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A series of 1,3-bis(benzimidazol-2-yl)benzene derivatives were synthesized and found to

exhibit potent chloride-mediated apoptosis-inducing activity toward the tested cancer cells.
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Abstract: In this paper we show that a series of 1,3-bisfbmidazol-2-yl)benzenent
Bimbe) derivatives exhibit excellent performancetrassmembrane anion transporters with
anticancer activity. The transport efficiency afBimbe and its derivatives has been firstly
optimized by adding a strong electron-withdrawingongroup at the 5-position of the central
phenyl subunits to enhance the CH---anion intenastiEvidences for the interactions were
obtained from ESI MS, spectrophotometric aHAINMR titrations. These compounds exhibit
potent anionophoric activity in both liposomal mizdand live cells. In particular, the 5-
nitrated derivatives having nitro or trifluoromethgroups at the benzimidazoloyl subunits
exhibit 2370- and 1721-fold enhanced anionopharitvidy with the EGo values as low as 36
and 50 nM, respectively. These compounds can dighe cellular homeostasis of chloride
anions, modify the intracellular pH and induce Hasification of acidic organelles. Most of
this series ofm-Bimbe derivatives exhibit potent cytotoxicity tomlathe tested human solid
tumor cell lines, and the 5-nitrated derivative roega trifluoromethyl groups at the
benzimidazoloyl subunits is the most active witl 185, value in the low micromolar range.
Mechanistic studies suggest that the transport tdoricle anions across the cellular
membranes plays a critical role in the cytotoxieef and these compounds induce cell death

probablyvia an apoptotic process.
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1. Introduction

During the past decades, considerable interestbeas attracted in identifying small-
molecular anion transporters that are capable fafieitly mediating the transport of anions
across lipid membranes [1, 2]. By modulating thieaicellular pH [3, 4], or disrupting the
cellular ionic homeostasis in cancer or bacterits 6, 6], effective anion transporters are
able to induce cell death and thereby may serva asw therapy for cancers and bacterial
infections [1, 7]. For example, Galet al have shown that pyridine diamide-strapped
calix[4]pyrroles are able to induce coupled chlefsbdium transport both in liposomal
models and cells, and promote cell death by inargathe intracellular concentrations of
chloride and sodium ions [8]. Recently, they hawehier shown that some squaramide-based
anion transporters are able to disrupt the autopledgeells and induce their apoptosis by
perturbing the cellular chloride concentrations. [Jhlukdaret al have shown that some
bis(sulfonamide) compounds are able to facilitate transport of chloride anions across
cellular membranes and disrupt the ionic homeastasmpose cell death [6]. Schmitztial
have described the strong antibacterial propemiesome benzimidazolium-based anion
transporters, which is considered as a result efr thbility to insert into the cellular
membranes and alter the membrane permeability Htoride anions [10]. Such chloride-
mediated biological activity has driven forward thigh potential applications of synthetic

anion transporters in biomedical field [1, 7].

On the other hand, some inherent disadvantagd®eddriion transporters reported to date are
also apparent. In particular, the high moleculaigivs and lipophilicity do not meet the
requirements for drug-likeness [11]. Therefore, ltmalecular organic compounds that have
high anion transport activity and meanwhile falltvim the rules of thumb, such as the
Lipinski’s rule of five, are particularly attracevfrom the viewpoint of new drug discovery [1,

2]. In the endeavor to optimize the efficiency afam transporters, several strategies, such as



lipophilicity [4, 12], configuration [13-15] anddkibility [16], have been exploited. Because
anions need to be desolvated and stabilized dumiogsing the hydrophobic phospholipid
bilayer membranes [17], non-covalent interactiswgh as electrostatic [18, 19], hydrogen
bonding [20-22] and aniom—interactions [23-25] have been successfully @dizo design

powerful anion transporters. Among these interastionydrogen bonding formed from
conventional OH and NH donors is a predominant @®22]. In some examples, anion
transport activity has been maximized due to thmengt hydrogen-bonding interactions of
anions with pre-organized donors [21, 22]. Recer@i is recognized as a soft hydrogen-
bond donor and therefore CH---anion interaction s&ye as a promising alternative to

achieve high binding affinity and efficient trangmigrane anion transport [26, 27].

In these aspects, because of the ability to rezegmions/ia hydrogen-bonding interactions
[28], imidazolyl or benzimidazolyl-based compoumedpresent a class of attractive molecular
scaffolds and have been demonstrated to exhibiniging anion transport properties with
potential bioactivity [10, 18, 19, 29-33]. In ouecent studies we have shown that 1,3-
bis(benzimidazol-2-yl)benzenen{Bimbe, Fig. 1) exhibits efficient anion transpaudtivity
[34, 35]. Preliminary study on the structure-adjyivielationship, by usingn-Bimbe, 1,2-
bis(benzimidazol-2-yl)benzen®-Bimbe), 1,4-bis(benzimidazol-2-yl)benzengRimbe), 2-
phenylbenzimidazole (Imbe) and 1,3-bishethylbenzimidazol-2-yl)benzene (Membe)
(Fig. 1), indicates that the spatial orientatiorited two benzimidazolyl subunits at the central
phenyl group greatly affects the anion transpotivitg and the benzimidazoloy#H motifs
are required for maintaining such activity [35]. Monterestingly, the activity may be greatly
improved by adding strong electron-withdrawing ditbents, for example, trifluoromethyl
and nitro groups onto the benzimidazolyl suburitsgive (CF3),-Bimbe and(NO,).-Bimbe,
respectively, Fig. 1) [35]. The transport activitycreases with the electron-withdrawing
strength of the substituents in the order o, NMCGCF; > F > Cl > Br > H [35]. These findings,

together with the low molecular weight (310 Da)pegpriate lipophilicity ¢logP = 4.60) and
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ready availability (from commercial sources or toedensation ob-phenylenediamine with
isophthalic acid or isophthalaldehyde), has hiditkd the potentials an-Bimbe as a lead

compound for the development of potent, drug-likma transporters.

The objectives of the work described herein are-fold, that is, to further optimize the
anionophoric activity oim-Bimbe and to explore the potentials mfBimbe derivatives as
anti-cancer agents that functiagi a mechanism of transmembrane anion transportsilius

by Tiburcioet al has shown that-Bimbe binds anionsia the cooperative interactions with
both benzimidazolyNH and -€;H donor motifs [36]. Our study has indicated tha¢ th
enhanced anion transport activity ofirBimbe derivatives bearing strong electron-
withdrawing substituents at the benzimidazolyl suts) may be ascribed to the increase in
the acidity of the benzimidazoldH motifs caused by the strong electron-withdrawing
groups [35]. Therefore, the first objective is twther optimize the anion-binding affinity and
transport activity by increasing the acidity of,HC This may be achieved by adding a strong
electron-withdrawing substituent to the centralphesubunitin m-Bimbe. Thus, we nitrated
m-Bimbe, (CF3),-Bimbe and(NO;),-Bimbe at the 5-position of the central phenyl sutsuto
give NO,-Bimbe, (NO);-Bimbe and NO,(CF3),-Bimbe, respectively (Fig. 1). For
comparison, we also synthesized the correspondimgiogues of (NO,)s;-Bimbe and
NO,(CF3)-Bimbe, that is,MeO(NO,),-Bimbe andMeO(CF3),-Bimbe having an electron-

donating 5-methoxy group.
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Fig. 1. Structures ah-Bimbe and its derivatives.



Secondly, we have shown in our recent study tk&imbe and its derivatives exhibit anion
transport activityia a process of anion exchange with a minor levgrofon/anion symport
[34, 35], a mechanism of action that is similathat of prodigiosin, a natural chloride carrier
[37]. Considering the strong correlation betwees pinoton/chloride symport transport rates
and thein vitro cytotoxic activity of prodigiosin and its analoguf88], we are concerned
about (1) whethem-Bimbe and its derivatives depicted in Fig. 1 exhdnti-proliferative
activity toward human solid tumor cells, (2) howe ttytotoxicity (if there is any) relates to the
anion transport across liposomal and cellular mamds and (3) what the probable

mechanism of action is.
2. Results and discussion

2.1 Chemistry
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Scheme 1. Synthesis of NO,-Bimbe, (NO,)s-Bimbe, NO,(CF3),-Bimbe, MeO(NO,),-Bimbe and
MeO(CF3),-Bimbe. Reagents and conditions: (i) P@Cieflux; (i) HNOy/H,SO, 0 °C to room
temperature; (iii) 4-trifluoromethyl-benzene-1,2udiine, MeOH, room temperature; (iv) Mel @O,

acetone, reflux; (v) LiAlH, anhydrous THF, reflux; (vi) PCC, GBl,; and (vii) DDQ and dioxane for

MeO(NO,),-Bimbe; MeOH forMeO(CF3),-Bimbe; room temperature.
The five new m-Bimbe derivatives, NO,-Bimbe, (NO,)s-Bimbe, NO,(CF3).-Bimbe,
MeO(NO),-Bimbe andVieO(CF3),-Bimbe, were synthesized according to the routevehia

Scheme 1. Thus, condensation of 5-nitro-isophthadid with benzene-1,2-diamine afforded

5



NO,-Bimbe, which was nitrated with HNgH,SO, to give (NO,)s-Bimbe [35]. Nitration of
benzene-1,3-dicarbaldehyde (to give 5-nitrobenZeBeadicarbaldehyde) [39] and subsequent
condensation with 4-trifluoromethyl-benzene-1,2ndide afforded NO,(CF3),-Bimbe. 5-
Methoxyisophthalaldehyde was prepared starting fEemethoxy-isophthalic acid dimethyl
ester [40-42], and reacted with 4-nitro-benzenedla®nine or 4-trifluoromethyl-benzene-1,2-
diamine to giveMeO(NO,),-Bimbe andMeO(CF3),-Bimbe, respectively. These compounds
were fully characterized on the basis of NMRI @nd**C) and ESI MS (LR and HR) data

(see supporting information).
2.2 Anion recognition

In principle, the binding of the anions that areb® transported is required for a synthetic
anion transporter to exert its anion transportvagti[43]. Therefore, the ability oNO,-
Bimbe, (NO,)s-Bimbe, NO,(CF3),-Bimbe, MeO(NO,)-Bimbe and MeO(CF3),-Bimbe as
receptors for chloride anions was firstly studigdnbeans of ESI MS. ESI MS spectrometry
has been widely utilized as a rapid, sensitive affdctive analytical technique for the
detection of non-covalent species, and the ESI MSults are assumed to reflect the
complexation phenomena in solution [44]. The negaS| MS spectra of these compounds
with tetra(n-butyl)ammonium chloride (n-Bu’eCI") are shown in Fig. 2 and S20, and
indicate that they are able to form stable 1 : mglexes with n-BgN*Cl~ in CH:CN-H,O
(9/1, vIv). For example, in the ESI MS spectrunNah(CFs3),-Bimbe with n-BuN*+CI™ (Fig.

2, bottom), in addition to the ion peakratz 490.40 (NO,(CF3),-Bimbe — HJ), an abundant
ion peak atm/z 526.37 was observed. This ion peak is assignetthaéol : 1 complex of
NO,(CF3)-Bimbe with chloride anions O,(CF3),-Bimbe + CIJ). The high relative
abundances of the complexes suggest that theseocowp exhibit high affinity toward

chloride anions.



To quantitatively assess the binding abilityN&,-Bimbe, (NO,)s-Bimbe, NO,(CF3),-Bimbe,
MeO(NO,).-Bimbe and MeO(CF3),-Bimbe toward chloride anions, we measured their
association constantK{s) with n-ByN*CI” in CHsCN-H,O (9/1, v/v) by means of
spectrophotometric titrations (Fig. S21, Tablesnt &1). The results indicate that these
compounds exhibit high binding affinity toward chtte anions. As expected, the derivatives
having a 5-nitro group at the central aromatic tiegd to bind chloride anions more strongly
than the corresponding analogues having no 5-suests or a 5-methoxy group, suggesting
that the addition of a 5-nitro group tends to imse the binding affinity. This improved
binding ability is considered as a likely conseqeernf the strong electron-withdrawing
properties of the 5-nitro group that increasesatidity of the —GH and thereby the binding

affinity with anions through enhanced €Hnion interactions.
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Fig. 2. Negative ESI MS spectra of 4.1 mMNO,-Bimbe (top),(NO,)s-Bimbe (middle) andNO,(CF3),-
Bimbe (bottom) with n-BgN*CI~ (41 mM) in CHCN-H,O (9/1, v/v).

The involvement of the —€El in the recognition of chloride anions most prdgaihrough
CH- - -anion interactions, was confirmed’blyNMR titrations. As shown in Fig. 3 and S22,
upon the addition of n-BiN*+CI~, the —GH proton experiences large complexation-induced
downfield shift (CIS), a typical characteristic lofdrogen-bonding interactions [36]. Under
the same conditions, the A5 in NO,-Bimbe, (NO,)s-Bimbe andNO,(CF3),-Bimbe exhibit
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larger downfield shifts than those in the correspiog analogues with no 5-substituents or a
5-methoxy group at the central phenyl subunitsjcaitie of stronger interactions with
chloride anions. In addition, the sgH protons are also downfield shifted, which may be
ascribed to their intramolecular hydrogen-bondingeriactions with the lone pair of the

benzimidazolyl nitrogen atoms, as reported by Tolmet al [36].
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Fig. 3. 'H NMR (400 MHz, DMSOdg) of 20 mM of (a)NO,(CF3),-Bimbe, (b) (CF3),-Bimbe and (c)

MeO(CF3),-Bimbe before (bottom) and after (top) the additxdr30 equivalents of n-BM"sCI".

2.3 Anion transport activity

2.3.1 Anionophoric activity in liposomal models

Anionophoric activity. The ionophoric activity oNO,-Bimbe, (NO,)s-Bimbe, NO,(CF3),-
Bimbe, MeO(NO,),-Bimbe andMeO(CF3),-Bimbe was firstly confirmed by examining their

ability to eliminate a pH differential across ligmsal membranes derived from egg-ybH«-

phosphatidylcholine (EYPC) [20, 45]. The data dmeven in Fig. 4a and S23, and indicate



that these compounds are capable of efficientlychdigging the pH differential in a

concentration-dependent fashion.

To gain guantitative insights into the transpofficedncy of each compound, we calculated
the initial rate constantk{'s, Table S2) from each pH discharge profile andly#ed their
relationship with the concentrations of each conmgbly using the Hill equatiork, = ko +
kmaqcompound}/([compound] + EGsy"). This analysis gives the EL value of each
compound that is the effective transporter loadiigen 50% of the maximum rat&.(,) is
reached, and the Hill coefficientvalue that defines the stoichiometry of the tramsprocess
(Fig. S24) [46]. The results, together with thodeneBimbe, (NO,).-Bimbe and(CF3).-

Bimbe for comparison, are listed in Table 1.

It is clear from Table 1 thaiO,(CF3),-Bimbe, (NO,)s-Bimbe andNO,-Bimbe exhibit highly
efficient transport activity with the Egvalues being 2.73x18-0.49 mol% transporter/lipid
(or 0.036~6.5QuM under the assay conditions), 13~2370-fold lovirantthat obtained fan-
Bimbe (EGo = 6.47 mol%, or 85.aM). NO,-Bimbe, NO,(CF3),-Bimbe and(NO,)s;-Bimbe
exhibit 13-, 26- and 3-fold higher activity tharethcorresponding analogues without a 5-
nitro group, that ism-Bimbe, (CF3).-Bimbe and(NO,),-Bimbe, respectively. Replacement of
the 5-nitro group iNNOy(CF3)>-Bimbe and(NO,)s-Bimbe with a methoxy group (to give
MeO(CF3)-Bimbe andMeO(NO,)-Bimbe, respectively) led to 40- and 120-fold desesin
the activity, respectively. These results unambiglyreveal the crucial role of an electron-
withdrawing 5-substituent in enhancing the transpefficiency. It is remarkable that
NO,(CF3),-Bimbe and(NO.)s-Bimbe have very low E& values of 3.76x18 mol% (or 50
nM) and 2.73x18 mol% (or 36 nM), respectively, suggesting thatytlzee very active
transporters. More significantly, bothO,(CF3),-Bimbe and(NO,)s-Bimbe can still exhibit

detectable pH discharge activity at the loadingasas 4.48x18 mol% transporter/lipid (or



5.9 nM) (Fig. 4a and S23). Calcein leakage assdigates that the activity is authentic, not

due to the disruption of the liposomal membranethbge compounds (Fig. S25) [47].

The high ionophoric activity of these compoundsassidered as a likely consequence of the
enhanced binding affinity by the 5-nitro group. Bese lipophilicity, widely measured by the
logarithm of n-octanol/water partition coefficieRt(log P), is one of the major factors that
regulate the activity of an anion transporter [2], ve calculated the |oB value €logP) of
each compound (Table 1). The results indicate ttat5-nitro group does not significantly
change theclogP values of the related compound set (for exampidBimbe andNO,-
Bimbe), which rules out the possibility that theglhiactivity is due to the alteration in the
lipophilicity [4, 12]. The finding that the B values tend to decrease with the increase in the
binding affinity (Table 1), suggests that the tgaor$ activity may be largely regulated by the

binding ability of these compounds with chloridecas.
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1.95x10°° mol% W
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Fig. 4. (a) Discharge of a pH gradient across EYPC-b#ipedomal membranes BYO,(CF3),-Bimbe of
varying concentrations. Intravesicular conditiod mM pyranine in 25 mM HEPES (50 mM NacCl, pH
7.0); Extravesicular conditions: 25 mM HEPES (50 nNdCI, pH 8.0).Agx 460 nmig,, 510 nm. (b)
Chloride influx into EYPC vesicles promoted bMO,(CF3),-Bimbe of varying concentrations.
Intravesicular conditions: 1 mM lucigenin in 25 mphosphate buffer (225 mM NaNOpH 7.0);
Extravesicular conditions: 25 mM NaCl in 25 mM ppbate buffer (225 mM NaN{Q pH 7.0).1g, 455

nm/.em 506 nm. All the experiments were performed inlicgte, and the mean values were taken.
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Fig. 5. Discharge of a pH gradient INO,(CFs),-Bimbe (1.95x18 mol%) across EYPC-based liposomal
membranes. (a) Measuring conditions for internaicles: 0.1 mM pyranine in 25 mM HEPES (50 mM
MCI, pH 7.0) and external vesicles: 25 mM HEPES{#@ MCI, pH 8.0) (M = Li, Na, K, Rb or Cs). The
experiment that was conducted in NaCl media wad asea control. (b) Measuring conditions for ing&rn
vesicles: 0.1 mM pyranine in 25 mM HEPES (50 mM NaM 7.0) and external vesicles: 25 mM HEPES
(50 mM NaX, pH 8.0) (X = N@ ClI, Br or I). Each profile was obtained by subtitag the background and

thereby represents the real increment in the peesefiNO,(CF3),-Bimbe.

Table 1. Association constanté;6) and kinetic parameters for pH dischafge

Kinetic parameters

Compound Ka(M?)P clogP ¢ - EGo(mol%) EGouM) ¢ RA'
m-Bimbe (2.48+0.82)x10  4.60 1.73+1.33 6.47 85.8 1
NO,-Bimbe (3.94+1.19)x16  4.54 1.25+0.47 0.49 6.50 13
(NO,),-Bimbe  (2.22+0.79)x18 4.48 1.38+0.36 8.19x10 0.11 790
(NOy)s-Bimbe  (8.18+0.96)x18  4.42 1.19+0.18 2.73x10 0.036 2370
MeO(NO,),-Bimbe (1.560.46)x1& 4.32  0.99+0.18 0.32 4.24 20

(CF3),-Bimbe (4.52+0.82)x16 6.35 1.11+0.26 9.59x10 1.27 67
NO,(CF3),-Bimbe  (7.53+0.91)x16 6.29 1.31+0.06 3.76x10 0.05 1721
MeO(CFs),-Bimbe (3.53+0.88)x1® 6.19  0.85+0.04 0.15 1.99 43

& The data fom-Bimbe, (NO,),-Bimbe andCFs),-Bimbe have been reported previously [35].

® Measured by means of spectrophotometric titratioH,CN-H,0 (9/1, V/v).

¢ Calculated using MarvinSketch (Version 6.1.0, \W&ig Model, ChemAxon, MA).

4 See Fig. 4a and S23 for the detailed assay conditi

® The EGo values inuM were calculated by multiplying the concentratafrEYPC (1.33 mM) by the Efg
in mol%.

"RA denotes the transport efficiency of each compaglative tan-Bimbe.
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Probable mechanism of action The anion selectivity and the probable mechamaction of
NO,-Bimbe, (NO,)s-Bimbe andNO,(CF3).-Bimbe were investigated firstly by measuring the
pH discharge activity in the presence of differalkali metal ions or anions. The finding that
the activity is essentially independent of the klkaetal ions (Fig. 5a and S26), whereas
varies with the anions in the order 6f NO;~ > Br > CI" (Fig. 5b and S27), suggests that
the pH gradient decay is a consequence of/®Hantiport and/or X~ symport [48]. The
anion-selective transport activity &O,-Bimbe, (NO,)s-Bimbe andNO,(CF3),-Bimbe was
confirmed by measuring their ability to mediate thitux of chloride anions into the EYPC-
derived liposomes, using a conventional fluoreseemethod based on a chloride-sensitive
fluorescent dye, lucigenin [49]. As shown in Fidh 4nd S28, these compounds exhibit
powerful chloride influx activity. Interestingly,hé chloride influx was found to be
significantly suppressed when the vesicles ent@ppigh highly hydrophilic sulfate were
used (Fig. S29), suggesting that anion exchange psedominant step in the permeation
process [49]. However, a minor level of/BI” symport may be also involved, as the chloride
influx was slightly affected when sulfate was prés@ both internal and external vesicles,

under the condition of which @8Q,*" antiport is not favored (Fig. S30) [34, 35].

In addition, the finding that the pH discharge atyi of NO,-Bimbe, (NO,)s-Bimbe and
NO,(CF3)-Bimbe was significantly reduced in liposomes dedivfrom POPC with 30%
cholesterol (Fig. S31), supports a mobile carriecinanism. This is consistent with the Hill

coefficientn values being around 1.

The above-mentioned observations suggestNigtBimbe, (NO,)s-Bimbe andNO,(CF3),-
Bimbe function as anion-selective, highly effectiearriers through a process of anion

exchange with a minor level of proton/anion symport
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2.3.2 Invitro anionophoric activity

The potent anionophoric activity of these compoundgosomal models inspired us to study
their anionophoric activity in cells. For compavatipurpose, we chose four compounds of
this set, that is, the parent compoundBimbe, NO,(CF3),-Bimbe having a 5-nitro group at
the central phenyl subunit and trifluoromethyl grewat the benzimidazoloyl subunits, and the
corresponding analogu€¢SF;),-Bimbe andMeO(CF3),-Bimbe having no 5-substituents or a
5-methoxy group at the central phenyl subunitsstiir we utilized the MQAE N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromjdessay to measure the chloride entry
into cells in the presence of those four compouidss, 9]. MQAE is a cell-permeable,
chloride selective dye and its fluorescence is ghed by the anion. Thus, the fluorescence
quenching of MQAE upon the treatment of cells wi#Bimbe, (CF3),-Bimbe, MeO(CF3),-
Bimbe andNO,(CF3),-Bimbe can be the direct evidence that these congmare involved in
the transmembrane transport of chloride anions tikocells [5, 6, 9]. As shown in Fig. 6,
post incubation of either HeLa cervical cancerscel MCF-7 breast cancer cells with these
compounds led to significant quenching of the MQA&orescence, which indicates the
influx of chloride anions in the intracellular matrfacilitated by these compounds.
Interestingly, thign vitro chloride transport activity of these compounds thaxpressed as
the fluorescence quenching of MQAE parallels tlagiion transport efficiency in liposomal
models. It should be noted that at this stage we Ina evidences for whether the compounds
themselves or the biological chloride channels#pamnters activated by the compounds

mediate the influx of chloride anions into the HelrdViICF-7 cells.

The in vitro anionophoric activity ofm-Bimbe, (CF3),-Bimbe, MeO(CF3).-Bimbe and
NO,(CF3)-Bimbe in HelLa cell lines, was further studied gswital staining with acridine
orange (AO), a cell-permeable dye [3,4]. When prated and accumulated in acidic

compartments such as lysosomes, AO exhibits a ciesistic orange fluorescence emission,
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whereas it emits green fluorescence when the acadigpartments are basified. As shown in
Fig. 7 and S32, when Hela cells were stained wi@, granular orange fluorescence was
observed in the cytoplasm (Fig. 7a), suggestingttie orange fluorescence is due to acidic
organelles. Treatment of the HelLa cells with th@sapounds led to disappearance of most of
the orange emission fan-Bimbe andMeO(CF3).-Bimbe (Fig. 7b and 7c), and complete
disappearance of the orange emission(@ks),-Bimbe andNO,(CF3),-Bimbe (Fig. 7d and
7e), respectively. This result suggests that tlesepounds, in particulddO,(CF3),-Bimbe
and (CF3).-Bimbe are able to efficiently basify the acidiganelles. Notably, the basifying
ability in the order oNOy(CF3),-Bimbe > (CF3),-Bimbe >MeO(CF3),-Bimbe >m-Bimbe,
parallels their ionophoric activity in liposomal dels (Table 1). The proton/chloride symport
observed in the liposomal models, is thought todsponsible for the increase of the internal
pH although other mechanisms (e.g./BCOs) may also be involved [3, 4].

(8) ] (b)
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Fig. 6. Normalized fluorescence intensity of MQAE in (dgLa and (b) MCF-7 cells incubated with
MQAE (5 mM) for 3.5 h followed by the treatment Wwitn-Bimbe (V), (CF3),-Bimbe (A), MeO(CF3),-
Bimbe (@) and NO,(CF3),-Bimbe @) of varying concentrations for 2 h. Fluorescenntensity was
recorded by the plate reader Aat, = 460 nm [ = 350 nm), and normalized with respect to the

fluorescence intensity of untreated cells. Each gaint represents the mean intensity of threepeddent

experiments.
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(b) (€)

(d) (e)

Fig. 7. Acridine orange staining of HelLa cell lines. (#)treated cells (control); (b)-(e) Cells treatedhwi

10 uM of m-Bimbe, MeO(CF3),-Bimbe, (CF3),-Bimbe andNO,(CF3),-Bimbe for 3 h, respectively.

2.4 Anti-proliferative activity
2.4.1Cytotoxicity

As these compounds are able to mediate the transpchloride anions into live cells and
previous studies have shown that stimulated infitixhloride anions into cells induces cell
death [8, 9, 50], we tested the vitro cytotoxicity of mBimbe and all the derivatives
described in Fig. 1 using a conventional MTT (&B{dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay. Initially single-doseregning (50uM) was carried out to
evaluate the inhibitory activity of each compouadard four solid tumor cell lines, including
HelLa, A549 lung adenocarcinoma, MCF-7 and HepG2dmuliwer cancer cell lines. The cell
viability was reported as a percentage of contetlsqFig. 8 and Table S3). Thes{lralues
of those active compounds in the single-dose cytoity tests at 5QuM, are listed in Fig.
S33-S42, Tables 2 and S4-S5. For comparison, thevilues of all the active compounds in
the single-dose screening toward LO2 human norive tells were also measured (Tables 2

and S6). Here the Kgvalues represent the concentration of each contpbmesulting in 50%
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inhibition in cell growth. Doxorubicin was usedagpositive control.
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Fig. 8. Cell viability of m-Bimbe and its derivatives (5(M) toward (a) HelLa, (b) A549, (c) MCF-7 and (d)

HepG2 cancer cell lines.

Table 2. Cytotoxicity (IGg) of m-Bimbe and its derivatives towards cancerous amohalcells

Compound 'Cso (1M)

HelLa A549 MCF-7 HepG2 LO2
m-Bimbe 8.5+0.7 38.5+4.0 > 100 20.6+7.0 19.9+1.0
F>-Bimbe 11.6+0.5 > 100 > 100 17.3+4.6 20.8+3.7
Cl,-Bimbe 10.7£1.5 23.743.7 25.9+2.8 9.140.2 13.74£1.5
Br,-Bimbe 21.1+0.1 21.9+0.9 9.7+4.2 121421 17.841.2

(CF3),-Bimbe 8.0£1.5 8.9+0.6 12.8+0.9 6.6+0.6 10.9+0.
(NO,)s-Bimbe 1.24+0.1 13.614.2 1.240.3 11.1+1.3 449445
NO(CF3),-Bimbe 1.9+0.3 3.9+0.7 9.740.5 4.1+0.8 3.7+0.2
MeO(CF3),-Bimbe 8.4+1.2 8.1+1.9 11.9+0.3 10.7+0.3 10.2+1

MeO(NO,)-Bimbe 1.0+0.2 18.5+6.1 17.1+0.6 8.9+1.0 26.3+2.0
Doxorubicin 0.5+0.1 0.6+0.1 0.8+0.1 2.1+0.2 3:0.03
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It is evident that most of the compounds exhibtepb cytotoxicity toward the four cells, and
some of them are even comparable with doxorubitugh little selective cytotoxicity for

the cancer cells over the LO2 normal cells was mfesk analysis of the cytotoxicity may
afford some preliminary structure-activity relatstimps, which may provide some useful

guidance for future rational designmfBimbe-based anion transporters.

Firstly, m-Bimbe shows much higher inhibitory activity tharBime, p-Bimbe, Imbe and
Me,Bimbe. This result suggests that attaching two ineiczazolyl groups in theneta-position

of a phenyl group and keeping the benzimidazolyl Meétifs are required not only for anion
transport activity [35], but also for cytotoxicitg-Bime, p-Bimbe, Imbe and M@&imbe that
are inactive as anion transporters [35], are esgdlynon-cytotoxic. This finding implies that
a compound without anion transport activity exlslatvery low level of cytotoxicity (if there
is any).

Secondly, the effect of the substituents at thezin@dazolyl subunits on the inhibitory
activity varies with the substituents. For examgl@npared withm-Bimbe, F,-Bimbe, Cl,-
Bimbe, Bro-Bimbe and(CF3),-Bimbe exhibit better or comparable activity. Howe\(NO,),-
Bimbe almost loses its cytotoxic effect. These ltsssuggest that adding electron-
withdrawing substituents onto the benzimidazolybusits does not necessarily increase the
cytotoxicity, though such substituents are favagatd the anion transport activity [35].
Among all the substituents, trifluoromethyl group the most favorable one for the
cytotoxicity.

Thirdly, them-Bimbe derivatives having a 5-nitro group at thatca phenyl subunit, such as
NO,(CF3)-Bimbe and(NO)s;-Bimbe are much more cytotoxic than their corresiiog
analogues without a 5-nitro group, that(GFsz).-Bimbe and(NO.).-Bimbe, respectively.
However, it is unexpected thiteO(CF3),-Bimbe andMeO(NO,).-Bimbe with much lower

anion transport activity, also exhibit potent cgtatity. This result implies that other
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mechanisms besides anion transport may be alsonsife for the cytotoxic effects [51].

Overall, the 5-nitrated mBimbe derivative having trifluoromethyl groups dhe
benzimidazoloyl subunits, that iISO,(CF3),-Bimbe exhibits the most favorable cytotoxicity

(and anion transport activity), and therefore wsedufor further mechanistic study.
2.4.2 Effect of chloride anions on cytotoxic effects

It is known that live cells involve a lot of comgléon homeostasis that are responsible for
antitumor activity [5, 6, 8]. As shown in Fig. 6and Table 2, the entry of chloride anions into
live cells can be facilitated in the presenceN@h(CF3),-Bimbe, (CF3),-Bimbe, MeO(CF3).-
Bimbe orm-Bimbe, and theirn vitro anionophoric activity observed in the MQAE assag a
AO staining, parallels their cytotoxicity. Thesesu#ts imply that chloride transport across
cellular membranes may be responsible for the oyioteffects. To gain support for this, we
measured the cytotoxicity dfiO,(CF3),-Bimbe toward HeLa and MCF-7 cell lines in the
presence and the absence of chloride anions. Asrsit Fig. 9, NO,(CF3),-Bimbe was
found to be more cytotoxic toward both HelLa and MCEell lines in the presence of
chloride anions than in the absence of chloriderai This result strongly suggests that

chloride transport plays a crucial role in the tgkac effects [5, 6, 8.
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Fig. 9. Cell viability of (a) HeLa and (b) MCF-7 cells ihe CI-containing and CHree extracellular media
(HBSS buffer) upon the dose-dependent treatmeNOg{CF3),-Bimbe (2-10uM) for 12 h (mean £ s.d., n
= 4, *P < 0.01). The differences in mean intensities aatissically significant P < 0.01) according to

one-way analysis of variance (ANOVA).
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2.4.3 Probable mechanism of action for cell death

Literature reports have shown that dysregulatiomofhomeostasis, in particulaia chloride
influx, can induce cell shrinkage and lead to apsist [6, 9, 50]. To gain insight into how
these compounds induce cell death, we used Ho88B4g2 staining to investigate the effect
of NO2(CF3),-Bimbe on HelLa cell lines. Hoechst 33342 stainiagable to differentiate
apoptosis from other cell death mechanisms thraughphological observation [4, 6]. As
shown in Fig. 10, compared with the untreated c#tls cells treated withNO,(CF3),-Bimbe
exhibit stronger blue fluorescence, indicative bfarnatin condensation, fragmentation and
apoptotic bodies formation. The formation of “beahaped nuclei was also observed. These

are typical features for cell deatta an apoptotic process.

To further confirm the apoptotic mechanism of attizwe used a JC-1 probe to observe the
loss of mitochondrial membrane potential in HeLbsca hallmark of apoptosis [6, 52]. JC-1
probe is a cell-permeable dye the fluorescence bichwis sensitive to mitochondrial
membrane potential. As shown in Fig. 11, afterieta cells were treated withO,(CF3),-
Bimbe of varying concentrations and then with JGHg pixel intensity ratio of the red
fluorescence of JC-1 to the green fluorescenceedses significantly. This is indicative of
the decrease of the mitochondrial membrane potemti@ is one of the characteristics for

apoptotic cell death in an early stage.

() (b)

Fig. 10. Hoechst 33342 staining of HelLa cell lines. (a)trtdated (control) cells; (b) cells treated with

NO,(CF3),-Bimbe (2.5uM).
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Fig. 11. JC-1 staining of HelLa cell lines. (a) Untreatetls; (b)-(c) cells treated witRO,(CF3),-Bimbe at
the concentrations of @M and 10uM, respectively; (d) Pixel ratio (red/green) foffeient concentrations
of NO,(CFs3),-Bimbe, analyzed by ImageJ. The error bars meanthwratio of pixel intensities was

calculated from nine different horizons (mean +,1d= 9, **P < 0.001).

Taken together, the results obtained from HoecB3%3 and JC-1 staining provide evidences

for the apoptosis-inducing activity 8IO,(CFs3),-Bimbe.
3. Conclusion

In conclusion, we have synthesized a serigs-8imbe derivatives and investigated in details
their anion transport activity, anti-proliferatiativity and probable mechanism of action.
Firstly, we have demonstrated that adding a stedagtron-withdrawing nitro group at the 5-
position of the central phenyl subunitsneBimbe and its derivatives can greatly improve the
anion transport efficiency. This effect is conseterdue to the enhanced CH---anion
interactions, as evidenced from ESI MS, spectraphetric and'H NMR titrations.In vitro
anionophoric activity investigated by MQAE assay #&0O vital staining indicates that these
compounds can disturb the homeostasis of chlomiena, modify the intracellular pH and

induce the basification of acidic organelles. Weenmeasured the cytotoxicity of this series
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of m-Bimbe derivatives toward four solid tumor cellds) using the conventional MTT assays.
The results indicate that most of timeBimbe derivatives exhibit potent cytotoxicity, atite
5-nitrated derivative bearing trifluoromethyl graupt the benzimidazoloyl subunits is the
most active with the 1§35 value in the low micromolar range. The findingattkthe entry of
chloride anions into live cells, evaluated by us®QAE assay, parallels the anion transport
efficiency and the cytotoxicity, and these compaurekhibit higher cytotoxicity in the
presence of chloride anions, suggest that the goahef chloride anions across the cellular
membranes plays a critical role in the cytotoxife@s. Preliminary mechanistic study by
using Hoechst 33342 and JC-1 staining suggestshese compounds induce cell death most
probablyvia an apoptotic process. Hence, mrBimbe derivative that has both high anion
transport efficiency and biological activity (foxample, disordering ion homeostasis) may be
developed as a potential apoptotic agent for tutreatment. Further efforts are aimed at
clarifying the detailed mechanism of action of #he®mpounds and creating structurally
optimized benzimidazole-based anion transporterth exceptionally high activity. The

outcomes will be reported in due course.
Supporting information

Experimental procedures and data for the synthssis;tural characterization, anion binding

affinity, transmembrane anion transport activitg dmological activity of each compound.
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Research Highlights

» A series of 1,3-bis(benzimidazol-2-yl)benzene derivatives were synthesized.

» The anionophoric activity was greatly improved by adding electron-withdrawing groups.
» These derivatives exhibit potent anionophoric activity in liposomal models and cells.

» Most of these derivatives exhibit potent cytotoxicity toward the tested cancer cells.

» These derivativesinduce cell death most probably via an apoptotic process.



