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Easy-to-make tripodal tris-thiourea receptors based upon tris(2-
aminoethyl)amine are capable of chloride/bicarbonate transport 
and as such represent a new class of bicarbonate transport agent. 

The key roles that anions play in a whole range of biological 10 

processes has lead to much recent interest in the design of 
transporters and channels capable of carrying guests1 such as 
chloride2 or bicarbonate3 across lipid bilayer membranes. 
Compounds based on tris(2-aminoethyl)amine (tren) have 
proven to be effective receptors for a variety of anionic 15 

species.4  Recently tren-based tris-ureas have been employed 
by Custelcean as agents to selectively crystallise strongly 
solvated tetrahedral oxo-anions such as sulfate.5 In the anion 
transport arena, D.K. Smith and co-workers have shown that 
tren-based tris amides are capable of HCl co-transport through 20 

a dichloromethane phase in a U-tube experiment,6 whilst B.D. 
Smith and co-workers have shown that tren-based receptors 
containing sulfonamide groups or a mixture of sulfonamide 
and urea moieties are capable of transporting a phospholipid  
head group through a lipid bilayer i.e. are capable of 25 

displaying flippase activity.7 J.T. Davis and co-workers have 
reported that tren-based receptors with appended catechol 
groups are capable of transmembrane chloride transport.8 In 
this communication we describe the anion transport properties 
of a series of simple tris-ureas and tris-thioureas based on the 30 

tren scaffold 1-4.  The results show that the thiourea 
derivatives are capable of both chloride/nitrate and more 
significanly of transporting the more hydrophilic bicarbonate 
anion via a chloride/bicarbonate antiport mechanism.3 

 35 

 Compounds 1-4 were synthesised by modifications of 
literature procedures (see ESI).9 

 Proton NMR titration techniques were used to assess the 
stability of the receptor:anion complexes. Stability constants 
for the ligand-anion complexes were determined using the 40 

EQNMR computer programme.10 NMR titrations were 
conducted in DMSO-d6/0.5% water solutions with 
tetrabutylammonium anion salts (except for bicarbonate which 
was added as the tetraethylammonium salt).  The results show 
that in all cases the receptors bind sulfate strongly with Ka > 45 

104 M-1. Titrations with bicarbonate showed significant 
downfield shifts of the NH groups but in all cases, except for 

compound 3 (Ka = 564 M-1), the titration curve could not be 
fitted to a 1:1 binding model despite Job plot analyses 
indicating this stoichiometry.  Stability constants with 50 

chloride of 658, 830, 447 and 191 M-1 were observed for 
compounds 1-4 respectively. 
 Single crystals of the carbonate complex of receptor 4 were 
grown by slow evaporation of a DMSO/water solution of the 
receptor in the presence of excess tetraethylammonium 55 

bicarbonate.¶  The X-ray crystal structure revealed that two 
equivalents of receptor 4 bind to a single carbonate anion in 
the solid state via twelve hydrogen bonds in the range 
2.824(6)-3.070(7)Å with several other longer range NH…O 
interactions (Figure 1a).  We have previously observed that 60 

anion receptors that form multiple hydrogen bond to oxo-
anions can perturb the pKa of the guest to the extent that the 
guest anion is deprotonated by free anion in solution.11  This 
process may also occur here and account for the difficulty in 
fitting the bicarbonate NMR titration results to a simple 65 

binding model. The structure itself shows the carbonate anion 
encapsulated between two receptors effectively shielded from 
the environent external to the complex.  The sulfur atoms of 
the thiourea groups decorate the surface of the capsule-like 
complex (Figure 1b). 70 

In order to study the chloride transport properties of 
compounds 1-4 we prepared a series of unilamellar 1-
palmitoyl-2-oleoylphophatidylcholine (POPC) vesicles loaded 
with sodium chloride (489 mM) and suspended them in an 
external NaNO3  (489 mM) solution. A sample of receptor 1-4 75 

or control compound trihexylamine (2% molar carrier to lipid) 
was added as a DMSO solution and the resultant Cl– efflux 
monitored using a chloride selective electrode.12 After 300 s, 
the vesicles were lysed by addition of detergent and the final 
reading of the electrode was used to calibrate 100% release of 80 

chloride. The results are shown in Figure 2 and reveal that 
compound 1, which contains butylurea groups, does not 
transport chloride under these conditions.  Compound 2, 
which contains three phenyl urea groups, is more active, 
whilst compounds 3 and 4, which contain thiourea groups, and 85 

model compound trihexylamine all transport chloride under 
these conditions, approaching 100% release over the timescale 
of the experiment.  
There are a number of potential mechanisms that could be 
responsible for releasing chloride under the conditions of the 90 

experiment. We repeated the transport experiments with 
potassium rather than sodium salts and found no change in the 
chloride transport rate (evidence against a Na+/Cl- co-
transport mechanism).  Further studies in POPC/cholesterol 
70:30 vesicles showed a reduction in chloride transport rate 95 
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consistent with the compounds 1-4 functioning as discrete 
molecular carriers and not as channels.2  We also repeated the 
Cl-/NO3

- experiments in the presence of a pH gradient and saw 
little change in the rate of transport of chloride which suggests 
that Cl-/NO3

- antiport is the predominant mechanism 5 

repsonsible for the release of chloride from the vesicles. 
 

         
Figure 1 (a) Ball and stick and (b) space-filling views of the carbonate 
complex of receptor 4.  Counter cations have been omitted for clarity. 10 

 We used an HPTS fluorescence assay to study whether the 
compounds function as HCl co-transporters with nitrate as the 
external anion.8 Studies were conducted at 4% molar carrier to 
lipid concentration. For compounds 2, 3 and 4 we found that 
the internal pH rises initially and then drifts down over the 15 

course of the experiment (see Fig. S24 in ESI). This behaviour 
has been observed previously by Berezin and Davis8 and is 
due to the initial large chloride gradient resulting in a small 
amount of HCl co-transport producing a pH gradient which is 
then compensated by HNO3 transport into the liposomes on a 20 

slower timescale.  
 We next wished to ascertain whether these compounds 
could transport bicarbonate through the POPC bilayer. In 
order to test this, vesicles containing NaCl were prepared and 
suspended initially in a solution of Na2SO4 and a sample of 25 

receptor in DMSO solution was added to this suspension (2% 
molar carrier to lipid). In these experiments after a short time 
a pulse of bicarbonate was added to the external solution.  If 
the compounds can act as Cl-/HCO3

- antiport agents then one 
would expect that chloride would be released from the 30 

vesicles upon addition of bicarbonate. Under the initial 
conditions of the experiment (i.e. before bicarbonate is added) 
we would normally expect no release of chloride as sulfate is 
significantly more hydrophilic than either nitrate or 
bicarbonate ((ΔGh(SO4

2-) -1080 kJmol-1; ΔGh(NO3
-) -300 35 

kJmol-1; ΔGh(HCO3
-) -335 kJmol-1)13 and hence sulfate poses a 

significant challenge to transport through a lipid bilayer. 
However, note that in the presence of carriers 3 and 4 chloride 
was slowly released from the vesicles under the conditions of 
the experiment (Figure 3). After 120 s, NaHCO3 was added to 40 

the solution, at which point chloride efflux from the vesicles 
either commenced (compound 2 or trihexylamine) or 
accelerated (compounds 3 or 4). Comparatively these studies 
show that compound 1 is inactive, compound 2 and 
trihexylamine are moderately active bicarbonate transporters 45 

whilst compounds 3 and 4 both show similar high activity of 
chloride/bicarbonate transporters (Figure S27 in ESI).3  

          
Figure 2 Chloride efflux promoted by 0.02 molar equiv of receptors 1-4 

and trihexylamine (N(hex)3) from unilamellar POPC vesicles loaded with 50 

489 mM NaCl buffered to pH 7.2 with sodium phosphate salts. The 
vesicles were dispersed in 489 mM NaNO3 buffered to pH 7.2 with 5 mM 

sodium phosphate salts. At the end of the experiment, detergent was 
added to lyse the vesicles and calibrate the ISE to 100% chloride release. 

Each point represents the average of three trials. 55 

 The experiments depicted in Fig. 3 provided strong, yet 
indirect, evidence that thioureas 3 and 4 transport bicarbonate 
across lipid membranes. We used 13C NMR spectroscopy to 
gain direct evidence that 3 and 4 facilitate transmembrane 
HCO3

-/Cl- exchange (Fig. 4 and ESI).3a In these experiments 60 

we monitored bicarbonate efflux from vesicles loaded with 
H13CO3

- after addition of 1-4. EYPC vesicles filled with 
H13CO3

- and suspended in Na2SO4 solution were aged 
overnight at 4 ºC. Two 13C NMR signals separated by 1 ppm  
(δ ~161 and ~160 ppm) were observed, corresponding to 65 

signals for intravesicular and extravesicular H13CO3
- (Fig. 4). 

No leakage of H13CO3
- from these vesicles occurred after 

addition of 50 mM NaCl. A DMSO solution of the 
transporters was added to give ligand-to-lipid ratios of 0.04 
mol % for 1-4.  As shown in Fig. 4 thiourea 4 promoted 70 

complete Cl-/H13CO3
- exchange, confirmed by observation of 

only the NMR signal for extravesicular H13CO3
-. Addition of 

Mn2+ broadened this H13CO3
- signal into the baseline, 

confirming that all of the intravesicular H13CO3
- had been 

exchanged into the extravesicular solution. In sharp contrast, 75 

after addition of compound 1 the separate signals for 
intravesicular and extravesicular H13CO3 remained relatively 
unchanged. Addition of Mn2+ to this control sample simply 
erased the extravesicular H13CO3

- signal, whereas the 
intravesicular H13CO3

- signal remained intact since Mn2+ 80 

cannot cross the membrane. This 13C NMR data was 
consistent with the ISE data in Fig. 3, which showed that 
thioureas 3 and 4 are relatively potent anion transporters, 
whereas urea 2 has modest activity and compound 1 is 
essentially inactive as an anion transporter. 85 

Conclusions 
Compounds 3 and 4 are easy-to-make and yet effective and 
potent chloride/bicarbonate transporters that function by an 
antiport mechanism.3 The results clearly show that in these 
simple tren-based systems, the thioureas are significantly 90 

better at transporting bicarbonate anions than are the 
corresponding ureas (A.P. Davis and B.D. Smith have shown 
similar effects for chloride transport with functionalised 
cholapods).13 We are currently investigating the oxo-anion 
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transport properties of a variety of tren-thiourea derivatives.  
The results of these studies will be reported in due course.  

 
Figure 3 Chloride efflux promoted by 0.02 molar equiv of receptors 1-4 
and N(hex)3 from unilamellar POPC vesicles loaded with 489 mM NaCl 5 

buffered to pH 7.2 with 20 mM sodium phosphate salts upon addition of a 
NaHCO3 pulse to make the extravesicular bicarbonate concentration 40 
mM. The vesicles were dispersed in 167 mM Na2SO4 buffered at pH 7.2 

with 20 mM sodium phosphate salts. At the end of the experiment, 
detergent was added to lyse the vesicles and calibrate the ISE to 100% 10 

chloride release. Each point represents the average of 3 trials. 
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Figure 4 13C NMR test for H13CO3

-/Cl- exchange promoted by 0.04 molar 
equiv. of 1, 2, and 4.  a) before and b) after addition of a 50 mM NaCl 

pulse to EYPC vesicles containing 100 mM NaH13CO3 buffered to pH 7.4 
with 20 mM HEPES, dispersed in 75 mM Na2SO4 buffered to pH 7.4 with 30 

20 mM HEPES; c) after addition of 1, 2 or 4; d) after addition of 0.5 mM 
MnCl2, a paramagnetic line broadener that only affects extravesicular 

bicarbonate. See ESI for more data. 
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