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Small synthetic molecules capable of inducing transmembrane anion transport have received a lot of

attention as potential anti-cancer agents due to their ability to interfere with intracellular pH homeostasis.

A series of triaminopyrimidine-based anion transporters have been synthesised, and they are found to

diminish proton gradients across lipid bilayers at physiologically relevant pH. The compounds have pKa

values (≈7.2) that allow protonation/deprotonation processes coupled with anion binding/unbinding

events in physiologically relevant conditions. Synthetic vesicle transport experiments as well as solid state

structures indicate synergistic binding of HCl. Cell assays show that the transporters induce apoptosis in

various cancerous cell lines.

Introduction

The regulation of ion flow across lipid bilayers plays an impor-
tant role in many biological processes.1 Malfunction or
absence of natural transporters is the cause of diseases, such
as cystic fibrosis and Barter syndrome.2,3 The development of
synthetic transmembrane anion transporters has seen a rise in
interest in recent years due the potential for addressing these
issues.4 Synthetic compounds capable of transporting biologi-
cally relevant anions (e.g. Cl−, OH−, HCO3

−) through the cellu-
lar lipid membrane are prime candidates for the development
of new treatments. Several small organic molecules with drug-
like properties have been shown to act as artificial transpor-
ters. Exploiting the abundance of chloride in physiological
environment has led to the design of Cl−/A− (A− = OH−/
HCO3

−/NO3
−) antiporters or Cl−/H+ symporters with potential

use for cystic fibrosis treatment5 or induced apoptosis of
cancer cells.6–9 While lab scale experiments for studying syn-
thetic transporters often involve the use of model lipid vesi-
cles, translating results obtained from these systems to in vivo
transport is not straightforward. There are several factors that
contribute to the efficiency of a synthetic transporter: the
affinity for the target ion, the lipophilicity and, in the case of
symporters, the pKa.

10–12 While less relevant for channel

forming molecules, carrier efficiency is strictly related to proto-
nation state,13,14 with an optimal pKa of around 7 for physio-
logically relevant processes.15

A particular interest for small molecule ion transporters is
due to their potential in biological applications in the field of
cancer treatment.16,17 Due to an increase in life expectancy,
the number of cancer cases have been increasing, together
with tumour heterogeneity and drug resistance, while drug
delivery and tumour penetration present major drawbacks for
a successful treatment.18 Most work done for the development
of more effective therapies are related to the design of new
cytotoxic drugs, the development of targeted therapies or new
strategies to modulate the tumour microenvironment.19

Recently, anionophores have been studied for their potential
to act as chemotherapeutical agents, correlating their ion
transport properties with cellular death induced by modu-
lation of pH gradients.7,15

Triazines and pyrimidines have been used extensively in
supramolecular and medicinal chemistry.20–23 This class of
nitrogen based heterocycles are at the centre of many synthetic
self-assembling systems16 as well as molecular designs for
drug discovery.24 While triazine incorporating anion transpor-
ters have been reported recently,25–27 there is little literature
on pyrimidine based transporters and there have been no
studies on ion transport using triaminopyrimidines
derivatives.

The design of the molecules described here started from
the observation that the pKa of triaminopyrimidines is about
7.4.22 We proposed that the protonation of the pyrimidine core
at physiological pH could be coupled with the binding of
anions. Binding protons and anions simultaneously offers the
possibility of nonelectrogenic transport of anions that can take
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place unassisted and without perturbing any electrochemical
gradient across a lipid bilayer membrane.13 Using this mecha-
nism, natural products such as prodigiosin6,7 and
tambjamine28,29 excel at HCl cotransport. Thus we synthesized
a series of simplistic triaminopyrimidine derivatives equipped
with hydrophobic moieties and tested the transmembrane
anion transport properties in synthetic vesicles. We further
demonstrate that the compounds are cytotoxic towards various
cancerous cell lines by inducing apoptosis.

Results and discussion
Synthesis and characterization

The triaminopyrimidines were synthesized in one step reac-
tions from commercially available starting materials
(Scheme 1). Single crystals of the HCl and HI salts of com-
pound 2 were obtained by slow vapour diffusion of the acids
from concentrated aqueous solution into a dichloromethane
solution of 2. The X-ray crystal structures of these two salts
show that the anions are H-bonded to protonated pyrimidines
(Fig. 1). Protonation of the aromatic nitrogen leads to
chelation of the anion by the pyrimidine, with one H-bond to
the protonated nitrogen and a second to either the hydrogen
of the amino group in position 1 (Fig. 1A) or the proton of the
alkyl amine in positions 3 or 5. (Fig. 1B) These structures

demonstrate the ability of triaminopyrimidines to synergisti-
cally bind a proton and an anion, a feature necessary for non-
electrogenic symport processes. Full experimental details and
characterisation data are available in ESI (section 4†).

The pKa values of compounds 1–3 were determined using a
potentiometric experiment using a 1 mM solutions in
H2O : DMSO (9 : 1). Variation of the alkyl chain did not have
any effect, and all three compounds have a pKa value of 7.2
(ESI, section 6†). Compounds 4 and 5 could not be analysed in
the same way, because they precipitated during the titration.

Transport in synthetic vesicles

As a model system for transport experiments we used 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) large unila-
melar vesicles (LUVs) and together with a pH-dependent fluo-
rescence assay using 8-hydroxy-1,3,6-pyrenetrisulfonate
(HPTS).30,31 Vesicles were prepared by rehydrating a dry lipid
film with a 200 mM KCl solution at pH 6.4 containing 1 mM
HPTS. After several freeze thaw cycles and extrusion through a
200 nm membrane, the vesicles suspension was passed
through a size exclusion column to remove extravesicular
HPTS. In a typical transport experiment, a solution of the
transporter was injected into the suspension of LUVs in the
KCl solution at pH 6.4, and then a small aliquot of concen-
trated NaOH was injected to induce a pH gradient of 1 unit.
The pH equilibration between the internal and external media
of the LUV was followed by monitoring the emission of the
HPTS inside the LUVs (Fig. 2). In this assay, anion transporters
can dissipate the pH gradient by electroneutral efflux of HCl,
by Cl−/OH− exchange, or by a combination of both processes.
To follow the variation of intra-vesicular pH, we monitored the
ratio of the fluorescence emission (λem = 510 nm) of the acidic
(λex = 405 nm) and basic (λex = 460 nm) forms of HPTS. In
order to normalise the data to 100% dissipation of the pH
gradient, the vesicles were subjected to lysis with detergent
(Triton-X100) after 360 s. Experiments were recorded over the
duration of 7 minutes and were done in triplicate.

Scheme 1 Synthesis and structures of triaminopyrimidine derivatives
1–5.

Fig. 2 Schematic representation of the transport experiment and pro-
posed H+/Cl− symport mechanism. (1) Vesicles are suspended in a KCl
solution at pH 6.4. (2) After inducing a pH gradient on the exterior, fluo-
rescence change of the pH sensitive dye indicates proton transport via
the triaminopyrimidines compounds. Lysis of vesicles is induced to allow
normalization relative to maximum possible transport values.

Fig. 1 X-ray structures of compound 2 salts with (A) HCl and (B) HI,
with marked hydrogen bond length (Å) between the triaminopyrimidine
cores and respective anions. Atom color coding: Cl – green, I – purple,
N – blue, C – grey, H – white; CCDC reference numbers: 2·2HCl
(1851429) and 2·HI (1851428).†
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As an initial transport activity evaluation, compounds 1–5
were tested using 2.5 mol% of transporter relative to the lipids
(Fig. 3A). Although all compounds showed transport activity,
the aliphatic-alkyl decorated pyrimidines 1–3 proved to be
more effective for achieving relatively fast pH equilibration
across the bilayer. Compounds 1–3, which had the highest
relative transport rates, were further subjected to a dose–
response analysis (Fig. 3B) at different transporter concen-
trations.32 A Hill analysis of these data allows determination of
the effective concentration needed to obtain 50% anion trans-
port at a specific time (EC50) as well as the Hill coefficient (n),
which represents the transporter : anion stoichiometry of the
active species involved in transport (ESI, section 5†). The EC50

values for compounds 1, 2 and 3 are 0.132 ± 0.011, 0.297 ±
0.012 and 4.173 ± 0.049 mol% respectively (Table 1). While the
results for 1 and 2 are similar, compound 3 proved signifi-
cantly less efficient. Compound 3 is less hydrophobic, due to
the short isopropyl side chains, which could limit the solubi-
lity of the protonated transporter : anion complex in the lipid
bilayer. On the other hand the higher lipophilicity and larger
molecular size of compounds 4 and 5 could limit the diffusion
rate in the lipid bilayer, causing reduced transport efficiency.
For compounds 1–3 the Hill coefficient was approximately one,
suggesting a 1 : 1 protonated transporter : anion complex. The

pH gradient could be equilibrated through a number of
different transport processes.33 In the current experiment
setup, the higher external pH dictates the direction of proton
transport towards outside of the LUVs. In order for transport
to take place, electro neutrality across the lipid bilayer needs to
be maintained, and this can be achieved through the symport
of H+/Cl−, the antiport of OH−/Cl− or the antiport of H+/K+

(Fig. 4). In order to determine the possible role of antiport pro-
cesses, the anion was changed from chloride to sulphate.
Sulphate anions are difficult to transport using simple trans-
porters, due to the higher dehydration energy compared
with chloride (ΔGh (SO4

2−) = −1080 kJ mol−1, ΔGh (Cl−) =
−340 kJ mol−1),34,35 as so sulphate can be used to discriminate
between antiport and symport processes.36 When the transport
experiment was conducted using K2SO4 as the source of anion,
no change in fluorescence was observed (Fig. 4B). This proves
that there are no significant transport processes involving

Fig. 3 HPTS fluorescence ratiometric assay for 1 mM vesicle solutions
containing varying molar percentage of transporters relative to lipid
content. Evolution of the fluorescence intensity obtained from the ratio
of signals measured at 405 nm and 460 nm after the addition of base
(t = 0 s) until the lysis of the vesicles (t = 360 s). Initial pH of 6.4 corres-
ponds to the normalized intensity value of 0, while the final pH
after vesicle lysis correspond the value of 1. (A) Screening experiment of
compounds 1–5 with 2.5 mol% relative to the lipid content (B)
Concentration dependent activity of compound 1.

Table 1 Anion transport parameters (EC50 and n), lipophilicity para-
meters (clog P) and pKa values for compounds 1–3

Compound EC50
a nb clog Pc pKa

d

1 0.132 ± 0.011 1.29 ± 0.19 4.10 7.22 ± 0.02
2 0.297 ± 0.012 1.15 ± 0.07 3.95 7.23 ± 0.02
3 4.173 ± 0.049 0.91 ± 0.01 1.89 7.23 ± 0.02
4 >4 — 5.99 —
5 >4 — 6.70 —

aMolar percentage (M) with respect to lipids needed to obtain 50%
transport at 270 s. bCalculated Hill coefficient from Hill analysis. c The
log P values were calculated via VCCLab. d pKa value was determined by
acid/base titration of 1 mM solution of the compounds in H2O/DMSO
(10 : 1).

Fig. 4 (A) Selectivity assay using K2SO4 of compound 1 at 2.5 mol%
relative to lipid content. Possible transport processes taking place when
the source of anions is (B) KCl or (C) K2SO4; lack of fluorescence change
when using K2SO4 indicates that processes involving K+ or SO4

2− ions
are not permitted, as both are coupled to pH inducing transport.
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sulphate (H+/SO4
2− symport) or potassium (H+/K+ antiport).

Thus chloride transport must be coupled with either proton
symport or hydroxide antiport. Considering that the concen-
tration of Cl− is exceedingly higher than that of OH−, it is un-
likely that the protonated transporter carries a hydroxide
across the lipid bilayer, the HCl : transporter complex being
the most likely state in the bilayer, as supported by the
obtained crystal structures.

To further prove that the compounds transport chloride, a
qualitative assay based on the halide sensitive lucigenin was
carried out.37 Vesicles containing 2 mM lucigenin dye in
100 mM NaNO3 (10 mM PB, pH = 7.2) were prepared. Aliquots
of DMSO solutions of the transporters were injected into the
purified vesicle solutions and left to equilibrate. Then a small
aliquot of NaCl solution was injected in order to initiate Cl−

transport. Fig. 5A shows the fluorescence intensity, which has
been normalised by lysing the vesicles with aqueous Triton
X-100 solution to equilibrate the intra and extravesicular solu-
tions after 330 s. The fluorescence intensity decreased with
time in all cases, which indicates transport of Cl− across the
lipid bilayer. This is most likely achieved through the antiport
of NO3

−/Cl− facilitated by the presence of the transporters.
The relative rate at which transport is achieved follows the
same order of activity as obtained in the HPTS experiments,
1 > 2>3 > 4 ≈ 5. Additionally, we assessed the transport rate of
compound 1 in vesicles containing Cl− on the inside when Cl−

or F− anions where present on the outside. If the mechanism
of transport would involve a X−/OH− antiport, the transport
rates would be similar since in both cases Cl− would be
shuffled outwards from the vesicles while OH− would compen-
sate the charge and pH difference. Changing anions causes a
substantial difference in the transport rate, supporting the
proposed mechanism of H+/X− symport rather than X−/OH−

antiport.

Cell viability assay

In recent years new strategies for cancer treatment based on
the modulation of extracellular and/or intracellular pH of
tumours have been developed, as it has been shown that the
reduction of intracellular pH in cancer cells promotes apopto-
sis.38 Having proved the chloride transport activity of our com-
pounds, we decided to further investigate their potential as
anti-cancer agents. For this purpose, the cytotoxicity of com-
pounds 1–5 was evaluated in vitro using five different cell
lines, MFC10A (a non-tumorigenic epithelial cell line from
breast), HEK293T (human embryonic kidney cell line), A549
(lung cancer cell line), MCF7 (breast cancer cell line) and
SK-RC-52 (human renal carcinoma cell line). The cells were
incubated with either 10 or 50 μM of compounds (Fig. 6). At
10 μM only 1 affects the cells, while at 50 μM all of the com-
pounds significantly reduced viability. A549, SK-RC-52
(the most affected cancerous cell lines) and MCF10 (the less
affected non-cancerous cell line) were further used to deter-
mine IC50 values (Fig. 7). Compounds 1, 2, 4 and 5 have IC50

values lower than 100 μM, while compound 3 did not show
any inhibitory effect, with the cells being close to 100%
viability after 48 h.

Fig. 5 A. Lucigenin fluorescence assay for 1 mM vesicle solutions con-
taining 5 mol% of transporter relative to lipid content. Evolution of the
fluorescence intensity was monitored at 506 nm (λex = 455 nm), with
addition of NaCl at t = 0 s and lysis of the vesicles at t = 330 s. B. HPTS
assay for comparison of transport rate in function of anions for 1 mM
vesicle solutions containing 2.5 mol% compound 1 with addition of base
at t = 60 s.

Fig. 6 Cell viability determined after 48 h incubation with (A) 10 μM
and (B) 50 μM of compounds 1–5. Viability is represented as percentage
of control. (C) IC50 values for MCF10A (non-cancerous), A549 and
SK-RC-52 (cancerous) cell lines.
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Cell death mechanism

To further investigate the mechanism of cell death, A549 cells
were used in an Annexin-V-7AAD assay.39 The cells were incu-
bated with compounds 1, 2, 4 and 5 for 1 h at 50 μM and for
48 h at the IC50 concentration. The cells were then
stained with Annexin-V (indicative of apoptosis) and 7AAD
(indicative of necrosis) and analysed by flow cytometry. After
1 h incubation, 5–8% of the cells underwent apoptosis, and
this percentage increased up to 30% after 48 h. The
increase in the number cells undergoing apoptosis in time can
be correlated to lack of pH gradient in the initial stages, due to
a lag in the cancerous cell lines metabolism responsible for
generating acidic environments, as well as a longer exposure
time of the cells to the compounds.

Conclusions

In summary, we have synthesized series of simple triaminopyr-
imidine derivatives and shown that they transport HCl across
bilayer membranes. Through a combination of HPTS and luci-
genin assays, we have established that the transporters work
by an HCl symport mechanism under a pH gradient and a
NO3

−/Cl− antiport mechanism under a Cl− gradient. A Hill
analysis shows that the EC50 values are between 0.1 and
4 mol%, thus comparable to the properties of triazine
transporters.25,27 X-ray crystal structures of the complexes
formed with HCl and HI have been obtained, providing struc-
tural evidence for simultaneous binding of protons and
anions. Cytotoxicity experiments show that the compounds are
active against cancer cell lines with IC50 values as low as
15 µM. On exposure to the transporters, 30% of cells undergo
apoptosis after 48 h.

These results open up a new avenue for the design of novel
non-electrogenic anion transporters based on the triaminopyr-
imidine scaffold. Considering the simple synthetic preparation
and flexibility in structural design of the compounds, this new
class of synthetic transporters could be a viable option for
designing new drug candidates that could find applications in
medicinal chemistry.
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