side chains at these
positions. The purity of the 1Qc derivatives 2b-g and 3c-h
was >95% as the hydrochlorides (acid form), determined by
elemental analysis (Supporting Information).

Thermal stabilization of G4-forming sequences

To evaluate the ability of the 1Qc derivatives 2-3 to stabilize G4
and ds DNA, initial fluorescence resonance energy transfer
(FRET) melting screens were performed with the G4 from the
human telomeric sequence (F21T) and with a 26-mer hairpin
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Scheme 1. Synthesis of the indolo[3,2-c]quinoline derivatives. Reagents and conditions: a) diethyl-2-(ethoxymethy-
lene)malonate, reflux, 1 h; b) diphenyl ether, reflux, 1 h; c) NaOH (10 %), reflux, 1 h; d) diphenyl ether, reflux, 1 h;
e) POCI;, reflux, 2 h; f) NaNO,, AcOH, sonication (35 KHz), RT, 20 min; g) 120-145°C, 20 min; h) PPA, 145°C, 3 h;

) 1. Mel, CH,CN, 120°C, 300 W, 2 h, 2. Na,CO; (5%); j) dialkylamine, Pd(OAc),, CyJonhPhos, NatOBu, DME/tBuOH

(1:1), 170°C, 300 W, 2 h. *Obtained from 10.

loop sequence (T-loop) representing duplex DNA (see Experi-
mental Section below for sequence details). The native F21T
G4 and T-loop-tagged sequences (0.2 pm) melt at 61.3 and
53.6°C, respectively, in potassium cacodylate buffer (pH 7.4,
containing 60 mm KCl). The analysis of FRET melting data
showed dose-dependent stabilization of F21T G4 and T-loop
DNA in the presence of compounds 1, 2a-g, and 3c-h
(Figure 2 and Supporting Information). Alkyldiamino-substitut-
ed 1Qc derivatives (1.0 um) gave AT, values ranging from ~12
to 31°C for F21T G4 and from ~2 to 9°C for the T-loop, where-
as the unsubstituted parent IQc compound 2a gave values of
5.6°C (F21T) and 1.5°C (T-loop), at the same concentration. As
described for 1Qb,?"**! alkylation of N5 (2a) increases G4 stabi-
lization relative to the non-alkylated 1Qc 1a.

In general, 5-methyl-IQc derivatives with one side chain
(2b-g) show stabilization properties similar to those of mono-
substituted 5-methyl-IQb.?"?" However, the introduction of
a second side chain significantly increases F21T G4 stabilization
(2d vs. 3 c—d). Substitution pattern is also important for G4 sta-
bilization, as disubstituted IQcs with side chains at positions 2
and 9 (3d,f,h) show increased G4 stabilization, compared with
their 2,8-disubstituted counterparts (3 c.e,g).

The wide range of stabilization induced by IQcs in F21T G4
prompted us to evaluate the stabilizing properties of selected
IQcs with the G4s from promoter regions of the HSP90 and
KRAS oncogenes (Table 1). The results showed similar stabiliza-
tion of the oncogenic G4, suggesting an equivalent stabiliza-
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tion ability of these small mole-
cules to different G4 structures.
Moreover, 1Qc compounds were
shown to be as good at G4 sta-
bilization as known G4 ligands
with anticancer activity.””

As shown in Figure 2, 1Qc de-
rivatives stabilize G4s more effi-
ciently than ds DNA, suggesting
G4 selectivity. To further assess
selectivity of G4s over ds DNA,
competitive FRET experiments
on F21T G4 (0.2 um) with 2d
and 3d were performed in the
presence of a non-fluorescent
26-mer ds DNA competitor
(26ds). A decrease in AT,, indi-
cates the displacement of the
ligand from G4 by the competi-
tor DNA. The results show that
2d displacement from F21T by
26ds occurs only at competitor
concentrations >10 um, show-
ing at least 10-fold G4 selectivity
(Supporting Information). On the
other hand, displacement of
compound 3d from F21T G4 by
26ds occurred only at competi-
tor concentrations > 25 pmM, indi-

OH O

c) N BFWOH
N/

7

d)

2b-g: R' = H, R? = alkyldiamine
3c—j: R = R? = alkyldiamine

———r—rrr T
15 20 25 30 35
o}
AT /°C
Figure 2. FRET melting temperature variations (AT,,) of labeled human telo-
meric G4 (F21T, black bars) and hairpin loop sequence (T-loop, grey bars) at

0.2 pm, stabilized by 1Qc derivatives 1a, 2a-g, and 3c-h (1 pm) in K™ caco-
dylate buffer (pH 7.4, 60 mm K*). AT,,: SD<0.2°C.

cating > 50-fold F21T G4 selectivity over ds DNA (Supporting
Information).
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Table 1. FRET melting temperatures of G4 in promoter regions of HSP90
(HSP90A) and KRAS (KRAS21R and KRAS32R) oncogenes stabilized by 1Qcs
1a,2a,2d and 3d.®

IQc AT, [°C]®]

HSP90AM KRAS21R KRAS32R®
1a 0.6 0.7 ND
2a 8.3 44 22
2d 21.5 15.1 10.7
3d 34.3 22.0 17.0

[a] Determined with promoter regions at 0.2 um, and 1Qcs at 1 um in
60 mm K* buffer. [b] SD<0.2°C. [c] T,,=59.0°C. [d] T,,=52.1°C. [e] T,,=
54.0°C.

However, stabilization by the monosubstituted 5-methyl-IQc
did not show significant improvement when compared with
the values previously reported for the monosubstituted 5-
methyl-IQb derivatives;*® as such, it seems that both aromatic
nuclei (IQb vs. 1Qc) share similar G4 stabilization properties.

Overall, the FRET screening data revealed that introduction
of weakly basic side chains potentiate G4 stabilization and
pointed to the 2,9-disubstituted IQc derivative 3d as the most
effective G4 stabilizer among the IQc series evaluated in this
study.

Binding affinity for human telomeric G4

Based on the previous FRET screening results, nonsubstituted
5-methyl- (2a), mono- (2d), and disubstituted-IQc (3d) were
selected to further characterize 1Qc G4 binding and probe the
effects of the side chains. Due to the large amount of informa-
tion available on HT G4 structures, such as polymorphism, top-
ology exchange, ligand binding modes and molecular mod-
els,"¥ we choose, for comparison proposes, to use the human
telomeric G4 structure as a model system. Spectrofluorimetric
titration assays were performed in order to explore the binding
behavior of the IQcs to G4 F21T. The emission spectra of com-
pounds 2d and 3d, when excited (4,,) at 290 nm, were charac-
terized by a broad emission band centered at ~475 nm, while

CHEMMEDCHEM
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for compound 2a (A, 275 nm) the broad emission band
showed a maximum peak at ~465 nm. Their fluorescence in-
tensities were found to be proportional to concentration up to
10 pMm, indicating no significant intermolecular stacking, which
would give rise to a quenching effect.

The fluorescence titration spectra of 2a, 2d, and 3d with
non-labeled F21T G4 showed fluorescence quenching due to
mt-stacking interactions (Supporting Information). The fluores-
cence titration data (Figure 3) were fitted to the Scatchard
model (Figure 3, insets).”® Scatchard plots are linear for bind-
ing to independent and equivalent sites, and any curvature in-
dicates the presence of more than one type of binding, ligand
interactions, or neighbor-exclusion effects.””

The titration data for 1Qc 2a with F21T G4 showed almost
linear fitting to the Scatchard model (Figure 3a, inset), suggest-
ing the presence of either a single site per G4 or an equivalent
number of independent binding sites. Further fitting of the
fluorescence titration data to the one-site saturation binding
equation (Figure 3a) gave an association constant (K;) of 0.9x
10°m~". This behavior is similar to that reported for berber-
ine,” an isoquinoline alkaloid with a single binding mode,
having strong m-stacking interactions (K,=1.2x10°m~") with
the 22-mer human telomeric G4 d[AG;(T,AG;);] (HT22). The
present results also suggest a single mt-stacking binding mode
of 2a to F21T G4. However, contrary to berberine and some
porphyrins, for which external stacking has been ruled out due
to splitting and significant increase in emission spectrum inten-
sity,*>3" the 2a fluorescence quenching may indicate external
stacking to the G4.

Scatchard plots of 2d and 3d (Figure 3b—c, insets) are all
concave-down nonlinear curves which may suggest different
positive cooperative binding sites, with more than one equiva-
lent and non-independent binding site. The observed quench-
ing of the emission intensity also suggests an external stacking
binding mode for 2d and 3d. Fitting of the binding data
showed no convergence with two-site binding models, possi-
bly due to the similarity between the different types of binding
and association constants. Therefore, association constants for
2d and 3d were obtained from the one-site saturation binding

a)1.2 — b) 1.24———"———"—7 ©) 421 ' B
! l . . I . . |
ur 0.94 B L|L 0.9 B w 0.9 L
W | w2 1 I ,_,I<_> 8.0 et L
N | 3 3 6.01 i
N 0.6 2 .4 N 0.61 - 8 0.6 @, o =
© S 1.0- Q L © = %
€ 0.3 Sos; oy [ S 0.3 - 20.3- =201 H!
0.0 . — | 1 + 4 0'00.0 03 06 09 12}
0.0 0.5';_ 1.0 r
0.0 r Y 0.0 —T 0.0 T v
0.0 2.0 4.0 0.0 1.0 2.0 0.0 8.0 1.6
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Figure 3. Fluorescence data for a) 2a, b) 2d, and ¢) 3d at 1 pum, titrated with non-labeled F21T G4 in K*

cacodylate buffer (pH 7.4, containing 60 mm K*) at

25°C, fitted to the saturation binding equations and to the Scatchard model (insets).
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with a Hill slope model (Figure 3b-c). These are apparent bind-
ing constants, that is, they are macroscopic association con-
stants (K,) that reflect the total binding without distinction be-
tween binding sites. K, values with HT21 G4 of 4.1 and 6.3(x
10°M~' were obtained for 2d and 3d, respectively, and Hill
constants (h) of 1.7 and 2.7 corroborate the positive coopera-
tivity suggested by the Scatchard analysis. These binding affini-
ties (10°m~") are consistent with those found for other known
human telomeric G4 end-stacking ligands, such as zinc por-
phyrins and acridines (10°<K,<10’m™"), as well as with G4
groove binders, such as distamycin.®? K, values for 2a, 2d,
and 3d increase with the introduction of alkyldiamine side
chains in the heteroaromatic nucleus, which is consistent with
the FRET data. From the binding analysis, it also seems that
the introduction of side chains induces different 1Qc binding
modes in non-independent sites with positive cooperative ef-
fects.

To determine the number of ligand binding sites, continuous
variation analysis (Job plot)®® of 3d with F21T was performed
(Supporting Information). Plotting of fluorescence as a function
of 3d mole fraction (y) gave linear dependences at high and
low molar fractions, and an intersection of 0.65 was deter-
mined (ligand/G4 ratio of 1.85:1). Analogous to Qb end-stack-
ing compounds with HT22 G4 in K* solution,"’® a stoichiome-
try of two IQcs per HT G4 unit appears to be favored for the
complex equilibrium, complementing results of the saturation
binding analysis, which also suggests more than one binding
mode. It is feasible that binding of the first ligand may cause
a conformational change in the G4 structure, increasing the
binding affinity of the second ligand to a different but equiva-
lent binding site.

Structural topology in human telomeric G4

Circular dichroism (CD) spectroscopy was used to examine the
topology in the F21T G4 and the effect of ligand binding to
further guide molecular modeling studies. The native folding
topology of the non-labeled F21T G4 exhibited a CD spectrum
typical of a parallel/antiparallel hybrid topology (Supporting In-
formation). This is a positive band having a maximum around
290 nm, a shoulder (+) centered around 270 nm, a weak band
(4+) with a maximum around 255 nm, and a band (—) with
a maximum at 235 nm .4

The titration of HT21 with 3d caused a gradual suppression
of the shoulder at 270 nm, the weak band (+) at 255 nm
became a weak band (—) with a maximum at ~260 nm (for
a 3d/HT21 ratio of 10:1), and an isodichroic point arose at
270 nm (Supporting Information). All these observations sug-
gest that the 1Qc derivative induces a conformational change
to an antiparallel G4 topology. According to a recent interpre-
tation of G4 CD spectra reported by da Silva and co-workers,?”
the set of CD signals induced by 3d titration appears to point
to the formation of a G4 structure containing three stacked
tetrads, a diagonal loop, and lateral wide loops. The induced
structural transition from hybrid to antiparallel topology also
produced very small CD spectral intensity changes around
290 nm which are characteristic of end-stacking ligands, and
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are due to ligand-induced changes in the stacking interactions
between G4 bases.®® Lu et al. reported a structural transition
of F21T G4 topology from hybrid to antiparallel induced by 5-
methyl-IQb.?® Similar results have also been found for other
G4 ligands, such as porphyrins, which can induce the transfor-
mation from the hybrid-type to an antiparallel G4 in dilute sol-
utions and in the presence of K*.5”

Molecular dynamics studies

To acquire comprehensive knowledge of IQc-G4 binding
modes at an atomistic level, and based on our experimental
data, which reveals the binding of two IQcs to the antiparallel
HT G4, we performed molecular modeling simulations of 3d
with the antiparallel HT G4, mimicking experimental condi-
tions. This G4 antiparallel structure can exist in the basket- or
chair-type forms, and only the former has been determined by
NMR solution studies (PDB ID: 143D).%® However, on the basis
of the CD titration assays, compound 3d induces the forma-
tion of a G4 structure possibly containing three stacked tet-
rads, a diagonal loop, and lateral wide loops, consistent with
the basket-type of 143D. Thus, as a starting model, we used
our previously optimized basket-type structure of antiparallel
F21T G4.2" The structure contains three stacked G-tetrads,
which are connected by a central diagonal loop of nucleotides
T10, T11, and A12 in the upper G-tetrad and by two lateral
loops formed by the bases T4, T5, A6 and by T16, T17, A18 at
the other end of the G4 structure (lower G-tetrad). K* cations
were used to neutralize the system, with two of these ions
placed at the center of the G-tetrads. Our spectroscopic stud-
ies suggested the binding of two IQc ligands to the F21T G4
unit, with m-stacking interactions, most likely at the G-tetrad
ends. Therefore, to evaluate the binding effects on the G4
structure (induced fit) and the influence of the first IQc on the
binding of the second IQc (cooperativity), the binding events
were simulated sequentially.

Binding of the first ligand

The 1Qc derivative 3d was docked with Molecular Operating
Environment (MOE)B? software, using all of the F21T G4 struc-
ture as a potential docking site. The top-ranked positions
showed 3d stacked on the lower G-tetrad, stabilized by m-n
stacking and hydrogen bonding with the phosphate backbone
(Model 1, Supporting Information).

The lower G-tetrad was more favored than the upper G-
tetrad, possibly as a result of the steric hindrance induced by
the TTA diagonal loop. Changes in docking protocol, such as
different placement algorithms (Alpha Triangle, Alpha PMI and
GOLD), scoring functions (Affinity dG and London dG) and re-
straining the docking site directly to the upper G-tetrad, did
not result in the ligand docking on the upper G-tetrad. Howev-
er, compounds with acridine-based central scaffolds have been
described as strong upper G-tetrad binders, with the nucleo-
tides of a diagonal loop stacked above them." Therefore, 3d
was manually docked with MOE onto the upper G-tetrad and
below the diagonal loop, adjusting the ligand position to

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Final MD simulation structures (t=>50 ns) of the complexes between one (a and b) and two (c, d, e) indolo[3,2-c]quinoline 3d with the antiparallel
HT21 G4. a) Model 1: lower G-tetrad stacking, b) Model 2: upper G-tetrad stacking, c) Model 1.1: lower G-tetrad stacking and groove binding, d) Model 2.1:
upper G-tetrad stacking and groove binding, e€) Model 2.2: upper G-tetrad and groove binding. Ligand in CPK representation (black) and G4 structure in rib-

bons (guanine: blue, thymine: red, adenine: grey, K: pink).

obtain an overall best fit to the G4 structure (Model 2, Sup-
porting Information). Models 1 and 2 were then optimized and
equilibrated using multiple minimization steps, followed by
1 ns NVT molecular dynamics (MD) run and a final 50 ns iso-
thermal-isobaric ensemble. Final poses are shown in Fig-
ure 4a,b.

To assess the overall structural stability of the 1Qc-G4 com-
plex, we evaluated the root-mean-square deviation (RMSD) of
the whole structure, which became stable after 15 ns and car-
ried out trajectory analysis beyond this point. Overall, RMSD
values of all ligand atoms in both models (~3.0 A) are similar
to RMSD values of the G4 atoms alone, indicating that the IQc
ligand is maintained in the binding site of each model. This
was also confirmed by visual inspection of the MD run. The ar-
omatic nucleus of 3d is sm-stacked with G-tetrads, while the
side chains showed high flexibility, being involved in electro-
static interactions and direct or water-mediated hydrogen
bonds with phosphate backbone and/or G4 loops (Supporting
Information, Movies 1 and 2).

To explore and quantify the individual contributions to bind-
ing affinity, the end-point free energies of interaction in
Models 1 and 2 were calculated based on single-trajectory
post-processing with the molecular mechanics Poisson-Boltz-
mann surface area (MM-PBSA) methodology.*"! This estimates
binding free energies that are significantly correlated with ex-
perimental data.”? The binding free energy and its compo-
nents in Models 1 and 2 are listed in Table 2. For both models,
the binding free energies (AGynqing) are negative and closely
similar (—56.8 and —58.8 kJmol™' for Models 1 and 2, respec-
tively), indicating that both sites are valid binding sites and are
in good agreement with values reported elsewhere for G4
complexes.

The electrostatic energy (AE.,.) component generally has
a larger contribution to complex stabilization than the van der
Waals energy (AE,qy), especially for Model 2, which has the
larger contribution (—13.7 kJmol™"). The electrostatic contribu-
tion is the result of the cationic charges, mainly in the ligand
side chains, and is an important factor in 1Qc binding. This
agrees with FRET assay data, in which the increase in IQc side
chains from zero to two resulted in a large G4 stabilization.

ChemMedChem 0000, 00, 0-0 www.chemmedchem.org

Table 2. MM-PBSA binding free energies of the antiparallel telomeric G4-
3d complex models studied by MD simulations.

Free Model

energy® 1 2 1.1 2.1 22
AE e —12.8 —13.7 —23.1 —20.8 —19.4
AE qw —6.3 —6.3 —124 —12.3 —123
AGpoh,'m, —-1.3 —-1.3 —0.2 0.9 1.2
AG onpolarsol —28.8 —28.4 —37.1 —41.7 —43.8
TAS 7.6 9.2 9.4 9.2 8.7
AGbinding —56.8 —58.8 —82.2 —83.1 —83.1

[a] Values in kJmol™". AE,.. and AE,, are the molecular mechanics elec-
trostatic and van der Walls contributions, AGja;s01 and AGygnpolarsol are the
polar and nonpolar components of the solvation free energy, respectively,

TAS is the entropic contribution, and AGynging is the total binding energy.

AE,qy is equal in both models, as the IQc framework provides
equivalent vdW contacts. The nonpolar component of the sol-
vation free energy (AG,snpoaiso) 1S @ highly favorable contribu-
tion to complex stabilization in both models, while the electro-
static contribution to the solvation energy (AGpg,.so) is small.
Furthermore, the entropic component is also favorable in both
models. Ligand binding to the upper G-tetrad (Model 2), over
the diagonal loop, represents the most favorable binding
mode, with similar geometry to that found experimentally for
a series of acridine ligands in a bimolecular G4.”

Binding of the second ligand

A second 1Qc (3d) molecule was docked with MOE software
into the final MD simulation structures of Models 1 and 2. The
first ten top-ranked docking poses in Model 1 show the
second 3d ligand bound in a G4 groove (T17, A18, G19, G20,
and G21; Model 1.1, Supporting Information). Likewise, the
binding of a second 3d in Model 2 also revealed in the first
ten top-ranked docking poses, ligand bound in a G4 groove,
as well as one 3d molecule being stacked on the lower G-
tetrad. Similar results were recently described by Limongelli
and co-workers, for a 3-(benzold]thiazol-2-yl)-7-hydroxy-2H-
chromen-2-one G4 ligand in a metadynamics simulation
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study.* The ligand followed a hopping binding mode, able to
bind both groove and 3’ end of the G4. As such, two models
were considered, Model 2.1, generated from the first top-
ranked docking pose, with 3d adopting a groove binding con-
formation in the region of G3, T4, G7, and G8. Model 2.2, gen-
erated from the fourth top-ranked pose, has 3d stacked in the
lower G-tetrad in the region of T4, T5, A6, and T17, A18, G19
(Supporting Information).

The final docked complexes were subjected to a 50 ns MD
production run simulation, which became stable after the first
10 ns with RMSD values for all G4 atoms of ~1.5 A (Supporting
Information). The first 3d ligand in the lower G-tetrad
(Model 1.1) and upper G-tetrad (Models 2.1 and 2.2) was still
preserved in the binding site after the binding of the second
3d molecule (Figure 4c-d and Supporting Information). Simi-
larly, the second 3d molecules in Models 1.1 and 2.1 were also
well retained in their initial binding sites, as shown by RMSD
analysis (Figure 4c—d and Supporting Information). However, in
Model 2.2, the second 3d showed, at the end of the MD simu-
lation, an RMSD of ~15 A, revealing displacement of the ligand
from the initial binding site in the lower G-tetrad. The analysis
of the MD trajectory of Model 2.2 revealed a ligand shift from
the lower G-tetrad (Supporting Information, Movie 2.2) to a G4
groove (Figure 4e). Therefore, the MD simulation for Model 2.2
was started with the second 3d on the lower G-tetrad, while
Models 1.1 and 2.1 started with the 3d in a G4 groove. Thus,
all simulated models ended up by anchoring the second
ligand in the same G4 groove region (Figure 4c-e). It seems
that binding of the first ligand to the upper G-tetrad induced
a G4 conformational rearrangement, weakening ligand stack-
ing on the lower G-tetrad, as verified for the first binding
event in Model 1. This binding-site dependence is in agree-
ment with the analysis of spectroscopic binding data, which
suggests more than one equivalent and non-independent co-
operative binding site.

Analysis of the MD trajectory showed, as in Models 1 and 2,
consistent m-stacking of the IQc aromatic core with the G4
structure, with the flexible side chains involved in electrostatic
interactions and/or hydrogen bonds between G4 groove/loops
and water molecules (Supporting Information).

Binding free energies for Models 1.2, 2.1, and 2.2 were ob-
tained by MM-PBSA methodology. AE,.. and AE, 4 play impor-
tant roles in the stabilization of all model complexes, although
there is no difference between different binding sites.

The values of AGy,qing are very similar, ranging from —83.1
to —82.2 kimol™" (Table 1), indicating that all the proposed
binding sites are equally plausible and closely similar to the ex-
perimental values obtained for TMPy4 in complex with a HT
G4P” Models 2.1 and 2.2 have the lowest AGygn, Value
(83.1 kJmol™"). Therefore, matching of binding sites in both
models at the end of the MD simulations, in addition to the
equivalent free energies of binding, indicates that the upper
G-tetrad and a groove are most likely the most favored bind-
ing modes of the IQc compound to the antiparallel HT21 G4.
Additionally, analysis of the MD runs indicates that disubstitut-
ed 1Qc derivatives with three-carbon side chains possess the
appropriate distance between side chain terminal nitrogen
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atoms (~16-18 A) to fit between G-tetrad deoxyfuranose rings
and G4 grooves (17-18 A), corroborating the greater G4 stabili-
zation found in the FRET assays for these derivatives. As shown
in Figure 5, 3d has a length suitable for a connecting bridge

Figure 5. Binding interactions in the 3d-HT21 G4 complex and lengths (A)
between opposite phosphate backbone and side chains nitrogen atoms of
3d in Model 2.2. Hydrogen bond: black dashed line; ligand atoms colored
by element (carbon: yellow, nitrogen: blue, hydrogen: white); G4 atoms
grey or colored by element (carbon: grey, nitrogen: blue, oxygen: red, phos-
phorus: pink, potassium: orange). Ligands are in ball-and-stick representa-
tion, and G4 is in stick and wire representation. Some nucleotides and phos-
phate backbone have been removed for clarity.

between opposite backbones, stabilized by hydrogen bonds
among ligand charged chains and phosphate groups of G4.
Overall, these results relate theoretical findings to experimental
results, and provide a structural explanation for the G4 stabili-
zation induced by the 1Qc derivatives.

Antiproliferative activity

The high G4 stabilization and selectivity shown in vitro by IQc
derivatives prompted us to evaluate their effects on cells.
Short-term antiproliferative assays were carried out using
a panel of human cancer cell lines and nonmalignant human
cell lines, and IC;, values were determined (Table 3).

1Qc 2d and 3d markedly decreased the viability of cell lines
harboring mutated KRAS, namely the lung cancer cell line
A594, and the pancreatic cancer cell lines (MiaPaCa2, Panc-1),
which are both telomerase-positive cell lines. On the other
hand, IQcs had a 5-10-fold decreased effect against telomer-
ase-negative cancer lung fibroblasts (ALT).

Derivatives bearing only one side chain (2d) showed ~3- to
20-fold lower 1Cs, values (0.22-1.93 um) than 1Qcs having two
basic side chains (3d). These differences may be due to varian-
ces in cellular uptake by passive diffusion, as compound 2d
would be expected to be more lipophilic than compounds
with an additional protonated basic group (3d). We also evalu-
ated the selectivity of 2d and 3d for cancer cells by assessing
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Table 3. Short-term antiproliferative activity for IQcs 2d and 3d evaluat-
ed with a panel of human malignant and nonmalignant cell lines.

IQc ICso [um]®
A594"® ALT®! MiaPaCa2® Panc-1® W|-389
2d 0404+0.06 19402 - 0.2240.07 49+05
(1 2.5)[d]
3d 145+£0.09 7.1+06 1.9403 48402 10.1+04
(7'0)[d]

[a] Data are the mean values +SD of three independent experiments.
[b] Malignant cell lines: A594 (lung), ALT (telomerase negative human
lung fibroblast), MiaPaCa2 (pancreatic), Panc1 (chemo-resistant pancreat-
ic). [c] Nonmalignant human cell line: WI-38 (lung fibroblast). [d] Selectivi-
ty index: ICsqwi-38/1Cso(asea); SD < 0.6.

the effect of these compounds on the viability of a non-cancer-
ous lung fibroblast cell line (WI-38). The results (Table 3) show
that these 1Qc compounds are 12- and 7-fold (2d and 3d, re-
spectively) more selective for the malignant cell line A594 than
for nonmalignant fibroblast cells (WI-38).

These results are encouraging, and further studies exploring
the mode of action of IQc compounds, via inhibition of telo-
merase activity and/or repression of KRAS expression, are in
progress.

Conclusions

G-quadruplex elements in telomeres and in the genome are
emerging targets for drug discovery, potentially leading to the
development of new drugs with eventually improved selectivi-
ty and efficiency over conventional chemotherapeutics. We
evaluated a small library of mono- and disubstituted alkyldia-
mine |Qc derivatives, aiming to explore their capacity to
induce G4 stabilization and characterize, at a molecular level,
their G4 binding interactions using the human telomeric G4
structure (HT21) as a model.

Several derivatives showed very potent thermal stabilization
of the HT21 sequence, with AT,, values of ~30°C. Spectroscop-
ic studies revealed that the IQc derivatives 2d and 3d stabilize
the antiparallel G4 topology of HT21 and form a complex with
two ligands per G4 unit. Further analysis of the spectroscopic
studies in addition to molecular modeling simulations showed
that the disubstituted 1Qc derivative 3d binds to the antiparal-
lel human telomeric G4 in two equivalent and non-independ-
ent binding sites, in which the second binding event appears
to be conditioned by an induced fit to the G4 structure.

Detailed structure analysis and energy calculations show
that end stacking of the first ligand in G-tetrad, followed by
a second ligand binding to a G4 external groove, are the most
favored binding modes. The particular feature of the double
substitution pattern with three-carbon side chains (3d) allows
this ligand to form a bridge between opposite grooves, due to
the excellent inter-strand fit of the protonated side chains
across the G4 phosphate groups. Such a binding mode will
only occur when the geometry of the ligand, and in particular
the through-space distance between the protonated nitrogen
atoms, is appropriate, as in this case. Thus, as well as m-stack-
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ing forces, electrostatic interactions and direct or water-medi-
ated hydrogen bonds, as visualized in ligand-G4 crystal struc-
tures,” also play an important role in G4 stabilization.

Selective activity in malignant cell lines relative to nonmalig-
nant human fibroblasts using short-term antiproliferative
assays for 2d and 3d support the need for further exploration
of effects on cancer cells induced by G4 stabilization. The com-
plex interactions detailed in this study, using the human telo-
meric G4 structure as a model, provide further understanding
of binding interactions at an atomic level. These results will aid
the design of novel IQc derivatives by exploring G-tetrad and
groove binding modes, and open new avenues for the devel-
opment and optimization of more selective and potent anti-
cancer approaches, in tandem with further biological insight
into the ultimate cellular targets.

Experimental Section
Chemistry

General: Chemicals were purchased from Sigma-Aldrich Chemical
Co. Ltd. (Spain) and were used without further purification. Micro-
wave reactions were performed with a CEM Focused Microwave
Synthesis System, Model Discover, equipped with an IntelliVent
Pressure Control System. All compounds were characterized by
NMR spectroscopy, recorded on a Bruker Avance 400 spectrometer
at 400 MHz ("H NMR) and 100 MHz ("*C NMR), using solvent as in-
ternal reference. Chemical shifts (3) are expressed in ppm. Signal
splitting patterns are described as singlet (s), doublet (d), triplet (t),
quartet (q), quintet (quint) and multiplet (m), or a combination
thereof. Coupling constants (J) are given in Hz. The purity of com-
pounds submitted to biological tests were >95% in all cases, as
determined from elemental C, H, N analysis (Supporting Informa-
tion), carried out by the Unit for Elemental Analysis, University of
Santiago de Compostela (Spain) on a LECO model CHNS-932 ele-
mental analyzer. Mass spectra were recorded using a Micromass
Quattro Micro API, Waters. Mass spectra were obtained by direct
infusion on “Full Scan” mode (m/z 60-800), and sample ionization
was made in positive and negative electrospray ionization mode
(ESI+ and ESI—). Characterization by high-resolution mass spec-
trometry (FTIRC-MS) was performed in the Faculty of Sciences at
the University of Lisbon (Portugal). Melting points (mp) were deter-
mined using a Bock-Monoscop M instrument. Reactions were
monitored by thin-layer chromatography (TLC) using coated silica
gel plates (Merck, aluminum sheets, silica gel 60 F,s,) and alumi-
num oxide matrix plates (Sigma-Aldrich, PET support, F,s,). Prepa-
rative TLC was performed in neutral aluminum oxide 60 G type E
(Merck, 200x200 mm glass support). FRET measurements were
made on a DNA Engine Opticon (MJ Research), and fluorescence
spectroscopy data were collected on a Cary-Eclipse fluorescence
spectrophotometer equipped with a Cary Peltier-thermostated cuv-
ette holder with a cell of 1 cm path length. CD spectra were re-
corded on a JASCO J-720 spectropolarimeter, calibrated with an
aqueous solution of 0.06% bD-10-(1)-camphor sulfonic acid at
290 nm.

Diethyl-2{[(4-bromophenyl)aminolmethylene}malonate (5). A so-
lution of 4-bromoaniline (4, 10.0 g, 58.0 mmol) in diethyl 2-(ethoxy-
methylene)malonate (13.8 g, 129 mL, 63.8 mmol, 1.1 equiv) was
held at reflux for 1 h. After this period the mixture was cooled to
room temperature and added to hexane (300 mL). The precipitate
was filtered, washed with hexane and dried to obtain 16.7 g (82 %)
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of pure 5 as a white solid. "H NMR (400 MHz, DMSO): 6 =10.65 (d,
J=9.8 Hz, 1H), 8.35 (d, J=10.6 Hz, 1H), 7.61-7.47 (m, 2H), 7.36 (d,
J=8.9 Hz, 2H), 4.30-4.07 (m, 4H), 1.24 (t, J=6.4 Hz, 3H), 1.26 ppm
(t, J=6.4 Hz, 3H).

Ethyl-6-bromo-4-hydroxyquinoline-3-carboxylate (6). A solution
of 5 (6.0 g; 17.5 mmol) in diphenyl ether (60 mL) was held at reflux
for 1 h. After cooling, the reaction mixture was added to hexane
(200 mL) and the formed precipitate was filtered, washed with
hexane and dried to obtain 3.18 g (61%) of 6 as a white solid.
"H NMR (400 MHz, DMSO): 6=8.59 (s, 1H), 8.23 (d, J=2.1Hz, 1H),
7.61 (d, J=82Hz, 1H), 7.01 (dd, J=8.2, 2.1 Hz, 1H), 4.23 (q, J=
7.1 Hz, 2H), 1.28 ppm (t, J=7.1 Hz, 3H).

6-Bromo-4-hydroxyquinoline-3-carboxylic acid (7). A solution of
6 (3.0g, 10.1 mmol) in NaOH 10% (40 mL) was held at reflux for
1 h. After cooling the reaction mixture to 0-5°C, the solution was
adjusted to pH 1 with HCI (10 m). The formed precipitate was fil-
tered, washed with water and dried to obtain 2.6 g (96%) of 7 as
a white solid. "H NMR (400 MHz, DMSO): 6 =14.99 (s, 1H), 13.54 (s,
1H), 8.94 (s, 1H), 8.36 (d, J=2.2 Hz, 1H), 8.04 (dd, J=8.9, 2.3 Hz,
1H), 7.79 ppm (d, J=8.9 Hz, TH).

6-Bromoquinolin-4-ol (8). A solution of 7 (2.5g, 9.3 mmol) in di-
phenyl ether (30 mL) was held at reflux for 1 h. The cooled solution
was added to hexane (200 mL) and the formed precipitate filtered,
washed with hexane and dried to obtain 2.0g (96%) of 8 as
a white solid. "H NMR (400 MHz, DMSO): 6=11.92 (s, 1H), 8.17 (d,
J=24Hz, 1H), 7.95 (d, J=7.4 Hz, 1H), 7.79 (dd, J=8.8, 2.4 Hz, 1H),
7.53 (d, J=8.8 Hz, 1H), 6.08 ppm (d, J=7.4 Hz, 1H).

6-Bromo-4-chloroquinoline (9). A solution of 8 (2.0 g, 8.9 mmol) in
POCI; (20 mL) was held at reflux for 2 h. The reaction mixture was
cooled, added to water (200 mL) and neutralized with a cold KOH
(satd) solution. The formed precipitate was filtered, washed with
water and dried to obtain 2.0 g (93%) of 9 as a light-brown solid.
'H NMR (400 MHz, DMSO): 6=8.89 (d, J=4.7 Hz, 1H), 8.35 (d, J=
2.0Hz, 1H), 8.05 (d, J=9.0Hz, 1H), 8.01 (dd, /=9.0, 2.0 Hz, TH),
7.84 ppm (d, J=4.7 Hz, 1H); *C NMR (100 MHz, DMSO): 6=151.6,
147.6, 140.6, 134.4, 132.3, 127.3, 126.1, 123.0, 122.0 ppm.

6-Bromo-1H-benzo[d][1,2,3]triazole (11b). A solution of 4-bromo-
1,2-diaminobenzene (10, 2.0g, 10.7 mmol) and sodium nitrite
(1.84 g, 26.7 mmol, 2.5 equiv) in AcOH (20 mL) was sonicated at
35 KHz for 20 min at room temperature. After this period the reac-
tion mixture was added to water (250 mL) and extracted with
EtOAc (3x200 mL). The combined organic extracts were washed
with water (200 mL), dried with brine and anhydrous Na,SO,. After
solvent removal under reduced pressure, the crude product was
purified by recrystallization from boiling EtOH with water to obtain
2.0 g (95%) of 11b as a light-brown solid; mp: 133-135°C. 'H NMR
(400 MHz, DMSO): 6 =15.99 (s broad, NH), 8.29 (s, 1H), 7.99 (d, J=
88Hz, 1H), 7.66 (dd, /=88, 1.6Hz, 1H); *CNMR (100 MHz,
DMSO) 143.8, 142.1, 130.0, 128,9, 117.9, 117.3 ppm; MS (ESI+)
C4H,BrN, caled [M+H]* 199.96, found [M+H]* 200.08.

General Procedure A. 4-(1H-Benzo[d][1,2,3]triazol-1-yl)-6-bromo-
quinoline (12a). Homogenized 6-bromo-4-chloroquinoline 9 (1.0 g,
4.1 mmol) and benzotriazole (11a, 0.491 g, 4.1 mmol) were heated
at 120°C for 20 min. The resulting solid was cooled to room tem-
perate and subsequently recrystallized from boiling EtOH with
water, to give 12a as a white solid (1.27g, 95%). 'HNMR
(400 MHz, DMSO): =9.23 (d, J=4.6 Hz, 1H), 8.31 (d, /=8.4 Hz,
1H), 8.22 (d, J=9.0 Hz, 1H), 8.08 (dd, /=9.0, 2.2 Hz, 1H), 8.01 (dd,
J=5.5, 3.4 Hz, 2H), 7.78 (d, J=83 Hz, 1H), 7.71 (ddd, J=7.9, 5.9,
09Hz, 1H), 7.61 ppm (ddd, J=8.0, 6.8, 1.0Hz, TH); *CNMR
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(100 MHz, DMSO): 6 =152.3, 148.4, 145.8, 139.1, 134.4, 133.8, 132.3,
129.8, 125.8, 125.8, 124.1, 122.1, 120.4, 118.8, 111.4 ppm.

6-Bromo-4-(5-bromo-1H-benzold][1,2,3]triazol-1-yl)quinoline
(12b) and 6-bromo-4-(6-bromo-1H-benzol[d][1,2,3]triazol-1-yl)-
quinoline (12¢). A mixture of 9 (2.5 g, 10.3 mmol) and 11b (2.04 g,
10.3 mmol) was reacted at 145°C according to General Procedure
A. The crude product was purified via flash column chromatogra-
phy on silica gel using hexane/EtOAc (8:2) as eluent, to obtain 12b
(144 g, 35%) as a light-brown solid and 12c¢ (2.20g, 52%) as
a white solid. 12b: 'H NMR (400 MHz, CDCl,): 6=9.17 (d, J=4.6 Hz,
1H), 843 (d, J=1.2Hz, 1H), 8.18 (d, /=9.0Hz, 1H), 8.00 (d, J=
2.0Hz, 1H), 7.95 (dd, /=9.0, 2.1 Hz, 1H), 7.72 (dd, /=8.8, 1.7 Hz,
1H), 7.62 (d, J=4.6 Hz, 1H), 7.40 ppm (d, J=8.8 Hz, 1H); *C NMR
(100 MHz, CDCl;): 6=150.63, 148.71, 147.28, 139.15, 134.56, 132.64,
132.55, 131.86, 125.38, 123.94, 123.33, 122.97, 11835, 117.53,
111.21 ppm. 12¢: 'H NMR (400 MHz, CDCly): 6=9.17 (d, J=4.6 Hz,
1H), 8.18 (d, J=9.0Hz, 1H), 8.13 (d, J=8.7Hz, 1H), 8.03 (d, J=
2.1 Hz, 1H), 7.95 (dd, /=9.0, 2.1 Hz, 1H), 7.71 (d, J=1.1 Hz, TH),
7.65 (dd, J=8.7, 1.6 Hz, TH), 7.61 ppm (d, J=4.6 Hz, 1H); *C NMR
(100 MHz, CDCl,): 6 =150.6, 148.8, 144.9, 139.1, 134.6, 134.6, 131.8,
128.9, 125.4, 124.1, 123.8, 123.0, 121.8, 117.4, 112.9 ppm.

General Procedure B. 2-Bromo-11H-indolo[3,2-clquinoline (1a). A
mixture of 12a (1.27 g,3.9 mmol) in PPA (40.0 g) was heated at
140-150°C until the release of N, ceased. After 3 h the reaction
mixture was added to cold water (200 mL), neutralized with KOH
(satd) and the precipitate collected by filtration, washed with
water and dried under reduced pressure, to give 1a as a light-
yellow solid (1,10 g, 95%). 'H NMR (400 MHz, DMSO): 6 =12.82 (s,
1H), 9.64 (s, 1H), 8.81 (d, J=2.2Hz, 1H), 834 (d, /=7.8Hz, TH),
8.08 (d, J/=89Hz, 1H), 7.86 (dd, /=89, 2.2 Hz, 1H), 774 (d, J=
82 Hz, 1H), 752 (dd, J=8.2, 7.6 Hz 1H), 7.34 ppm (dd, J=7.8,
7.6 Hz 1H); *CNMR (100 MHz, DMSO): 6=145.9, 144.4, 1393,
139.1, 132.2, 131.3, 126.4, 124.9, 122.1, 121.3, 120.8, 118.9, 118.8,
115.3, 112.5 ppm.

2,8-Dibromo-11H-indolo[3,2-c]quinoline (1b). A mixture of 12b
(1.0 g, 2.5 mmol) and PPA (30 g) was reacted according to General
Procedure B to give 1b as a light-brown solid (0.335g, 36%).
'H NMR (400 MHz, DMSO): 6=12.91 (s, 1H), 9.64 (s, 1H), 8.76 (s,
1H), 8.59 (s, 1H), 8.06 (d, J/=8.8Hz, 1H), 7.86 (d, /=8.8 Hz, 1H),
768 (d, J=83Hz, 1H), 7.62 ppm (d, J=83Hz, TH); "CNMR
(100 MHz, DMSO): 6 =146.2, 144.7, 139.8, 138.0, 132.3, 131.7, 128.9,
125.0, 124.0, 123.5, 119.1, 118.8, 114.5, 114.4, 113.6 ppm.

2,9-Dibromo-11H-indolo[3,2-c]quinoline (1c). A mixture of 12c¢
(1.0 g, 2.5 mmol) and PPA (40 g) was reacted according to General
Procedure B to give 1c as a light-brown solid (0.487 g, 52%).
"H NMR (400 MHz, DMSO): 6 =13.00 (s, 1H), 9.62 (s, TH), 8.80 (d,
J=22Hz 1H), 8.28 (d, /=8.4 Hz, 1H), 8.06 (d, /=8.9 Hz, 1H), 7.90
(d, J=15Hz, 1H), 7.86 (dd, J=8.9, 2.2 Hz, 1H), 7.49 ppm (dd, J=
8.4, 1.5 Hz, 1H); *C NMR (100 MHz, DMSO): 6 =145.9, 144.5, 140.1,
139.5, 132.2, 131.6, 125.0, 124.2, 122.54, 121.2, 119.1, 119.0, 118.8,
115.1, 114.9 ppm.

General Procedure C. 2-Bromo-5-methyl-5H-indolo[3,2-clquino-
line (2a). A mixture of 1a (0.5g, 1.7 mmol) and Mel (2.39g,
1.04 mL, 17.0 mmol) in CH;CN (5 mL) was stirred, in a closed vessel,
under microwave radiation (P,.,=300W) at 120°C for 2 h. After
this period, the solvent was removed at reduced pressure. The re-
maining residue was suspended in Na,CO; 5% aqueous solution
(100 mL) and extracted with CH,Cl, (3x50 mL). Combined organic
extracts were dried with brine and anhydrous Na,SO,, and the sol-
vent removed under reduced pressure to give 2a as a dark-yellow
solid (0.382g, 76%). 'HNMR (400 MHz, CDCl;): 6=8.80 (d, J=
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23 Hz, 1H), 7.95 (d, J=8.6 Hz, 1H), 7.78 (s, 1H), 7.77 (d, J/=8.9 Hz,
1H), 7.58 (d, J/=8.6 Hz, 1H), 7.54 (dd, /=8.8, 2.3 Hz, 1H), 7.31 (dd,
J=89, 7.5 Hz, 1H), 7.27 (dd, /=8.8, 7.5 Hz, TH), 3.82 ppm (s, 3H);
BCNMR (100 MHz, CDCly): 6=154.5, 152.1, 1352, 133.7, 131.9,
126.8, 126.6, 125.1, 121.9, 120.8, 119.3, 119.0, 1188, 117.6, 117.3,
42.4 ppm.

General Procedure D. 2-{[2-(Diethylamino)ethyllamino}-5-
methyl-11H-indolo[3,2-c]lquinolin-5-ium chloride (2b). A solution
of 2a (50.0 mg, 0.16 mmol), 2-(dicyclohexylphosphino)biphenyl
(CyJohnPhos, 11.2 mg, 0.032 mmol), Pd(OAc), (7.2 mg, 0.032 mmol),
NaOtBu (61.5 mg, 0.64 mmol) and N',N'-diethylethane-1,2-diamine
(74.4 mg, 89.9 uL, 0.64 mmol) in tBuOH/DME (1:1, 2 mL) was stirred
in a closed vessel, under microwave radiation (P,,,=300W) at
170°C for 2 h. After cooling to room temperature, the crude mix-
ture was filtered over Celite 545, the solid washed with CH,Cl,/
MeOH (9:1) and the filtrate evaporated under reduced pressure.
The residue was then suspended in Na,CO; 5% aqueous solution
(50 mL) and extracted with CH,Cl, (3x50 mL). The combined or-
ganic extracts were dried with brine, anhydrous Na,SO, and con-
centrated under reduced pressure. Purification by preparative TLC
on neutral aluminum oxide, using CH,Cl,/MeOH (9:1) as eluent and
desorbent from the aluminum oxide, gave 2b as a dark-yellow
solid (29.3 mg, 56%). After NMR characterization, 2b was precipi-
tated in its salt form, from CH,Cl, (2 mL) with HCl in Et,0, filtered
and dried under reduced pressure. '"H NMR (400 MHz, CDCl,): 6=
7.99 (s, 1H), 7.89 (d, J/=8.0 Hz, 1H), 7.74 (s, 1H), 7.73 (d, J=8.2 Hz,
1H), 7.42 (dd, J=8.0, 7.5 Hz, 1H), 7.22 (d, J=8.8 Hz, 1H), 7.17 (dd,
J=82, 75Hz, 1H), 6.86 (d, J/=8.8Hz, 1H), 3.82 (s, 3H), 3.28-3.20
(m, 2H), 2.73 (t, J=5.0 Hz, 2H), 2.59 (q, J=7.0 Hz, 4H), 1.06 ppm (t,
J=7.0Hz, 6H); *CNMR (100 MHz, CDCl,): 6=147.1, 134.6, 130.2,
128.6, 1264, 125.2, 122.6, 120.7, 119.6, 119.3, 118.2, 117.9, 115.6,
103.1, 51.9, 47.2, 43.4, 41.7, 12.4 ppm.

2-{[3-(Isopropylamino)propyllamino}-5-methyl-11H-indolo[3,2-
clquinolin-5-ium chloride (2c). Reaction of 2a (50.0 mg,
0.16 mmol), CyJohnPhos (11.2 mg, 0.032 mmol), Pd(OAc), (7.2 mg,
0.032 mmol), NaOtBu (61.5 mg, 0.64 mmol) and N'-isopropylpro-
pane-1,3-diamine (74.4 mg, 89.6 pL, 0.64 mmol) in tBuOH/DME (1:1,
2 mL), followed by purification according to General Procedure D
gave 2c as a dark-yellow solid (23.0 mg, 41%). "H NMR (400 MHz,
CDCly): 6=7.95 (s, 1H), 7.93 (d, J=7.5Hz 1H), 7.76 (d, J=7.7 Hz,
1H), 7.72 (s, 1H), 7.45 (dd, J=7.7, 7.5 Hz, 1H), 7.21 (d, J=8.1 Hz,
1H), 7.19 (dd, J=7.7, 7.2 Hz, 1H), 6.83 (d, /=8.1 Hz, TH), 3.80 (s,
3H), 3.30 (t, J=6.6 Hz, 2H), 2.83 (dd, J=12.5, 6.2 Hz, 1H), 2.77 (t,
J=6.5Hz, 2H), 1.86 (m, 2H), 1.10 ppm (t, J=6.2 Hz, 6H); *C NMR
(100 MHz, CDCly): 6=152.2, 151.7, 146.4, 133.7, 127.9, 125.7, 124.9,
122.4, 119.9, 118.9, 118.4, 118.0, 117.2, 115.3, 102.1, 48.9, 45.8, 43.1,
42.5,29.5, 22.9 ppm.

2-{[3-(Diethylamino)propyllamino}-5-methyl-11H-indolo[3,2-
clquinolin-5-ium chloride (2d). A solution of 2a (50.0 mg,
0.16 mmol), CyJohnPhos (11.2 mg, 0.032 mmol), Pd(OAc), (7.2 mg,
0.032 mmol), NaOtBu (61.5 mg, 0.64 mmol) and N'N'-diethylpro-
pane-1,3-diamine (83.3 mg, 100.9 pL, 0.64 mmol) in tBuOH/DME
(1:1, 2 mL) was reacted and purified according to General Proced-
ure D to give 2d as a dark-yellow solid (16.2 mg, 28%). 'H NMR
(400 MHz, CDCly): 6=8.02 (s, 1H), 7.94 (d, J=7.6 Hz, 1H), 7.78 (s,
1H), 7.77 (d, J=7.4, 1H), 7.45 (dd, /=76, 74 Hz, 1H), 7.26 (d, J=
9.1 Hz, 1H), 7.20 (dd, J=7.4, 7.1 Hz, 1H), 6.85 (d, J=9.1 Hz, 1H),
3.83 (s, 3H), 3.32 (t, J=6.0 Hz, 2H), 2.64-2.54 (m, 6H), 1.85 (q, J=
6.7 Hz, 2H), 1.08 ppm (t, J=7.1 Hz, 6H); "*C NMR (100 MHz, CDCl,):
0=1524, 151.7, 146.7, 133.8, 127.9, 125.7, 125.0, 122.5, 119.9,
118.9, 118.3, 118.0, 117.2, 115.3, 102.2, 52.2, 46.9, 43.9, 42.6, 25.9,
11.8 ppm; FTIRC-MS: predicted: 361.24, found: 361.23829.
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5-Methyl-2-{[3-(piperidin-1-yl)propyllamino}-11H-indolo[3,2-
clquinolin-5-ium chloride (2e). A solution of 2a (50.0 mg,
0.16 mmol), CyJohnPhos (11.2 mg, 0.032 mmol), Pd(OAc), (7.2 mg,
0.032 mmol), NaOtBu (61.5 mg, 0.64 mmol) and 3-(piperidin-1-yl)-
propan-1-amine (91.4 mg, 102.1 pL, 0.64 mmol) in tBuOH/DME (1:1,
2 mL) was reacted and purified according to General Procedure D
to give 2e as a dark-yellow solid (28.8 mg, 48%). 'HNMR
(400 MHz, CDCl,): 6=8.31 (s, 1H), 7.77 (d, J=9.1 Hz, 1H), 7.75 (d,
J=83Hz, 1H), 7.53 (s, TH), 7.37 (dd, J=9.1, 7.6 Hz, 1H), 7.29 (d,
J=8.5Hz, 1H), 7.16 (dd, J=8.3, 7.6 Hz, TH), 6.82 (d, /=8.5 Hz, 1H),
4.03 (s, 3H), 3.26 (m, 2H), 2.50 (t, J=6.4 Hz, 2H), 2.50-2.42 (m, 4H),
1.92-1.80 (t, J=6.0 Hz, 2H), 1.70-1.62 (m, 4H), 1.57-1.45 ppm (m,
2H); “CNMR (100 MHz, CDCly): 6=147.3, 134.8, 127.8, 1264,
123.3, 120.9, 120.5, 119.6, 119.3, 117.6, 115.9, 114.1, 101.1, 58.2,
54.8, 43.6, 43.3, 26.4, 25.4, 24.6 ppm.

5-Methyl-2-[(3-morpholinopropyl)aminol-11H-indolo[3,2-clquino-
lin-5-ium chloride (2 f). Reaction of 2a (50.0 mg, 0.16 mmol), Cy-
JohnPhos (11.2 mg, 0.032 mmol), Pd(OAc), (7.2 mg, 0.032 mmol),
NaOtBu (61.5 mg, 0.64 mmol) and 3-morpholinopropan-1-amine
(92.2 mg, 93.5 pL, 0.64 mmol) in tBUOH/DME (1:1, 2 mL), followed
by purification according to General Procedure D gave 2f as
a dark-yellow solid (29.5 mg, 49%). '"H NMR (400 MHz, CDCl,): 6 =
7.97 (s, TH), 7.96 (d, J/=7.7 Hz, 1H), 7.80 (d, J=1.9 Hz, TH), 7.78 (d,
J=8.1Hz, 1H), 7.47 (dd, J=7.7, 7.6 Hz, 1H), 7.26 (d, J=8.7 Hz, 1H),
7.23 (dd, J=8.1, 7.6 Hz, 1H), 6.87 (dd, J=8.7, 1.9 Hz, TH), 3.81 (s,
3H), 3.84-3.68 (m, 4H), 3.33 (t, J=6.0 Hz, 2H), 2.52 (t, J=6.5Hz,
2H), 2.55-2.45 (m, 4H), 1.86 ppm (2t, J=6.5, 6.0 Hz 2H).”*C NMR
(100 MHz, CDCl,): 6 =154.1, 153.0, 146.9, 134.2, 128.7, 126.2, 125.9,
123.4, 120.5, 119.5, 119.0, 118.9, 117.8, 116.2, 102.9, 67.7, 58.2, 54.5,
441, 43.1, 26.0 ppm.

2-{[5-(Diethylamino)pentan-2-yllJamino}-5-methyl-11H-indolo[3,2-
clquinolin-5-ium chloride (2g). A solution of 2a (50.0 mg,
0.16 mmol), CyJohnPhos (11.2 mg, 0.032 mmol), Pd(OAc), (7.2 mg,
0.032 mmol), NaOtBu (61.5 mg, 0.64 mmol) and N',N'-diethylpen-
tane-1,4-diamine (101.3 mg, 124.0 uL, 0.64 mmol) in tBuOH/DME
(1:1, 2 mL) was reacted and purified according to General Proced-
ure D to give 2g as a dark-yellow solid (30.1 mg, 48%). 'H NMR
(400 MHz, CDCly): 6=8.15 (s, 1H), 7.91 (d, J=7.9Hz, 1H), 7.86 (s,
1H), 7.79 (d, J=7.6 Hz, 1H), 7.42 (dd, J=7.9, 7.4 Hz, 1H), 7.30 (d,
J=9.2Hz, 1H), 7.18 (dd, J=7.6, 7.4 Hz, TH), 6.86 (d, J/=9.2 Hz, 1H),
3.90 (s, 3H), 3.72 (m, Hz, 1H), 253 (q, /=7.1 Hz, 4H), 242 (t, J=
6.5 Hz, 2H), 1.66-1.52 (m, 4H), 1.25 (d, J=6.8 Hz, 3H), 1.02 ppm (t,
J=7.1Hz, 6H); *CNMR (100 MHz, CDCl,): 6=152.0, 151.0, 145.8,
134.1, 127.9, 125.8, 1249, 1224, 120.1, 119.1, 1184, 117.8, 117.5,
115.3, 103.0, 52.8, 48.5, 46.7, 42.6, 35.0, 23.7, 20.6, 11.5 ppm.

5-Methyl-2,8-dibromo-5H-indolo[3,2-c]quinoline (3 a). Reaction of
1b (0.5g, 1.3 mmol) and Mel (1.88 g, 0.828 mL, 13.0 mmol) in
CH,CN (5mL) according to General Procedure C, gave 3b as
a dark-yellow solid (0.332 g, 62%). '"H NMR (400 MHz, DMSO): 6 =
9.53 (s, 1H), 8.86 (d, J=2.2 Hz, 1H), 8.34 (d, J=2.0 Hz, 1H), 8.08 (d,
J=9.2 Hz, 1H), 8.03 (dd, J=9.2, 2.2 Hz, 1H), 7.74 (d, J/=8.6 Hz, 1H),
7.58 (dd, /=8.6, 2.0 Hz, 1H), 4.28 ppm (s, 3H); *C NMR (100 MHz,
DMSO): 6=152.2, 150.6, 140.9, 134.9, 132.9, 128.9, 127.4, 1264,
1229, 122.3, 121.0, 120.1, 119.3, 115.8, 113.2, 43.4 ppm.

5-Methyl-2,9-dibromo-5H-indolo[3,2-clquinoline (3 b). Reaction of
1c (059, 1.3 mmol) and Mel (1.88 g, 0.828 mL, 13.0 mmol) in
CH,CN (5mL) according to General Procedure C, gave 3b as
a dark-orange solid (0.352 g, 68%). 'H NMR (400 MHz, DMSO): 6 =
9.39 (s, TH), 8.81 (s, 1H), 8.05 (d, J=8.3 Hz, 1H), 8.01 (d, J/=9.0 Hz,
1H), 7.98 (d, J=9.0Hz, 1H), 7.95 (s, 1H), 7.39 (d, /=83 Hz, TH),
423 ppm (s, 3H); ®CNMR (100 MHz, DMSO): 6=156.2, 152.8,
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139.7, 134.8, 132.5, 126.2, 125.0, 123.1, 122.9, 121.7, 121.5, 120.7,
118.9, 118.7, 116.5, 42.9 ppm.

2,8-Bis{[3-(diethylamino)propyllamino}-5-methyl-11H-indolo[3,2-
clquinolin-5-ium chloride (3c). A solution of 3a (50.0 mg,
0.13 mmol), CyJohnPhos (9.1 mg, 0.026 mmol), Pd(OAc), (5.8 mg,
0.026 mmol), NaOtBu (99.9 mg, 1.04 mmol) and N',N'-diethylpro-
pane-1,3-diamine (135.4 mg, 163.8 uL, 1.04 mmol) in tBuOH/DME
(1:1, 2 mL) was reacted and purified according to General Proced-
ure D to give 3c as a dark-orange solid (12.3 mg, 20%). 'H NMR
(400 MHz, CDCly): 6=8.23 (s, TH), 7.76 (s, 1H), 7.55 (d, J=7.0 Hz,
1H), 7.36 (d, J=8.6Hz, 1H), 7.02 (s, 1H), 6.86 (d, /=8.6 Hz, 1H),
6.50 (d, J=8.0 Hz, 1H), 4.09 (s, 3H), 3.40-3.32 (m, 2H), 3.28 (t, J=
6.2 Hz, 2H), 2.64-2.54 (m, 12H), 1.85 (m, 4H), 1.11-1.06 ppm (m,
12H); ®CNMR (100 MHz, CDCly): 6=152.2, 151.9, 149.3, 147.5,
133.8, 1284, 125.6, 122.5, 120.4, 120.1, 117.9, 115.6, 110.4, 102.0,
99.2, 53.0, 52.8, 47.6, 47.5, 447, 44,6, 439, 269, 26.5, 126,
12.6 ppm.

2,9-Bis{[3-(diethylamino)propyllamino}-5-methyl-11H-indolo[3,2-
clquinolin-5-ium chloride (3d). A solution of 3b (50.0 mg,
0.13 mmol), CyJohnPhos (9.1 mg, 0.026 mmol), Pd(OAc), (5.8 mg,
0.026 mmol), NaOtBu (99.9 mg, 1.04 mmol) and N',N'-diethylpro-
pane-1,3-diamine (135.4 mg, 163.8 uL, 1.04 mmol) in tBuOH/DME
(1:1, 2 mL) was reacted and purified according to General Proced-
ure D to give 3d as a dark-orange solid (15.8 mg, 25%). '"H NMR
(400 MHz, CDCl,): 6=7.94 (s, 1H), 7.64 (s, 1H), 7.45 (d, J=8.0 Hz,
1H), 7.22 (d, J/=8.2Hz, 1H), 7.00 (s, 1H), 6.79 (d, J=8.2Hz, 1H),
6.50 (d, J=8.0Hz, 1H), 4.04 (s, 3H), 3.42-3.37 (m, 2H), 3.39-3.35
(m, 2H), 2.74-2.65 (m, 12H), 2.05-1.94 (m, 4H), 1.28-1.20 ppm (m,
12H); CNMR (100 MHz, CDCl,): 6=152.9, 151.5, 149.2, 147.2,
133.1, 128.3, 124.1, 121.3, 120.3, 119.5, 117.8, 115.9, 110.2, 102.2,
97.6, 529, 52.8, 47.6, 47.5, 44.7, 444, 437, 269, 266, 126,
12.5 ppm; FTIRC-MS: predicted: 489.37, found: 490.36928.

5-Methyl-2,8-bis[(3-morpholinopropyl)aminol-11H-indolo[3,2-
clquinolin-5-ium chloride (3e). A solution of 3a (50.0 mg,
0.13 mmol), CyJohnPhos (9.1 mg, 0.026 mmol), Pd(OAc), (5.8 mg,
0.026 mmol), NaOtBu (99.9 mg, 1.04 mmol) and 3-morpholinopro-
pan-T-amine (149.9 mg, 151.9 uL, 1.04 mmol) in tBuOH/DME (1:1,
2 mL) was reacted and purified according to General Procedure D
to give 3e as a dark-orange solid (17.3mg, 25%). 'HNMR
(400 MHz, CDCI3): 6=8.40 (s, 1H), 7.86 (s, 1H), 7.77 (d, /=7.8 Hz,
1H), 748 (d, J=8.6Hz, 1H), 7.17 (s, 1H), 7.03 (d, J=8.6 Hz, 1H),
6.91 (dd, J=7.3 Hz, 1H), 4.16 (s, 3H), 3.99-8.86 (m, 8H), 3.44-3.36
(m, 4H), 2.76-2.64 (m, 12H), 2.06-2.00 ppm (m, 4H); *CNMR
(100 MHz, CDCly): 6=151.7, 151.3, 148.9, 146.7, 132.6, 128.7, 121.8,
120.2, 119,4, 117.7, 115.5, 110.0, 101.9, 101.6, 67.9, 67.7, 58.4, 58.2,
54.5, 545, 44.4, 441, 43.2, 26.3, 26.0 ppm.

5-Methyl-2,9-bis[(3-morpholinopropyl)amino]-11H-indolo[3,2-
clquinolin-5-ium chloride (3f). A solution of 3b (50.0 mg,
0.13 mmol), CyJohnPhos (9.1 mg, 0.026 mmol), Pd(OAc), (5.8 mg,
0.026 mmol), NaOtBu (99.9 mg, 1.04 mmol) and 3-morpholinopro-
pan-1-amine (149.9 mg, 151.9 uL, 1.04 mmol) in tBuOH/DME (1:1,
2 mL) was reacted and purified according to General Procedure D
to give 3f as a dark-orange solid (29.8 mg, 45%). 'HNMR
(400 MHz, CDCl;): 6=8.10 (s, TH), 7.78 (s, 1H), 7.56 (d, /=8.2 Hz,
1H), 7.35 (d, J=9.0Hz, 1H), 7.07 (s, 1H), 6.87 (d, J/=9.0 Hz, 1H),
6.55 (d, J=8.2Hz, 1H), 4.04 (s, 3H), 3.80-3.68 (m, 8H), 3.38-3.26
(m, 4H), 2.61-2.39 (m, 12H), 1.90-1.84 ppm (m, 4H); CNMR
(100 MHz, CDCl,): 6=153.9, 150.5, 148.2, 146.3, 133.9, 128.0, 125.2,
122.0, 121,8, 119.6, 118.5, 117.0, 114.8, 109.2, 102.1, 101.2, 67,1,
67.1,57.7, 57.5, 53.8, 53.8, 43.3, 43,3, 42.5, 25.5, 25.3 ppm.

ChemMedChem 0000, 00, 0-0

These are not the final page numbers! 22

www.chemmedchem.org

CHEMMEDCHEM
Full Papers

2,8-Bis{[5-(diethylamino)pentan-2-yl]Jamino}-5-methyl-11H-
indolo[3,2-c]lquinolin-5-ium chloride (3g). A solution of 3a
(50.0 mg, 0.13 mmol), CyJohnPhos (9.1 mg, 0.026 mmol), Pd(OAc),
(5.8 mg, 0.026 mmol), NaOtBu (99.9 mg, 1.04 mmol) and N',N'-di-
ethylpentane-1,4-diamine (164.6 mg, 201.4 uL, 1.04 mmol) in
tBUuOH/DME (1:1, 2 mL) was reacted and purified according to Gen-
eral Procedure D to give 3g as a dark-orange solid (11.2 mg, 16 %).
'H NMR (400 MHz, CDCl,): =8.09 (s, 1H), 7.84 (s, 1H), 7.58 (d, J=
8.0 Hz, 1H), 7.37 (d, J=8.7 Hz, TH), 7.09 (s, 1H), 6.90 (d, J=8.7 Hz,
1H), 6.53 (d, J=7.7 Hz, 1H), 4.13 (s, 3H), 3.91-3.81 (m, 1H), 3.73 (d,
J=4.8Hz, 1H), 2.71-2.61 (m, 8H), 2.64-2.52 (m, 4H), 1.75 (s, 8H),
143 (d, J=48Hz, 6H), 1.26-1.14ppm (m, 12H); “CNMR
(100 MHz, CDCl,): 6=152.6, 151.9, 147.9, 146.5, 132.9, 128.5, 124.0,
122.1, 120.3, 119.4, 117.9, 115.3, 110.4, 103.5, 100.0, 53.7, 49.5, 49.2,
47.5,47.4, 435, 358, 35.8, 24.4, 244, 21.5, 21.4, 12.3, 12.3 ppm.

2,9-Bis{[5-(diethylamino)pentan-2-yl]Jamino}-5-methyl-11H-
indolo[3,2-c]lquinolin-5-ium chloride (3h). A solution of 3b
(50.0 mg, 0.13 mmol), CyJohnPhos (9.1 mg, 0.026 mmol), Pd(OAc),
(5.8 mg, 0.026 mmol), NaOtBu (99.9 mg, 1.04 mmol) and N',N'-di-
ethylpentane-1,4-diamine (1644 mg, 2014 puL, 1.04 mmol) in
tBuOH/DME (1:1, 2 mL) was reacted and purified according to Gen-
eral Procedure D to give 3h as a dark-orange solid (15.8 mg, 22 %).
'H NMR (400 MHz, CDCl,): 5=8.00 (s, 1H), 7.84 (s, 1H), 7.53 (d, J=
7.8 Hz, 1H), 7.34 (d, J=8.6 Hz, TH), 7.11 (s, 1H), 6.86 (d, J=8.6 Hz,
1H), 6.52 (d, J/=7.8 Hz, 1H), 4.12 (s, 3H), 3.93-3.80 (m, TH), 3.78-
3.72 (m, 1H), 2.67 (dq, J=6.9, 6.7 Hz, 8H), 2.61-2.53 (m, 4H), 1.81-
1.71 (m, 8H), 1.44 (d, J=6.6, 6H), 1.26-1.14 ppm (m, 12H);
BCNMR (100 MHz, CDCly): 6=153.1, 152.1, 148.2, 147.3, 133.2,
128.2, 124.3, 121.9, 120.0, 118.5, 116.2, 115.3, 114.0, 109.9, 103.5,
102.6, 99.4, 53.7, 53.6, 50.1, 49.1, 47.4, 47.4, 44.1, 35.8, 35.6, 24.5,
24.4,21.6,21.4,123,12.1 ppm.

Oligonucleotides: All oligonucleotides were purchased from Euro-
fins MWG Synthesis GmbH (Germany) or StabVida Genomics Lab,
Caparica, Lisbon (Portugal). Labeled oligonucleotides used in the
FRET assays had attached the donor fluorophore FAM (6-carboxy-
fluorescein) and the acceptor fluorophore TAMRA (6-carboxytetra-
methylrhodamine): F21T (5'-[FAM]-GGGT TAGG GTAG GGTT AGGG-
[TAMRA]-3'), T-loop (5'-[FAM]-TATA GCTA TATT TTTT TATA GCTA TA-
[TAMRA]-3'), HSP90A (5'-[FAM]-GGGC CAAA GGGA AGGG GTGG G-
[TAMRA]-3'), KRAS21R (5'-[FAM]-AGGG CGGT GTGG GAAG AGGG A-
[TAMRA]-3'), KRAS32R (5-[FAM]-AGGG CGGT GTGG GAAG AGGG
AAGA GGGG GAGG-[TAMRAJ-3'). A non-fluorescent 26-mer double-
stranded oligonucleotide (ds26: 5-CAAT CGGA TCGA ATTC GATC
CGAT TG-3') was used in the competition assays. The non-labeled
oligonucleotide from the human telomeric sequence (F21T: 5'-
GGGT TAGG GTAG GGTT AGGG-3') was used in the spectroscopic
studies. Each oligonucleotide was initially diluted to a storage solu-
tion at 100 um in nuclease-free water (not DEPC-treated), pur-
chased from Ambion Applied Biosystems (UK).

Biological methods

FRET melting assays: The ability of indolo[3,2-c]quinolines to stabi-
lize DNA sequences was investigated using a fluorescence reso-
nance energy transfer (FRET) assay as reported elsewhere.?"

Fluorescence spectroscopy binding studies: Fluorescence data were
collected with 4,290 nm and 4., ~475nm for the indolo[3,2-
clquinolines 2d and 3d, and 4., 275 nm and A, ~460 nm for 2a.
Test compounds were prepared as 1 mm stock solutions in HPLC-
grade water (10% DMSO). The rest of the dilutions were performed
using K* cacodylate buffer (pH 7.4, containing 60 mm K*). The G4
oligonucleotide single-stranded sequences were initially diluted

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemmedchem.org

.@‘* ChemPubSoc
e Europe

from the storage solution (100 um) with K* cacodylate buffer
pH 7.4, containing 60 mm K™ (10 mm K™ cacodylate, 50 mm KCl) to
a stock solution at 25 um. The titration data were obtained by
adding aliquots of previously annealed G4 stock solutions (heating
at 95°C for 10 min, followed by slow cooling to RT) to a solution
of the indolo[3,2-clquinoline ligand (1 pm) in K* cacodylate buffer
pH 7.4, 60 mm K*, at 25°C. The titration data were used to con-
struct Scatchard plots with the concentration of bound and free
ligand (C, and G, respectively) calculated from the fluorescence
values [Eq. (1)] and [Eq. (2)].

Cb = (Ff_F/Ff_Fb)C (1)

G =C-G (2)

F; is the fluorescence of the free ligand, F, is the fluorescence of
the bound ligand, F is the fluorescence of a mixture of free and
bound ligand at any point during titration, and C is the total con-
centration of ligand. From these data, the values of r, the number
of moles of ligand bound to 1 mol of G4 (r=C,/Cp\a) Were calculat-
ed. Saturation binding isotherms were represented as Scatchard
plots, by plotting r/C; vs. r and evaluated according to the model
of McGhee and von Hippel. Dissociation constants were deter-
mined by fitting the titration experimental data to the one-site sat-
uration binding equation [Eq. (3)] or to the one-site saturation
binding to the Hill slope equation [Eq.(4)] supplied with the
GraphPad Prism software package, ver. 5.00 (GraphPad Software,
San Diego, CA, USA), on the basis of the primary analysis made by
Scatchard plots.

y= (XFmax/Kd +X) (3)

y= (X Fmax/th +Xh) (4)

Fmax is the saturated binding fluorescence extrapolated to very
high concentrations of G4, and h is the Hill constant. If h equals
1.0, the ligand binds with no cooperativity to one site. If h>1 the
receptor or ligand has multiple binding sites with positive coopera-
tivity, and if h <1 there are multiple binding sites with different af-
finities for ligand or when there is negative cooperativity. Associa-
tion constants (K,) were calculated from dissociation constants (K).
Lines represented in the Scatchard plots were calculated from the
data fitting to the binding equations (x=0, y=F.,/Ky; X=Fnae Y=
0; slope=—K,).

Binding stoichiometry: The binding stoichiometry of 1Qc derivative
3d with G4 was obtained by spectrofluorimetry using the Job
method of continuous variation at 25°C.®®¥ Test compound was
prepared as 1 mm stock solutions in HPLC-grade water (10%
DMSO). Dilution to working solution (25 um) was performed using
K" cacodylate buffer (pH 7.4, containing 60 mm K*). Previously an-
nealed stock solutions (heating at 95°C for 10 min, followed by
slow cooling to RT) at 25 um of the non-labeled oligonucleotide se-
quences F21T in K* cacodylate buffer (pH 7.4, 60 mm K*) were as
working solution. Total concentration of ligand and G4 in the solu-
tions was kept constant ([3d]+[G4]=4 um). Changes in fluores-
cence intensity were monitored as a function of the mole fraction
(x) of the indolo[3,2-clquinoline derivative. The intercept of the
two best-fit lines obtained by least-squares linear regression analy-
sis, obtained with GraphPad Prism ver. 5.00, indicated the binding
stoichiometry of the complex. Fluorescence data were normalized
according to F normalized = (F,—F)/(Frmax—Fmin), fOr which F is fluo-
rescence, F.., is maximum value of F, and F.;, is the minimum
value of F.
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CD measurements: CD spectra were recorded with a JASCO 720
spectropolarimeter, with a photomultiplier suitable for the 200-
700 nm range. Unless otherwise stated, CD spectra provide a repre-
sentation of molar ellipticity values ([0] in degcm?dmol™) wvs.
A ([61=3298.2x Ae; Ae =differential absorption/(bC), where b=op-
tical path and C=total DNA concentration). All measurements and
operations of the spectropolarimeter were computer controlled.
Test compounds were prepared as 1 mm stock solutions in HPLC-
grade water (10% DMSO). The rest of the dilutions were performed
using K* cacodylate buffer (pH 7.4, containing 60 mm K*). The CD
spectra shown are the average of three scans, recorded at 25 °C, of
previously annealed (heating at 95°C for 10 min, followed by slow
cooling to RT) 5 pm non-labeled human telomeric sequence F21T
in K™ cacodylate buffer. CD spectra of titrations with indolo[3,2-
clquinoline 3d (added aliquots of 500 um stock solution in K* ca-
codylate buffer pH 7.4, 60 mm K*) were collected between 220
and 320 nm using 10 mm path-length cuvettes. Buffer baseline
was subtracted from each spectrum. The following parameters
were used for data collection: data pitch 0.5 nm, band width 1 nm,

response 2 s, and scan speed 100 nmmin~".

Sulforhodamine B (SRB) short-term cytotoxicity assay: Human cell
lines, breast carcinoma (MCF7), lung carcinoma (A549), pancreatic
cancer (MiaPaCa2, Panc-1), immortalized telomerase-negative
human lung fibroblast (ALT) and normal human lung fibroblast
(WI-38), were all purchased from American Type Culture Collection
(ATCQ). Cell lines were maintained in appropriate medium supple-
mented with 10% fetal bovine serum (Invitrogen, UK), 2 mm L-glu-
tamine (Invitrogen, Netherlands), and other components as speci-
fied by the suppliers. All cell lines were maintained at 37°C, 5%
CO,, and routinely passaged. Short-term growth inhibition was
measured using the SRB assay as described previously."® Briefly,
cells were seeded at appropriate densities into the wells of 96-well
plates in their corresponding medium and incubated overnight to
allow the cells to attach. Cells were then exposed to various con-
centrations of freshly made solutions of drugs and incubated for
96 h. The cells were subsequently fixed with ice-cold trichloroacetic
acid (TCA; 10%, w/v) for 30 min and stained with 0.4% SRB dis-
solved in 1% acetic acid for 15 min. All incubations were carried
out at room temperature except for TCA fixation, which was at
4°C. The ICs, value, the concentration required to inhibit cell
growth by 50%, was determined from the mean absorbance at
540 nm for each drug concentration expressed as a percentage of
the well absorbance in the untreated control.

Computational methods

Molecular model generation: The average structure of the ensem-
ble of unimolecular antiparallel basket-type NMR solution struc-
tures of HT G4 (PDB ID: 143D) was chosen as the starting model
for the molecular modeling simulations. To ensure that the model
was optimally analogous to the human telomeric sequence (F21T)
used in the in vitro assays, the 3'-dA nucleotide was removed, two
K* ions were manually placed in the central cavity, and the final
structure was optimized by MD simulation, as previously de-
scribed.”” The indolo[3,2-clquinoline ligand was constructed in the
Molecular Operating Environment (MOE) package (www.chem-
comp.com) and optimized by density functional theory (DFT) with
B3LYP parameterization of the density functional and the 6-31+
G(d,p) basis set, using the Gaussian 03 software package.”” Re-
strained electrostatic potential (RESP) charge derivation of the
ligand was obtained from the R.E.D. server, and the ligand topolo-
gy was obtained from the Automated Topology Builder (ATB), ver-
sion 2.0.%% Partial charges used in MD simulations were obtained
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by substituting the charges assigned by the ATB topology with the
RESP charges.”® The remaining parameters for the ligand and
DNA were obtained from the generalized AMBERO3 force field."”

Molecular docking: The MD-optimized G4 structure was prepared
with the MOE ver. 2013.08 software package®® by removing water
molecules and adding the missing hydrogen atoms and protona-
tion states at 300 K, pH 7, with a salt concentration of 0.1 M using
the GB/VI electrostatic formalism. The first docking run of the
ligand with the G4 structure was performed with the rigid docking
protocol included in MOE, using all the G-quadruplex structure as
the docking site. The ligand placement obeys the triangle matcher
method and the alpha HB free-energy scoring function, retaining
the best 100 poses. Final poses were subjected to a final refine-
ment in the receptor pocket with the AMBER99 force field, at an
RMS gradient threshold of 0.01 and rescoring with an alpha HB
free-energy scoring function. The best-scoring values were selected
as final poses for the one ligand per G4 unit model. A second mo-
lecular docking run was performed using the final structure of the
first MD simulation, already containing one ligand per G4 unit in
order to obtain a model of two ligands per G4 unit, using the
docking procedure described above.

Molecular dynamics simulations: The models of the antiparallel
G4 containing the docked ligands were subjected to MD simula-
tions using the GROMACS simulation package 4.5.5 and applying
the AMBERO3 force field.”” The G4-ligand structures were inserted
in a cubic box, with at least 10 A between the G4 and the simula-
tion box edge. The system was solvated and neutralized by adding
the required K* ions. After energy minimization of the MD box
with the steepest descent method, a 100 ps NVT equilibration run
followed at 298 K (spatially restraining all oligonucleotide atoms)
was performed. The final stage equilibration involved a 1 ns run
and sampling the NPT ensemble (T=298 K, P=1 bar) and, finally
unconstrained simulation of the system was performed for 50 ns in
the same isothermic-isobaric ensemble. In all MD runs, the parti-
cle-mesh-Ewald (PME) formalism was applied to the long-range
electrostatic interactions. The short-range electrostatic cutoff was
12 A, and the same length was applied for the vander Waals
(vdW) interactions. All bonds were constrained with the Lincs algo-
rithm. Nosé-Hoover and Parrinello-Rahman constraints were ap-
plied to control the temperature and isotropic pressure (7;=0.2,
7,=5.0ps, and f=4.5x10""bar™'). Energy and pressure correc-
tions for the vdW cutoff were also applied. Visualizations and
images were obtained in MOE ver.2013.08 and/or with VMD
(Visual Molecular Dynamics) software ver. 1.9.°%

Free energy calculations: The total free energy of binding and its
components for the G4-indolo[3,2-clquinoline complexes were cal-
culated by the MM-PBSA methodology.”" For each system a single
trajectory approach was used and the calculations were performed
over the last 30 ns of each trajectory. In the MM-PBSA approach an
interaction free energy is defined as:

AGbinding = Gcomplex_GG4_GIigand (5)
G = EMM + Gpolar,sol + Gnonpolar,solfTS (6)
EMM = Eint + Eelec + EvdW (7)

The molecular mechanics energy (Ey,,) includes the contribution of
the electrostatic (E..), van der Walls (E4) and internal (E;,) ener-
gies. E... was obtained using APBS software package,*? as well as
the electrostatic contribution to the solvation energy (Gp.s0), and
E,qw Was calculated by the GROMACS software package."* The E,,
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value is cancelled out in [Eq. (7)] due to the single trajectory ap-
proach.®® The APBS software package was used with a grid spac-
ing of 0.5 A and an ionic concentration of 100 mm KCI. The interior
dielectric constant was set to 1, while the dielectric constant of
water was set at 78.4. The atomic charges used in the APBS calcu-
lation were taken from the GROMACS force field through the
PDB2PQR software.”” The nonpolar contribution to the solvation
energy, which accounts for the burial of solvent-accessible surface
area (SASA) upon binding, was obtained according to Gygnpolarsol =
y*xSASAx . SASA was obtained in GROMACS, and the y and
B values were set to 2.2 kJmol~'nm~2? and 3.8 k) mol ™', respective-
Iy.®*) The entropic contribution to the system (TS) is the product of
the temperature (298 K) and solute entropy, calculated by GRO-
MACS, is based on the last 20 ns of the 50 ns MD trajectory.
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A much higher 1Q: We report
indolo[3,2-clquinoline (IQc) derivatives
with two weak basic side chains as
potent and selective human telomeric
(HT) G-quadruplex (G4) stabilizers. Bio-
physical data show that stabilization in-
volves the binding of two ligands which
induces a conformational rearrange-
ment of the HT G4 structure. Moreover,
selected derivatives showed selective
antiproliferative activity toward human
malignant cell lines.
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