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Abstract: Synthetic prodiginine obato-
clax shows promise as a potential anti-
cancer drug. This compound promotes
apoptosis of cancer cells, although the
mechanism of action is unclear. To
date, only the inhibition of BCL-2 pro-
teins has been proposed as a mecha-
nism of action. To gain insight into

Roberto Quesada*®!

culations. These compounds are well
suited to interact with anions such as
chloride and bicarbonate. The anion-
transport properties of the compounds
synthesized were assayed in model
phospholipid liposomes by using a
chloride-selective-electrode technique
and ®C NMR spectroscopy. The results

demonstrated that these compounds
are efficient anion exchangers that pro-
mote chloride, bicarbonate, and nitrate
transport through lipid bilayers at very
low concentrations. In vitro studies on
small-cell lung carcinoma cell line
GLC4 showed that active ionophores
are able to discharge pH gradients in

other possible modes of action, we
have studied the anion-binding proper-
ties of obatoclax and related analogues
in solution, in the solid state, and by
means of density functional theory cal-

Introduction

Recently, development of synthetic anion transporters has
attracted intense interest due the potential applications of
these systems in medicinal chemistry, sensing applications,
and biomembrane research.’! The control of anion transport
is crucial for cell survival, therefore, molecules and synthetic
transport systems that facilitate transmembrane anion trans-
port could display biological activity. Despite this, there are
only a few studies that concern the effect of anion transport-
ers in living cells.’”! Prodigiosin stands out as the best-studied
naturally occurring small-molecule anionophore
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living cells and the cytotoxicity of these
compounds correlates well with iono-

liposomes - phoric activity.

(Scheme 1).P! This alkaloid named a family of red pigments
(the prodiginines), characterized by a 4-methoxy-2,2"-bipryr-
rolpyrromethene core, produced by several bacteria
strains.”) The physiological functions of the prodiginines in
the producing organisms are not clear, nevertheless, they
display a broad range of potentially useful biological activi-
ties. The antimicrobial, antimalarial, immunosuppressive,
and cytotoxic activity of these compounds are well docu-
mented.’) Multiple mechanisms/cellular targets have been
related to the biological activity of prodiginines, ionophoric
activity included.”! Prodiginines can interfere with signal-
transduction pathways and affect mitogen-activated protein
kinases (MAPKs), facilitate double-strand DNA cleavage in
the presence of Cu", induce cell-cycle arrest, and disrupt in-
tracellular pH gradients. Recently, the prodiginines have
emerged as a novel group of agents with proapoptotic anti-
cancer properties.’ In this regard, the synthetic prodiginine
obatoclax (GX15-070, 1a) is of singular relevance because it
shows promise as an anticancer drug.!! This compound,
commercially developed by the pharmaceutical company
Gemin X (recently acquired by Cephalon), has shown prom-
ising activity in both preclinical and clinical trials across
multiple cancer indications and encouraging results in phase
II clinical trials, in combination with carboplatin and etopo-
side, in front-line extensive-stage small-cell lung cancer
(SCLC). A number of studies have appeared in the litera-
ture that link the proapoptotic activity of 1a to BCL-2 in-
hibition (BCL-2 are a family of proteins that control the
commitment to apoptotic cell death in mammals), whereas
other modes of action of this compound remain largely un-
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Scheme 1. Synthesis of compounds 1-4 (MW =microwave irradiation).

explored.”’ In this regard, it is essential to gain insight into
the mode of action of these compounds to develop deriva-
tives with improved pharmacological properties. In this
work, we set out to study the anion-binding and transport
properties of 1a and related analogues, and to explore the
implications of these activities on the cytotoxicity exhibited
by these compounds.

Results and Discussion

Synthesis and anion-binding studies: Compounds 1a—c¢ were
synthesized by using variations on reported procedures
(Scheme 1).'""  Briefly, acid-catalyzed condensation of
indole-pyrrole aldehyde 6 with assorted pyrroles gave la
and analogues 1b and 1¢ in good yields. Small amounts of a
symmetrical derivative 2 were also detected in the reaction
mixtures. Prompted by this result, we investigated the treat-
ment of aldehyde 6 under acidic conditions and observed
formation of the tetraheterocyclic derivative 2 in good yield.
Presumably, under these conditions, partial deformylation
then condensation occurred, which led to the formation of
the symmetrical coupling derivative 2. It should be noted
that the analogous dipyrrolyldipyrromethene derived from
prodiginine precursors has been described in bacterial ex-
tracts.'!! To evaluate the impact of the anion coordination
and transport properties of the obatoclax analogues in the
biological activity of these compounds we decided to pre-
pare two new derivatives by the introduction of modifica-
tions on the NH groups. We reasoned that such variations
could impact the anion binding and transport properties of
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these compounds, yet retain
structural similarity with 1a.
First, the  N-Boc-protected
(Boc=tert-butoxycarbonyl) de-
rivative 3 was synthesized from
N-Boc-protected aldehyde 5.
Compound 3 represents an oba-
toclax analogue with the NH
group of the indole ring un-
available for anion coordina-
tion. Finally, boron-dipyrrome-
thene (BODIPY) derivative 4
was prepared from la. Com-
pound 4 is a neutral derivative
with no protonable groups. In
this case, the dipyrromethene
unit is not available for anion
binding.

The first evidence of the abil-
ity of these compounds to inter-
act with anions came from
structural studies. Solid-state
structures of 1a (as the mesy-
late and chloride salts), 3-HCI,
and 4 were determined by
single-crystal X-ray diffraction
(Figure 1).

1a R1=R3=Me; Ry=H
1b R{=R3=Me; Ry=Et

1R Ry=/ \;Rg=H

b)

solid-state  structures.

Figure 1. Representations  of
b) 1a-HC], c) 3-HCl, d) 4.

a) 1a-MeSO;H,

In the solid state, compound 1la-MeSO;H forms 2:2
stacked dimers (Figure 1a). Each mesylate anion is coordi-
nated to two molecules of 1a through hydrogen bonds. One
of the oxygen atoms was found to interact with the two NH
groups of the dipyrromethene unit and other was coordinat-
ed to the indole NH group of the second molecule of 1a
(N-H--O distances=2.86-2.94 A). The tris-heterocyclic
skeleton of 1a is essentially flat and adopts a § conforma-
tion (the two pyrrole rings are in a relative cis disposition
around the methine linkage) with the indole ring rotated
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180°. The distance between the planes that contain the two
receptors is 3.37 A. The solid-state structure of 1a-HCI (Fig-
ure 1b) consisted of 1:1 complexes. The tris-heterocyclic
skeleton of 1a is, again, essentially flat and adopts a 3 con-
formation, with the three NH groups oriented in the same
direction and engaged in hydrogen bonds with the chloride
anion (N—H-Cl distances=3.17-3.18 A). In compound
3-HCI the chloride anion was also found to interact with the
dipyrromethene unit through hydrogen bonds (N—H---Cl dis-
tances=3.11-3.12 A). The presence of the N-Boc group
forces the indole group out of the plane defined by the di-
pyrromethene unit with a torsion angle of 41.7°. In the solid
state, compound 4 also showed an essentially flat indolyldi-
pyrromethene core with the indole group facing the borain-
dacene moiety.

We next studied the anion-binding properties of 1a in so-
lution, as a model compound. For biological studies, 1a is
generally employed as the mesylate salt. We studied the la-
bility of this anion and the first indication came from extrac-
tion experiments. Treatment of a solution of 1a-MeSO;H in
CH,Cl, with a dilute aqueous solution of HCI resulted in
formation of 1a-HCI, whereas treatment of a solution of
1a-HCI in CH,CI, with a dilute aqueous solution of metha-
nesulfonic acid resulted in no change, even after several
treatments. A titration experiment, monitored by '"H NMR
spectroscopy, of 1a-MeSO;H with tetra-n-butylammonium
chloride (TBACI) in CDCl; revealed that the mesylate
anion is readily displaced by chloride. Upon addition of
TBACI the NH signals became broader and drifted down-
field, with little change noticeable beyond the addition of
1equiv of TBACI (Figure?2). The spectrum is virtually
equivalent to that of 1a-HCIl. From these data, an apparent
stability constant of 6140M ' was determined by using the
EQNMR computer program.'"” All of these results suggest
that the mesylate anion is likely displaced in biological envi-
ronments. Treatment of protonated 1a, either as the chlo-
ride or mesylate salt, with tetracthylammonium bicarbonate
(TEAHCO,) in CDClI; resulted in severe broadening of the

4 equiv | I L‘

[§

2 equiv
- -
1.5 equiv
M
1 equiv M b
-
0.8 equivJ\J\ U
-
0.6 equiv. A
0.4 equiv
. Wi
14.0 13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0

d/ppm

Figure 2. '"H NMR spectra of 1a-MeSO;H in CDCl; (downfield region)
upon addition of increasing amounts of TBACIL
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peaks in the "H NMR spectrum, which precluded the calcu-
lation of an apparent stability constant. Moreover, forma-
tion of the neutral derivative 1a by deprotonation of the
compound was also observed. In the neutral form, 1a can
also interact with anions. Titration experiments of 1a with
TBACI and TEAHCO; in CD;CN allowed the determina-
tion of stability constants of 42 and 96m~' for chloride and
bicarbonate, respectively. The affinity of 1a for chloride is
greatly reduced compared with the protonated form 1aH*,
which reflects the lack of attractive electrostatic interaction
in the neutral receptor and the more competitive nature of
the solvent used.

Further energetic and optimized geometric characteristics
of the complexes were obtained by density functional theory
(DFT) calculations (BP86/def2-QZVP). The binding ener-
gies were obtained by considering compound 1a in its 3 con-
formation as our reference molecule. Therefore, all comput-
ed binding energies of complexes of 1a with bicarbonate
and chloride anions refer to its  conformation.”’! Likewise,
the binding energies of complexes of 1aH* with mesylate,
bicarbonate, and chloride anions were computed by refer-
ence to 1aH™ in its lowest-energy conformation, in accord-
ance with Cole’s DFT calculations on prodiginines.™® In
other words, the conformation with the indole and terminal
pyrrole rings rotated 180° relative to the central pyrrole ring
(we dubbed this the y conformation). At this time, we do
not want to report a detailed conformational study of the re-
ceptors because the aim of this work is to study the forma-
tion of the complexes, regardless what the lowest-energy
conformation of 1a and 1aH" is. To our knowledge, these
are the first theoretical calculations reported for complexes
of prodiginines with anions.

We have systematically explored the formation of com-
plexes of 1a and 1aH" by consideration of different tauto-
mers and conformers of the receptors that interact with the
anions. We have computed four complexes of 1aH* (see the
Supporting Information, Figure S17) and nine complexes of
1a for every anion (see the Supporting Information, Figur-
es S18 and S19). The largest interaction energies of these
complexes are collected and presented in Table 1. First, we
will analyze the complexes of 1aH™ (Table 1, entries 1-3). It
can be observed that the interaction energy of complex
1a-HCI (Table 1, entry2) is larger than that of complex
1a-MeSO;H (Table 1, entry 1), both in the gas phase and in

Table 1. Interaction energies in the gas phase (AE) and in aqueous solu-
tion (AE,,,) for several complexes of 1la at the RI-BP86/def2-QZVP
level of theory and stability constants (K,) at 298 K with TBACI and
TEAHCO; as the anion sources.

Entry Compound AE AE,,, K,
[kcalmol™] [kcalmol™'] M

1 1a-MeSO,H —102.2 5.4 -

2 1a-HCI —113.1 -73 61401

3 1a-H,CO; —1133 —-10.7 -

4 1a-Cl~ -27.5 +0.7 (=0.7) 420

5 1a-HCO;~ —26.9 —4.0 (—4.9)" 96!

[a] CDCl; as the solvent. [b] CH;CN as the solvent; see text for details.

Chem. Eur. J. 2011, 17, 14074 -14083


www.chemeurj.org

Synthetic Prodiginine Obatoclax and Related Analogues

water, in agreement with our titration experiment between
1a-MeSO;H and TBACI (Figure 2), in which MeSO;~ was
displaced by CI". Both in the gas phase and aqueous solu-
tion, the f isomer is the most favored conformation for
anion binding, with all three N—H bonds pointing at the
anion (see Figure 3). This result is also in agreement with

1a-MeSO;H ©

1a-HCO;5 1a-CI”

Figure 3. Top: Comparison of the 1a-HCI optimized gas-phase geometry
(italics) with the X-ray structure (plain). Rest: Optimized geometries of
1a complexes with the largest interaction energies in water. Distances
[A], angles [°].

the correlations observed in the NOESY spectra of 1a-HCI
and 1a-MeSO;H in CD;Cl (see the Supporting Information,
Figures S5 and S6). The order of calculated interaction ener-
gies of protonated 1a with anions was found to be HCO;™ >
ClI” >MeSO; . Notably, proton abstraction to yield carbonic
acid is not observed in solution for any of the calculated
structures. A comparison of the optimized and experimental
structures of complex 1a-HCI supported the reliability of
the theoretical level used in the analysis. In Figure 3 (top),
we represent selected geometric features of the DFT sol-
vent-free optimized complex 1a-HCl and its crystal struc-
ture. From inspection of the results, first, we observe that
both the bond lengths and angles in the optimized and ex-
perimental structures of 1a-HCI are in excellent agreement.
Second, the computed noncovalent distances between the

Chem. Eur. J. 2011, 17, 14074 -14083
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chloride anion and the receptor are marginally shorter than
the experimental values. This result is unsurprising because,
in general, the equilibrium distances of complexes are short-
er in the gas phase than in the solid state due to packing
forces. Particularly, the chloride anion participates in an ad-
ditional noncovalent interaction with a hydrogen atom
(2.521 A) of a neighboring CH,Cl, solvent molecule. We
have chosen complex 1a-HCl for comparison purposes
rather than 1a-MeSO;H because the latter forms 2:2 stacked
dimers in the solid state, which gives rise to a different geo-
metrical array relative to the computed 1:1 structure (see
Figures 1-3).

We also analyzed the complexes of 1a with chloride and
bicarbonate (Table 1, entries 4 and 5) and found the interac-
tion energy for Cl™ is slightly larger than that for HCO;™.
However, when water effects are taken into account the op-
posite is observed; in other words, the HCO;  complex is
much lower in energy (—4.0 kcalmol™) than the CI~ ana-
logue. In fact, the interaction energy of 1a-Cl™ is slightly
positive (40.7 kcalmol™!), which means that the formation
of 1a-Cl™ complex is not favored in water. Nevertheless, be-
cause our experimental apparent-stability constants are
measured in CD;CN, we also carried out calculations for
our complexes solvated in CH;CN (Table 1, entries 4 and 5)
for direct comparison with the experimental results. In this
solvent, the interaction energies of complexes 1a-Cl™ and
1a-HCO;™ are both favorable (—0.7 and —4.9 kcalmol /, re-
spectively) and in good agreement with the experimental
stability constants (42 and 96m~"', respectively). In aqueous
solution, the so-called a isomer (with the terminal pyrrole
ring rotated 180° relative to both the indole and central pyr-
role fragments, see Figure 3 and the Supporting Information,
Figure S18) is the most favored conformation for the
1a-HCO;™ complex (—4.0 kcalmol™) by only 0.2 kcalmol™
relative to its B counterpart, which leads to the assumption
that both complexes are isoenergetic (in the gas phase the
energy difference is approximately 10 kcalmol ™ in favor of
the p conformer). The fact that 1a-HCO;~ easily adopts the
o conformation in water is most likely due to the formation
of the intramolecular MeO---H—N hydrogen bond between
the two pyrrole rings, which is stabilized by the polar aque-
ous media. Interestingly, formation of carbonic acid by
proton abstraction is, again, not observed in aqueous solu-
tion.

Anion-transport studies: The anion-transport properties of
1-4 were assayed in 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) vesicles by using a chloride-selective
electrode in accordance with previously reported proce-
dures." Briefly, liposomes loaded with NaCl were suspend-
ed in an isotonic, chloride-free external medium. Chloride
release promoted by 1-4 was monitored over time and at
the end of the experiment the vesicles were lysed by the ad-
dition of detergent; the final electrode reading was used as
100 % release of chloride. When the chloride-loaded vesicles
were suspended in an external NaNO; solution almost quan-
titative chloride efflux was promoted by compounds 1a—c at

— 14077
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very low concentrations (25 nm, 0.005 mol% carrier/lipid
concentration, added as a solution in DMSO, see Figure 4).
Under these conditions, lower activity was observed for 2
(less than 60% chloride efflux after 300 s) and 3 (less than
20% chloride efflux after 300 s). Compound 4 promoted no

100

% Chiloride efflux

0 60 120 180 240 300
t/s
Figure 4. Chloride efflux promoted by 1-4 (25 nm, 0.005 mol % carrier/
lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with
NaCl (476 mm) buffered at pH 7.2 dispersed in NaNO; (476 mm) buffered
at pH 7.2 with phosphate (10 mm). Each trace represents the average of
three trials. (ala, m1b, elc, 02, A3, 04).

significant chloride efflux. When the vesicles were suspend-
ed in an external medium composed of sodium sulfate, addi-
tion of 14 resulted in a very limited chloride efflux. Addi-
tion of an external pulse of NaHCO; in these assays resulted
in a switch-on of the chloride release. The results obtained
for carrier loadings of 250 nm (0.05 mol % carrier/lipid con-
centration, added as a solution in DMSO) are shown in
Figure 5. Compound 1b was the most active in this assay,
whereas compound 4 promoted no significant chloride
efflux. Because chloride and bicarbonate are the most abun-
dant anions in physiological fluids, this result is more signifi-
cant for biological applications. Hill analyses were per-
formed for the chloride efflux observed under these condi-
tions and the ECy, values (concentration needed to obtain
50% of chloride release after 290s) are summarized in
Table 2 (see the Supporting Information, Figures S23-S27
for details).”! The results observed in the liposome assays
are consistent with a dominant anion-exchange mechanism
for the facilitated chloride efflux from the liposomes under
these conditions. The nature of the external anion impacted
dramatically the rate of chloride efflux promoted by these
compounds. The relatively higher hydrophilicity of bicarbon-
ate compared with nitrate resulted in lower chloride efflux
at higher carrier loadings. In both cases the observed activity
orderis 1Ib>1a>1¢>2>3>4.

Direct evidence of bicarbonate transport mediated by
these compounds was obtained from *C NMR spectroscopy
experiments (see Figure 6 and the Supporting Informa-
tion)."”! First, POPC liposomes filled with NaH"CO; were

www.chemeurj.org

14078 ——

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

60 -

50 -

40 4

30 A

% Chiloride efflux

20 4

10 4

0 ugguiuu«u«“ ! -
0 60 120 180 240 300

Figure 5. Chloride efflux promoted by 1-4 (250 nm, 0.05 mol % carrier/
lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with
NaCl (451 mm) buffered at pH 7.2 with phosphate (20 mm) dispersed in
Na,SO, (150 mm) buffered at pH 7.2 upon addition of a NaHCO; pulse
to make the extravesicular bicarbonate concentration 40 mm. Each trace
represents the average of three trials. (Ala, mlb, elc, 02, A3, 04).

Table 2. ICs, values of compounds 1-3 obtained from MTT assay on the
GLCH4 cell line at 24, 48, and 72 h exposure time. Results depicted repre-
sent a mean of three independent experiments with standard deviation.
ECs, values (concentration needed to achieve 50% of chloride efflux
after 290 s) of compounds 1-3 for the bicarbonate antiport process.

Compound 1Cy, [uLM] ECs, [uM]
24h 48 h 72h

la 1.61+£0.15 0.25+0.54 0.13+0.10 0.28£0.01

1b 1.02+0.21 0.294+0.07 0.23+0.06 0.18+£0.02

1c 0.96 +0.05 0.42+0.19 0.32+0.02 0.75+0.04

2 0.97+0.12 0.60+£0.05 0.61+£0.13 2.10+0.25

3 - 2.01+£1.08 1.68+0.11 18.90 +3.13

suspended in a solution of Na,SO, in water. Two C NMR
signals that corresponded to intravesicular and extravesicu-
lar H®CO;™ could be observed (Figure 6a). Bicarbonate
efflux from the interior of the vesicles occurred after addi-
tion of an external pulse of NaCl, and a DMSO solution of
the carrier in the case of active anionophore 1b. This event
is reflected by the disappearance of the broad signal that
corresponds to encapsulated H'>CO,~, with only a sharp
signal for extravesicular H*CO;™ appearing in the *C NMR
spectrum (Figure 6b, left). Little change in the “C NMR
spectrum was observed when inactive carrier molecule 4
was added (Figure 6b, right). Addition of paramagnetic
Mn?* resulted in broadening of the extravesicular H*CO;~
signal, whereas the encapsulated bicarbonate signal was not
affected because Mn>* cannot cross the lipid bilayer. Thus,
only the sharp signal is erased in the case of vesicles treated
with 4 (Figure 6c¢, right) and the broad signal for the encap-
sulated H”CO;~ remained clearly visible. In the case of 1b
(Figure 6c¢, left) the signal is broadened to the baseline. The

Chem. Eur. J. 2011, 17, 14074 -14083
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The in vitro cytotoxic activity
of compounds 1-4 was tested
on the GLC4 cell line. We used
this cell line as a model due to
the proven usefulness of 1a in
the treatment of this condition.
Dose-response curves for com-
pounds 1-4 in the 72 h viability
assay in GLC4 cells are shown

H'3CO; out
Ve
\

‘ in Figure 8. ICs, values obtained

| o N i . from 24, 48, and 72 h viability

c) c) assays are presented in Table 2.

» o . Hoechst  staining  revealed

o T apoptosis as the cell-death

175 172 169 166 163 160 157 154 151 172 169 166 163 160 157 154 151 mechanism, in agreement with
6/ ppm 6/ ppm

Figure 6. ®C NMR spectra evidencing the facilitated bicarbonate/chloride exchange. a) POPC vesicles loaded
with NaH"COj; (500 mm) dispersed in Na,SO, (162 mm) buffered at pH 7.2 with phosphate (20 mm). b) After
addition of NaCl (50 mm) and 1b (left) or 4 (right) (119 um, 0.16 mol % carrier/lipid concentration). c) After
addition of MnCl, (0.5 mm), a paramagnetic reagent affecting only extravesicular H*CO5;~ anions.

assay described for compound 4 also served as a control ex-
periment for the leakage of bicarbonate upon addition of a
chloride pulse or for unspecific detergent effects. Similar re-
sults to those described in the case of 1b were observed for
1a, whereas addition of 3 resulted in moderate bicarbonate
efflux under the same conditions, which reflected the poorer
anion exchange activity displayed by this compound.

The anion-transport assays revealed that compounds 1a—c
are able to function as efficient anion carriers. Varying the
number of hydrogen-bond donors, as in 2 and 3, resulted in
diminished transport activity. Compound 4 did not function
as anion carrier.

In vitro studies: The in vitro ionophoric activity of com-
pounds 1-4 on SCLC cell line GLC4 was studied by vital
staining with acridine orange (AO). This cell-permeable dye
accumulates in acidic compartments such as lysosomes and
exhibits a characteristic orange fluorescence emission as a
result of its protonation, or green fluorescence at higher
pH.'"l When GLC4 cells were stained with AO, granular
orange fluorescence was observed in the cytoplasm (Fig-
ure 7a), suggestive of acidified lysosomes. The cells were
treated with compounds 1-4 (800 nm concentrations) for 1 h
and representative results are shown in Figure 7. Cells treat-
ed with compounds 1a and 3 showed a complete disappear-
ance of the orange emission (Figure 7b and c). Similar re-
sults were obtained with 1b, 1¢, and 2. On the other hand,
cells treated with 4 showed no changes (Figure 7d). These
results correlate well with the activity observed in the lipo-
some assays. Only active anionophores induce an increase in
the lysosomal pH, whereas the inactive carrier 4 did not
affect intracellular pH. Based on the results obtained in the
liposome assays, facilitated influx of bicarbonate to the inte-
rior of the lysosomes could be proposed as the mechanism
responsible for the increase of the internal pH, although
other mechanisms cannot be ruled out.

Chem. Eur. J. 2011, 17, 1407414083
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the reported activity of these
derivatives (see the Supporting
Information). In the 72 h assay,
the most active compound was
1a with an ICy, value of 0.13+

Figure 7. AO staining of the GLC4 cell line after 1 h exposure to the indi-
cate compounds at 800 nM concentration. a) Untreated cells (control).
b) Cells treated with 1a. c) Cells treated with 3. d) Cells treated with 4.
a),d) Cells showed granular orange fluorescence in the cytoplasm.
b),c) Cells showed complete disappearance of orange fluorescence on
the cytoplasm granules

0.10 pm. Compound 3 displayed a significantly reduced tox-
icity relative to la—c, with an ICs, value of 1.68+0.11 pum at
72 h, and compound 4 is a non-cytotoxic derivative. These
results correlate well with the activity as anion exchangers
studied in liposomes (Table 2, ECs, values). The most active
anionophores 1a—c are the most potent derivatives, whereas
cytotoxicity diminished in the case of 2 and 3, as did activity

— 14079
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[uM]
Figure 8. Dose-response curves for compounds 1-4 on the viability of
GLC4 cell line. The results are the mean+SEM for three independent
experiments and are expressed as % viability compared with control.
Error bars represent the standard deviation. (ala, mlb, elc, 02, A3,
o4).

in the anion-transport assays. Compound 4 was found to be
inactive in these assays and displayed no cytotoxicity. The
compounds studied showed no marked toxicity on nonma-
lignant HaCaT cells at ICs, concentrations.

Conclusion

In this study we have investigated the anion-binding proper-
ties of obatoclax (1a) by using DFT calculations, as well as
solution and structural studies. This compound is well suited
to interact with anions through hydrogen bonds and prefer-
entially adopts a f conformation. Compound 1a and related
analogues 1b and 1c¢ are highly active anionophores capable
of promoting chloride and bicarbonate (and nitrate) trans-
port in model phospholipid liposomes. Manipulation of
these compounds by variation of the number of hydrogen-
bond donors resulted in diminished anion-carrier ability.
The anionophoric activity correlated well with the results
observed in the in vitro studies. Active anion carriers are
able to discharge pH gradients in living cells and the most
active anionophores were found to be the most potent cyto-
toxic derivatives. Inactive, yet structurally very related mole-
cules (such as compound 4), did not show cytotoxicity
against the GLC4 cell line. These findings led us to suggest
that anion transport plays a relevant role in the mechanism
of action of these compounds. Thus, development of new de-
rivatives with improved anion-transport abilities could lead
to new drugs with improved pharmacological properties. In
this regard, the straightforward liposome assays could be
useful for the screening of new candidates. Efforts in these
directions are currently underway in our laboratories.

Experimental Section

General procedures and methods: Commercial reagents were used as re-
ceived without any further purification. NMR spectra were recorded on
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Varian Mercury 300 MHz and Varian Unity Inova 400 MHz spectrome-
ters. Chemical shifts (0) are reported in ppm, referenced to the residual
solvent peak; coupling constants (/) are reported in Hz. HRMS were re-
corded on a Micromass Autospec S-2 spectrometer by using the electro-
spray ionization technique at 70 eV. Microwave reactions were performed
in a Biotage Initiator 2.0 microwave. Compound S was prepared as de-
scribed.!

Compound 6: Compound 5 (0.15 g, 0.44 mmol) was suspended in water
(18 mL). The mixture was heated at 170°C for 35 min under MW irradia-
tion. Once cold, the solid was filtered off and washed with water to
afford 6 (0.096g, 91%) as a greenish powder. 'HNMR (300 MHz,
[Dg]DMSO): 6=11.86 (s, 1H; NH), 11.46 (s, 1H; NH), 9.42 (s, 1H;
CHO), 7.53 (d, J=6.9 Hz, 1H; ArH), 7.39 (d, J=6.9 Hz, 1H; ArH), 7.13
(t, J=6.9 Hz, 1H), 7.11 (s, 1H), 7.01 (t, J=6.9 Hz, 1H; ArH), 6.55 (s,
1H), 3.88ppm (s, 3H; OCH,); "CNMR (75 MHz, [D{]DMSO): 6=
173.12, 158.14, 136.80, 131.84, 129.47, 128.12 (CH), 122.44 (CH), 120.44
(CH), 119.79 (CH), 118.63 (CH), 111.31 (CH), 100.69, 93.28, 57.97 ppm
(CH,).

Compound 1a-HCI: Under an inert atmosphere, 6 (0.1 g, 0.42 mmol) was
dissolved in methanol (5mL), then 24-dimethylpyrrole (86 pL,
0.83 mmol) was added, followed by dropwise addition of a solution of
HCI in methanol (1.25M, 0.66 mL). The color changed to dark purple and
the mixture was stirred overnight. The solid formed was filtered off and
washed with cold methanol (1 mL) to afford 1a-HCI (0.137 g, 93%) as a
dark-purple crystalline solid. '"H NMR (300 MHz, CDCl;): 6=12.89 (s,
1H; NH), 12.82 (s, 1H; NH), 12.26 (s, 1H; NH), 7.57 (d, J=7.2 Hz, 1H;
ArH), 753 (d, J=7.2Hz, 1H; ArH), 7.29 (t, J=72Hz, 1H; ArH), 7.08
(t, /=72 Hz, 1H; ArH), 7.07 (s, 1H), 6.98 (s, 1H), 6.24 (s, 1H), 6.05 (s,
1H), 3.97 (s, 3H; OCHj;), 2.60 (s, 3H; CH;), 2.28 ppm (s, 3H; CHj);
BCNMR (75 MHz, CDCly): 0=164.89, 150.39, 146.21, 142.50, 138.80,
127.81, 127.03, 125.54, 125.41 (CH), 121.31 (CH), 120.69 (CH), 119.72,
115.67 (CH), 114.67 (CH), 112.50 (CH), 108.77 (CH), 94.01 (CH), 58.64
(OCHj;), 14.10 (CHj;), 11.96 ppm (CH;); HRMS (EI): m/z caled for
CyoHyN;O: 317.15; found: 317.15.

Compound 1a-MeSO;H: Compound 1a-MeSO;H was obtained as de-
scribed for 1a-HCI by using methanesulfonic acid as a catalyst to afford
1a-MeSO;H (0.142 g, 82%) as a dark-purple crystalline solid. '"H NMR
(300 MHz, CDCly): 6=12.23 (s, 1H; NH), 11.98 (s, 1H; NH), 11.43 (s,
1H; NH), 7.69 (d, /=83 Hz, 1H; ArH), 7.52 (d, /=8.0 Hz, 1H; ArH),
7.26 (t, J=5.7Hz, 1H; ArH), 7.13 (s, 1H), 7.05 (t, /J=7.2 Hz, 1H; ArH),
7.01 (s, 1H), 6.31 (d, J=1.9 Hz, 1H), 6.08 (s, 1H), 4.01 (s, 3H; OCHy,),
2.97 (s, 3H; SCH3), 2.62 (s, 3H; CH;), 2.29 ppm (s, 3H, CH,).

Compound 1a: Compound 1a-HCI (0.040 g, 0.11 mmol) was dissolved in
CH,Cl, (20 mL). The solution was treated with a 1% aqueous solution of
NaOH (30 mL) and the color changed from deep red to orange. The or-
ganic phase was dried over anhydrous Na,SO, and the solvent was re-
moved under reduced pressure. Compound 1a (0.035 g, 98%) was ob-
tained as an orange solid. "H NMR (300 MHz, CDCl;): §=12.05 (s, 1H;
NH), 7.49 (d, J=8.1 Hz, 1H; ArH), 7.11 (s, 1H), 7.02 (t, J=8.1 Hz, 1Hj;
ArH), 6.93 (t, J=8.1 Hz, 1H; ArH), 6.90 (s, 1H), 6.77 (d, J=8.1 Hz, 1H;
ArH), 6.34 (s, 1H), 5.67 (s, 1H), 4.08 (s, 3H; OCHs;), 2.17 (s, 3H; CHj),
1.78 ppm (s, 3H; CH;); "C NMR (75 MHz, CDCL): 6 =168.87, 158.55,
140.97, 137.75, 136.30, 133.98, 133.82, 128.43, 126.71, 123.31 (CH), 120.76
(CH), 119.52 (CH), 115.67 (CH), 112.61 (CH), 111.49 (CH), 104.68 (CH),
96.01 (CH), 58.57 (OCHj;), 12.15 (CHj;), 11.44 ppm (CH;); HRMS (EI):
m/z caled for CgH,,N;0: 317.1528; found: 317.1539.

Compound 1b-HCl: Compound 1b-HCI was prepared as described for
1a-HCI, from 6 (0.1 g, 0.42 mmol), 2,4-dimethyl-3-ethylpyrrole (112 pL,
0.83 mmol), and a solution of HCl in methanol (1.25M, 0.66 mL). Com-
pound 1b-HCl (0.130g, 82%) was obtained as a dark-purple solid.
'"H NMR (300 MHz, CDCL3): =12.93 (s, 1H; NH), 12.83 (s, 1H; NH),
12.26 (s, 1H; NH), 7.58 (d, J=7.5Hz, 1H; ArH), 7.56 (d, J=7.5Hz, 1H;
ArH), 7.28 (t, J=7.5Hz, 1H; ArH), 7.09 (t, J=7.5Hz, 1H; ArH), 7.08
(s, 1H), 7.06 (s, 1H), 6.28 (s, 1H), 4.00 (s, 3H; OCH;), 2.60 (s, 3H; CHs),
2.41 (q, J=7.8 Hz, 2H; CH,) 2.23 (s, 3H; CHj;), 1.08 ppm (t, /=7.8 Hz,
3H; CH;); "CNMR (75 MHz, CDCly): 6 =164.39, 150.27, 145.18, 139.43,
138.74, 129.44, 127.86, 127.35, 125.29, 125.20 (CH), 121.19 (CH), 120.66
(CH), 119.29, 114.39 (CH), 112.60 (CH), 108.05 (CH), 93.88 (CH), 58.59

Chem. Eur. J. 2011, 17, 14074 -14083


www.chemeurj.org

Synthetic Prodiginine Obatoclax and Related Analogues

(OCHs), 17.21 (CH,), 14.57 (CH,), 12.51 (CHj;), 9.88 ppm (CH;); HRMS
(EI): m/z caled for C,,H,3N;0: 345.1841; found: 345.1823.

Compound 1¢-HCl: Compound 1¢-HCI was prepared as described for
1a-HCl from 6 (0.1g, 0.42 mmol), 4,5,6,7-tetrahydroindole (0.101 g,
0.83 mmol), and a solution of HCI in methanol (1.25M, 0.66 mL). Com-
pound 1¢:HCl (0.035g, 22%) was obtained as a dark-purple sol-
id."H NMR (300 MHz, CDCl;): 6 =13.09 (s, 1 H; NH), 12.95 (s, 1 H; NH),
7.60 (d, J=8.7 Hz, 2H; ArH), 7.31 (t, J=6.9 Hz, 1H; ArH), 7.15 (d, /=
2.1Hz, 1H; ArH), 7.11 (t, J=7.2Hz, 1H; ArH), 7.06 (s, 1H), 6.71 (s,
1H), 6.29 (d, J=2.1 Hz, 1H), 4.02 (s, 3H; OCH,), 3.04 (t, /=6.0 Hz, 2H;
CH,) 2.56 (t, J=6.0 Hz, 3H; CH,), 1.82 ppm (m, 4H; 2x CH,); “C NMR
(75 MHz, CDCl;): 6 =165.23, 152.04, 146.89, 139.08, 128.51 (CH), 127.86,
127.03, 126.75, 126.03, 125.75 (CH), 121.40 (CH), 120.90 (CH), 120.66,
117.97 (CH), 112.81 (CH), 109.16 (CH), 94.09 (CH), 58.77 (OCHs;), 24.17
(CH,), 22.92 (CH,), 22.57 (CH,), 22.12 ppm (CH,); HRMS (EI): m/z
caled for C,,H,N;0: 343.17; found: 343.46.

Compound 2-HCI: Under an inert atmosphere, 6 (0.03 g, 0.12 mmol) was
dissolved in methanol (1.5mL) and a solution of HCl in methanol
(1.25M, 0.20 mL) was added dropwise. The color changed to dark blue
and the mixture was stirred for 48 h. The solid formed was filtered off
and washed with cold methanol (1 mL) to afford compound 2-HCI
(0.028 g, 95%) as a deep-blue solid. '"H NMR (300 MHz, [D¢]DMSO):
0=12.82 (s, 2H; NH), 12.02 (s, 2H; NH), 7.79 (s, 1H), 7.68 (d, J=
8.1Hz, 1H; ArH), 7.49 (d, J=8.4 Hz, 1H; ArH), 7.28 (t, J=8.1 Hz, 1H;
ArH), 7.13 (s, 1H), 7.12 (t, J=7.5 Hz, 1H; ArH), 6.88 (s, 1H), 4.03 ppm
(s, 3H; OCH;); "CNMR (75 MHz, [Dg]DMSO): 0=163.71, 143.38,
138.17, 127.97, 127.73, 124.83, 121.53 (CH), 120.67 (CH), 118.24 (CH),
111.78 (CH), 109.73 (CH), 107.22 (CH), 95.17 (CH), 59.05 ppm (CHs;);
HRMS (EI): m/z caled for C;;H,N,O,: 434.1743; found: 434.1755.

Compound 3-HCI: Under an inert atmosphere, 5 (0.1 g, 0.29 mmol) was
dissolved in methanol (5 mL). 2,4-Dimethylpyrrole (51 pL, 0.50 mmol)
was added, followed by dropwise addition of a solution of HCI in metha-
nol (1.25m, 0.40 mL). The color changed to dark red and the mixture was
stirred for 2 h. The solvent was removed and the solid obtained was
washed with acetone (3 mL) and filtered to afford 3-HCI (0.103 g, 77 %)
as a dark-purple solid. "HNMR (300 MHz, CDCl;): 6=12.90 (s, 1H;
NH), 12.34 (s, 1H; NH), 8.11 (d, /=7.8 Hz, 1H; ArH), 7.70 (s, 1H), 7.66
(d, /=78Hz, 1H; ArH), 7.38 (t, J=7.8Hz, 1H; ArH), 7.26 (t, J=
7.8 Hz, 1H; ArH), 6.13 (s, 1H), 6.04 (s, 1H), 4.00 (s, 3H; OCHs;), 2.62 (s,
3H; CH;), 2.34 (s, 3H; CH,), 1.59ppm (s, 9H; (CH;);); “CNMR
(75MHz, [D¢]DMSO): 96=164.60,
153.65, 148.73, 146.03, 145.73, 137.89,
128.64, 128.03, 126.96 (CH), 126.35,
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1H), 6.08 (s, 1H), 3.97 (s, 3H; OCH,), 2.59 (s, 3H; CH,), 2.25 ppm (s,
3H; CH;); *C NMR (75 MHz, CDCly):  =162.40, 153.66, 147.53, 138.79,
138.24, 132.07, 129.08, 127.82, 126.61, 124.61 (CH), 121.15 (CH), 120.57
(CH), 118.42 (CH), 116.45 (CH), 112.13 (CH), 108.48 (CH), 97.97 (CH),
58.39 (OCH,), 14.72 (CHj;), 11.21 ppm (CH;); HRMS (EI): m/z caled for
C,oH,sBE,N;O: 365.1511; found: 365.1522.

Single-crystal X-ray diffraction analysis: Single crystals of 1a-HCI, 3-HCl,
and 4 were coated in high-vacuum grease and mounted on a glass fiber.
X-ray measurements were made with a Bruker SMART CCD area-de-
tector diffractometer with Moy, radiation (1=0.71073 A), beam size
0.5 mm. Intensities were integrated from several series of exposures, each
covering 0.3° in , a hemisphere of data were recorded. For 1a-MeSO;H
data were collected on a Bruker Nonius KappaCCD APEXII diffractom-
eter mounted at the window of a Molybdenum rotating anode (4-
(Moy,)=0.71073 A). ¢ and w scans were carried out to fill the asymmet-
ric unit. Data collection and processing were carried out by using the
programs COLLECT!®! and DENZO.!" Absorption corrections for all
samples were applied, based on multiple and symmetry-equivalent meas-
urements by using the program SADABS.®*?!l The structures were
solved by direct methods and refined by least squares on weighted F2
values for all reflections.”” All non-hydrogen atoms were assigned aniso-
tropic displacement parameters and refined without positional con-
straints. All hydrogen atoms were constrained to ideal geometries and re-
fined with fixed isotropic-displacement parameters. Refinement proceed-
ed smoothly to give the residuals shown in Table 3. Complex neutral-
atom scattering factors were used.”! For 3, thermal parameters and geo-
metrical restraints were applied to the disordered solvent. Hydrogen
atoms of the NH groups were freely refined. CCDC-825757 (1a-HCl),
CCDC-825755 (1a-MeSO3H), CCDC-825758 (3-HCl), and CCDC-
825756 (4) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational methods: The geometries of the complexes studied in this
report were optimized without any symmetry constraints. In these calcu-
lations we used the BP86 density functional®>! in conjunction with the
Abhlrichs quadruple-{ plus polarization (def2-QZVP) basis sets®! for all
atoms. The reported BP86 calculations were carried out at the resolution
of the identity (RI) level. Therefore, we have used the parallel RI-DFT
methodology,””? which uses an auxiliary fitting basis®! to avoid treating
the complete set of two-electron repulsion integrals, thus speeding up the

Table 3. Selected crystal-structure data for 1a-HCI, 1a-MeSO;H, 3, and 4.

12384 (CH), 122.07 (CH), 118.75,

11747 (CH), 11717 (CH), 116.06 Compound 1a-HCI 1a-MeSO;H 3-HCl 4
(CH), 115.19 (CH), 98.32 (CH), 84.75, Chemical formula CysHyCLN;O G, Hy;3N;0,8 CysH,N;05:0.25(C,H,,0).Cl  C,0H ;sBF,N;0
59.48 (OCHj;), 27.38 ((CH;);), 13.99  Formula mass 396.30 413.48 472.48 365.18
(CH,), 11.72 ppm (CH,); HRMS (EI):  Crystal size [mm] 0.50x0.10x0.10 0.10x0.04x0.01 0.55x0.40x0.20 0.20x0.10x0.10
mlz caled for CysH,;N;O5: 417.2052; Cryustal system Monoclinic Monoclinic Monoclinic Monoclinic
found: 417.2054. a[A™ 25.684(4) 12.3961(8) 29.642(9) 12.591 (3)
Compound 4: Compound 1a-HCl b [1:‘;1] 7.9002(13) 7.7364(4) 11.438(3) 8.2840 (19)
(0.05g, 0.14 mmol) was dissolved in € A 23.340(4) 20.6776(13) 15.641(5) 16.546 (4)
CH,CL, (8mL) and placed in an ice B 1°] . 121.753(3) 95.977(3) 90.273(6) 96.960 (4)°
bath. EGN (145 uL, 1.04 mmol) was Unit cell volume [A’] 121.753(3) 1972.2(2) 5303(3) 1713.1 (7)
added  dropwise.  After 5 min, T[K] 298 1202) 298 298
BF,OEt, (153uL, 1.04mmol) was Space group C2/c P2lin C2/c P2/c
added dropwise. The mixture was z . 8 4 8 4
stirred for 48 h at RT. The organic so- No. of reflections mea- 19156 18440 25594 15956
lution was washed with water and the sured .
organic residue chromatographed No. of independent reflec- 3550 3461 4667 2994
; tions
(Si0,, CH,CL,) to afford 4 (32mg,
62%) as a purple solid. R—09 Rj"' 0.232 0.1518 0.071 0.0664
(CH,CL,): 'H NMR (300 MHz Final R, values (I>20(l))  0.0892 0.1347 0.0748 0.0458
Dl )? 51020 s 1H: NH), 7 ¢y Final wR(F) values 0.2107 0.2175 0.2064 0.1241
3). - . > El ) .
- . — (I>20(1))

édl’ 1{1; SilH},IZAig)’ /;‘;Ig)éi']s(i édl’ 1{1; Final R, values (all data)  0.1458 02243 0.1147 0.0557

: ’ ’ T T > Final wR(F®) values (all 0.2455 0.2570 0.2374 0.1441

1H; ArH), 7.17 (s, 1H), 7.13 (s, 1H),
7.12 (t, J=8.1Hz, 1H; ArH), 6.32 (s,
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calculations significantly. We computed the interaction energy for each
complex by subtracting the total energy of the optimized reference mon-
omers from the total energy of the complex in the optimized geometry.
The environment effects (with water as solvent) were taken into account
by the COSMOP” continuum solvation model. For all compounds we
have carried out geometry optimization in water at the RI-BP86/def2-
QZVP level. All calculations were performed using the TURBOMOLE
program, version 6.1.°!

Cell culture materials and methods: Human SCLC cell line GLC4 were
cultured in RPMI 1640 medium (Biological Industries, Beit Haemek,
Israel), supplemented with10% fetal bovine serum (FBS), penicillin
(100 UmL™"), streptomycin (100 ugmL~")—all from GIBCO BRL, Pais-
ley, UK—and L-glutamine (2 mMm, Sigma Chemicals Co, St Louis, MO,
USA) at 37°C under 5% CO, in air.

Vital fluorescence microscopy: The living cultured cells were stained
with acridine orange (AO).? Briefly, cells on a chamber slide were incu-
bated in the presence (800 nm) and absence of 1--4 in RPMI supplement-
ed with 10% FBS at 37°C for 15 min-1 h. After three washes with phos-
phate buffered saline (PBS), the cells were incubated with AO
(5 ugmL~") in PBS for 30 min. The chamber slides were washed with
PBS solution supplemented with 10% FBS (x3) and then examined with
a Nikon microscope (E800) and photographed with a Diagnostic Instru-
ments photo automat system (Spot JR).

Cell viability assay: Cell viability was determined by the MTT assay.”*!
Briefly, 20x10° cells were incubated in 96-well microtiter cell-culture
plates, in the absence (control cells) or presence (100-800 nm) of 1-4 in a
final volume of 100 pL. After 24, 48, and 72 h incubation, a solution of
MTT in PBS (10 mm) of was added to each well for an additional 4 h.
The blue MTT formazan precipitate was dissolved in 24:1 isopropanol/
1~ HCI (100ul) and the absorbance at 570 nm was measured on a multi-
well plate reader. Cell viability was expressed as a percentage of control.
Data are shown as the mean value (standard error of the mean (SEM),
n=06) of triplicate cultures.
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