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The tambjamine alkaloids and related synthetic analogs are

potent transmembrane anion tranporters promoting bicarbonate/

chloride exchange in model phospholipid liposomes and discharging

pH gradients in living cells.

Facilitated anion transport through lipid bilayers is an

emerging topic in bioorganic and supramolecular chemistry.1

Simple anion transporters could be biologically active and

have potential for the treatment of conditions derived from

the abnormal function of natural anion transport mecha-

nisms (channelopathies) such as cystic fibrosis.2 In this regard,

development of molecules capable of promoting efficient

translocation of chloride and bicarbonate across lipid bilayers

at low concentrations is an important goal.3 Examples of

naturally occurring molecules capable of promoting anion

transport across lipid bilayers are rare. The tripyrrolic meta-

bolite prodigiosin stands out as the best studied natural anion

carrier, being able to promote both HCl and anion exchange.4

This ionophoric activity has been linked to the biological

activity of prodiginines.5 Several research groups have studied

synthetic analogs of prodigiosin, nevertheless the synthesis of

these compounds is not straightforward and these modifications

have failed to improve the properties of the natural derivatives.6

The tambjamines are a class of natural products characterized

by a 4-methoxy-2,20-bipyrrolenamine structure.7 They have

evident structural relationships with the prodiginines and, like

these compounds, tambjamines have shown intriguing biological

activities including anticancer and antimicrobial properties.8

The report of the total synthesis of tambjamines by Banwell

and colleagues,9 and the identification of new natural derivatives

have led to further studies concerning the biological activity

of these compounds.10 Surprisingly, the ionophoric activity

of these compounds has not been studied in detail.11 Herein we

report a detailed study of the transmembrane anion transport

properties of tambjamine derivatives.

Compounds 1–6were synthesized in high yield by acid catalyzed

condensation of 4-methoxy-2,20-bipyrrole aldehyde and different

amines (Fig. 1) (see ESIz for details).9 Compounds 1–4 are

naturally occurring secondary metabolites for which biological

activity has been reported in different studies.8,10 Compounds

5 and 6 represent novel synthetic analogs with aromatic

groups as amine substituents. The solid state structure of

hydrochloride salts of compounds 2 and 6 was determined

by X-ray diffraction (Fig. 2). Both compounds displayed an

essentially flat bipyrrolenamine core with the chloride anion

interacting with the tambjamine moiety through hydrogen bonds.

Fig. 1 Tambjamine derivatives 1–4 and synthetic analogs 5, 6.

Fig. 2 Representation of the X-ray structure of compounds 2 (left)

and 6 (right).
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The main difference between both structures arose from the

relative orientation of one of the pyrrole rings. Whereas in 6

the three NH groups are found facing the chloride anion in 2

one of the pyrrole rings is rotated 1801 and engaged in a

hydrogen bond with a crystallization water molecule.

The spectroscopic data of these compounds also support

a strong hydrogen bond interaction with the chloride anion

in solution. Thus the chemical shifts of the N–H groups of

compounds 1–6 (as hydrochloride salts) were found at very

low field (d = 14–10 ppm). These chemical shifts were

significantly higher than those found for the corresponding

hydroperchlorate salts. Titration experiments of hydroperchlorate

salts of the compounds with TBACl in DMSO resulted in

downfield shifts of the N–H signals up to one equivalent.

Further addition of chloride produced no change, implying a

strong 1 : 1 complexation.

The anion transport properties of these molecules were

studied using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC) vesicles (see ESIz for details). Briefly, liposomes

loaded with NaCl were suspended in an isotonic, chloride free

external medium. Chloride release promoted by 1–6 was

monitored over time using a chloride selective electrode. At

the end of the experiment the vesicles were lysed by the

addition of detergent, being the final chloride reading used

as 100% release of chloride. In order to compare the ionophoric

activity, initial transport rates expressed as % of chloride

efflux per second were determined from the slope of the

ISE assays.12 The results are summarized in Table 1 and a

representative graphic depicted in Fig. 3. Different assays were

carried out to determine both the activity and mechanism of

transport. When the vesicles were suspended in an external

medium composed of sodium sulfate addition of 1–6 (1 mM,

0.2% molar carrier to lipid) resulted in almost no chloride

efflux (Table 1, column a). Sulfate is a highly hydrophilic anion

(DGhyd =�1081 kJ mol�1)13 and it is very difficult to extract it

through a lipid bilayer. Therefore, chloride efflux under these

conditions should be the result of a formal HCl co-transport.

On the other hand when an external pulse of NaHCO3 was

added to the sulfate containing external medium, chloride

release was switched on, indicating the exchange of bicarbonate

and chloride (Table 1, column b).2 Beingmonoanionic, bicarbonate

(DGhyd = �335 kJ mol�1) is easier to extract through the

bilayer. To further prove the influence of the external medium

in the anion translocation efficiency, experiments using sodium

nitrate as external medium were carried out (Table 1, column c).

Similar transport rates to those observed when bicarbonate

is the external anion were obtained using ten-fold lower

carrier concentrations (0.1 mM, 0.02% molar carrier to lipid),

as expected from the relative higher lipophilicity of nitrate

(DGhyd = �300 kJ mol�1).

We also carried out experiments in which a pH gradient was

present, obtaining similar results to those described in the

absence of pH gradient (Table 1, column d, e).

All these results strongly supported anion exchange as

the main mechanism for the ionophoric activity of these meta-

bolites. It should be noted that previously ionophoric activity

of compound 4 was assumed to be the result of a HCl symport

activity.11 Since co-transport of HCl involves deprotonation of

the host as opposite to anion exchange and tambjamines

are likely to remain protonated at physiological pH (pKa of

tambjamines is around 10),14 we reasoned that this is the cause

for the low efficiency of these carriers as HCl symporters

compared to their activity as anion exchangers.

Significant differences in transport efficiencies were observed

in the chloride efflux experiments. The most active carrier in all

the assays was the novel derivative 6. A linear relationship

between ionophoric activity and carrier concentration was

found for this compound and significant chloride efflux was

detected at carrier loadings as low as 125 nM, 0.025% molar

equivalents with respect to lipids. The level of activity of

this synthetic anionophore is within the range of that found

for natural ionophore prodigiosin (0.32% s�1 for 6 vs.

0.36% s�1 for prodigiosin using 0.25 mM, 0.05% molar carrier

to lipid loadings (see Fig. S41, ESIz)). On the other hand 2,

tambjamine E, was found to be the less active compound in all

the assays. At the concentration level screened, this compound

displayed very low ionophoric activity. The lower lipophilicity

of 2 compared to the other derivatives examined could be

responsible for this result.

Table 1 Transport activities (% s�1) of compounds 1–6

Compound a b c d e

1 0.02 0.20 0.28 0.01 0.12
2 0.01 0.07 0.06 0.03 0.04
3 0.03 0.24 0.18 n.d. 0.14
4 0.03 0.51 0.34 n.d. 0.38
5 0.03 0.41 0.44 0.02 0.30
6 0.03 0.61 0.52 0.08 0.66
Blank 0.00 0.01 0.00 0.00 0.00

Column a: Vesicles loaded with 489 mM NaCl dispersed in 162 mM

Na2SO4 (pH 7.2). Column b: Vesicles loaded with 489 mM NaCl

dispersed in 162 mM Na2SO4 (pH 7.2, 20) upon addition of a

NaHCO3 pulse to make the extravesicular bicarbonate concentration

40 mM. Column c: Vesicles loaded with 489 mM NaCl dispersed in

489 mM NaNO3 (pH 7.2). Column d: Vesicles loaded with 489 mM

NaCl (pH 5.3) dispersed in 162 mM Na2SO4 (pH 7.2). Column e:

Vesicles loaded with 489 mM NaCl (pH 5.3) dispersed in 162 mM

Na2SO4 (pH 7.2) upon addition of a NaHCO3 pulse to make the

extravesicular bicarbonate concentration 40 mM.

Fig. 3 Chloride efflux promoted by 1–6 (1 mM, 0.2% mol carrier to

lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with

489 mM NaCl buffered at pH 7.2 with 20 mM phosphate dispersed in

162 mMNa2SO4 buffered at pH 7.2 upon addition of a NaHCO3 pulse

to make the extravesicular bicarbonate concentration 40 mM. Each

trace represents the average of three trials.
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The in vitro ionophoric activity of compounds 1–6 on small

cell lung cancer line (GLC4) cells was studied using vital

staining with acridine orange (AO). This cell permeable dye

exhibits a characteristic orange fluorescence emission in acidic

compartments such as lysosomes as a result of its protonation

and accumulation in such organelles, whereas it emits green

fluorescence at higher pH.15 When GLC4 cells were stained

with AO, the nuclei and the cytoplasm showed green fluores-

cence, while granular orange fluorescence was observed in the

cytoplasm (Fig. 4a), suggesting that the orange fluorescence is

due to acidified lysosomes. Cells were treated with 8 mM of

compounds 1–6 and the changes in the fluorescence monitored

over 1 h. Representative results are depicted in Fig. 4. Cells treated

with compounds 4 and 6, the most active carriers identified in

the liposome experiments, showed a complete disappearance

of orange emission (Fig. 4b and c). Similar results were obtained

with 1 and 5. On the other hand, cells treated with tambjamine

E 2, a poor ionophore, showed no changes (Fig. 4d). These

results correlate well with the activity observed in the liposome

assays. Active ionophores induce an increase in the lysosomal

pH whereas the inactive 2 is not able to do so. Based on the

results obtained in the liposome assays, it might be supposed

that facilitated influx of bicarbonate to the interior of the

lysosomes could be responsible for the increase of the internal

pH although other mechanisms cannot be ruled out.

The results described demonstrate that tambjamine alkaloids

are natural anionophores and their structure is an excellent

motif to develop new anion transporters. The straightforward

synthesis of unnatural analogs of the tambjamine family

makes these compounds promising candidates to identify

new anion transporters with potential biological applications.

Efforts aimed at understanding the structure–activity relation-

ships between the ion transport and biological activity of these

compounds are now underway in our laboratories.
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Fig. 4 Acridine orange staining of small cell lung cancer line (GLC4)

cells after exposure for 1 h to compounds 1, 4 and 6 (8 mM). (a) Untreated

cells (control). (b) Cells treated with 4. (c) Cells treated with compound 6.

(d) Cells treated with 2.
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