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Towards predictable transmembrane transport: QSAR
analysis of anion binding and transport†

Nathalie Busschaert,a Samuel J. Bradberry,‡a Marco Wenzel,§a Cally J. E. Haynes,a

Jennifer R. Hiscock,a Isabelle L. Kirby,a Louise E. Karagiannidis,a Stephen J. Moore,a

Neil J. Wells,a Julie Herniman,a G. John Langley,a Peter N. Horton,a Mark E. Light,a

Igor Marques,b Paulo J. Costa,b V́ıtor Félix,b Jeremy G. Freya and Philip A. Gale*a

The transport of anions across biological membranes by small molecules is a growing research field due to

the potential therapeutic benefits of these compounds. However, little is known about the exact

mechanism by which these drug-like molecules work and which molecular features make a good

transporter. An extended series of 1-hexyl-3-phenylthioureas were synthesized, fully characterized (NMR,

mass spectrometry, IR and single crystal diffraction) and their anion binding and anion transport

properties were assessed using 1H NMR titration techniques and a variety of vesicle-based experiments.

Quantitative structure–activity relationship (QSAR) analysis revealed that the anion binding abilities of

the mono-thioureas are dominated by the (hydrogen bond) acidity of the thiourea NH function.

Furthermore, mathematical models show that the experimental transmembrane anion transport ability

is mainly dependent on the lipophilicity of the transporter (partitioning into the membrane), but smaller

contributions of molecular size (diffusion) and hydrogen bond acidity (anion binding) were also present.

Finally, we provide the first step towards predictable anion transport by employing the QSAR equations

to estimate the transmembrane transport ability of four new compounds.
Introduction

The development of new transport systems for anionic species
is attracting signicant attention.1–5 The synthesis of new
compounds capable of mediating the lipid bilayer transport of
anions has generated compounds that can form membrane
spanning channels,6–8 relay systems that can ‘hand’ anions
across a membrane,9 and anionophores that coordinate anions
and encapsulate them in a lipophilic coat that allows the
complex to diffuse through the hydrophobic interior of the
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bilayer.10–13 There are potential future applications of these
compounds in treating diseases caused by malfunctioning
anion transport proteins in cell membranes (such as cystic
brosis),14 or in perturbing pH gradients within cancer cells
leading to apoptosis.15–18 Our interest in this latter approach led
us to develop anion transporters that initially contained
multiple hydrogen bond donors that were based on some of the
most effective anion receptor motifs known, such as tris(2-
aminoethyl)amine (tren).19,20However, in order for these species
to be eventually applied in vivo we decided to move away from
the types of compound traditionally used as receptors and
instead develop simpler transporters that have lower molecular
masses, lower numbers of hydrogen bond donors and acceptors
and lower log P values (octanol–water partitioning coefficient)
in order to optimize the chances that these compounds possess
acceptable ADME properties (absorption, diffusion, metabo-
lism and excretion), i.e. are more ‘drug-like’.21 By doing this we
discovered that very simple small molecules such as thio-
ureas,22,23 cyanoguanidines24 and squaramides25 are capable of
effective transmembrane transport of chloride and bicarbonate.

In this paper we report the effect of varying a single func-
tional group in 1-hexyl-3-phenylthiourea on the transport
properties of a series of compounds (1–22). Previous studies by
Davis and co-workers have shown the effect of varying func-
tional groups on cholic acid-based transmembrane anion
transporters,26 while Quesada and co-workers have studied the
This journal is ª The Royal Society of Chemistry 2013
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effect of lipophilicity by increasing the length of an alkyl
chain.27 However, these previous reports link the anion trans-
port ability to molecular properties such as anion binding in a
non-quantitative manner. Since the ultimate goal of the devel-
opment of transmembrane anion transporters lies in their
medicinal use, we decided to apply the techniques frequently
used in the optimization of pharmacologically active
compounds to the study of supramolecular transmembrane
transport of anions. By employing various types of QSAR
(quantitative structure–activity relationship) we have tried to
elucidate the parameters that are key for efficient transport in
this series of molecules and have successfully used this analysis
to predict the transport properties of related compounds.
Furthermore, the anion binding properties of this series of
compounds could be rationalized and predicted using standard
QSAR techniques.

Results and discussion
Selection of compounds

A total of 22 1-hexyl-3-phenylthioureas with various substituents
in the para-position of the phenyl ring were synthesized in one
or two steps from commercially available products using stan-
dard procedures (ESI,† compounds 2,23 924 and 1128 have been
previously reported). The majority of the compounds were
crystalline solids and crystal structures were obtained using
single crystal X-ray diffraction (ESI†).29,30 Out of these 22
compounds, four receptors (1, 6, 14 and 20) were randomly
selected, whilst ensuring they cover the range of observed
transport abilities, and were not used to build the QSARmodels,
but rather were used as a test set to validate the models
(predictions). The remaining 18 compounds formed the
training set and are discussed in detail in the following
sections.
QSAR analysis of anion binding

The ability of the receptors to bind anions in solution was
investigated using 1H NMR titration techniques in DMSO-d6
containing 0.5% water (with the anions added either as tetra-
butylammonium (TBA) or tetraethylammonium (TEA) salts).
The binding studies were performed for anions relevant in
biological systems (TBA nitrate, TBA chloride, TBA dihydrogen
This journal is ª The Royal Society of Chemistry 2013
phosphate and TEA bicarbonate). Where possible, the change in
chemical shi of the thiourea NH signals or the ortho CH signal
was tted to a 1 : 1 binding model using the WinEQNMR2
computer program31 and the results are summarized in Table 1.
The association of 1-hexyl-3-phenylthioureas with anions
decreases in the following order: HCO3

� z H2PO4
� > Cl� >

NO3
�. No interaction could be observed with nitrate, while weak

interactions were obtained for chloride and stronger associa-
tions were detected in the case of dihydrogen phosphate and
bicarbonate (Table 1). More interestingly, the association
constants in Table 1 also show a clear inuence of the substit-
uents on anion binding, with the highest association constants
obtained for the most electron withdrawing substituents such
as –NO2 and –SO2Me.

A good descriptor to quantify the electron withdrawing effect
of a particular substituent can be found in the Hammett
constant,32 which is well tabulated for most substituents and
has been extensively used in QSAR analyses33 and has previously
been linked to hydrogen bond based anion recognition.34–40 A
plot of the log Ka values versus the Hammett constants of
substituents in the para-position (sp) can be found in Fig. 1.
Linear ts through these plots resulted in eqn (1)–(3) that
possess acceptable R2 values (0.96 for the association with Cl�,
0.92 for H2PO4

� and 0.84 for HCO3
�), indicating that the elec-

tronic effect of the substituent is the main factor that inuences
the interaction towards the anion. Single crystal X-ray analysis
of the free receptors indicated that hydrogen bonding interac-
tions between the thiourea NH and the substituent is possible
in the solid state for substituents containing hydrogen bond
acceptors (ESI†). However, these substituent interactions do not
seem to affect the association of the receptor with anions in
solution, as the Hammett constant alone is sufficient to
describe anion binding. It is also evident that the best t is
obtained for the interaction with chloride, with lower R2 values
for dihydrogen phosphate and bicarbonate (eqn (1)–(3), N is the
number of data points, RMSE is root mean square error and F is
the F-test value).
log Ka(Cl
�) ¼ 0.55(�0.03)sp + 1.17(�0.01),

N ¼ 18, R2 ¼ 0.96, Radj
2 ¼ 0.96, RMSE ¼ 0.04, F ¼ 424 (1)

log Ka(H2PO4
�) ¼ 0.85(�0.06)sp + 2.38(�0.02),

N ¼ 17, R2 ¼ 0.92, Radj
2 ¼ 0.91, RMSE ¼ 0.09, F ¼ 167 (2)

log Ka(HCO3
�) ¼ 0.88(�0.10)sp + 2.40(�0.04),

N ¼ 16, R2 ¼ 0.84, Radj
2 ¼ 0.83, RMSE ¼ 0.13, F ¼ 73 (3)

The lower R2 values for dihydrogen phosphate and bicar-
bonate are most likely due to competing deprotonation of the
receptor by the anion, an event that is more signicant in the
case of more acidic receptors (i.e. stronger electron withdrawing
substituent) and more basic anions such as dihydrogen phos-
phate and especially bicarbonate.41,42 In the case of the most
electron withdrawing substituent of the series (COCF3), the
addition of HCO3

� and H2PO4
� results in decomposition of the

receptor, presumably due to deprotonation. Also compound 11,
Chem. Sci., 2013, 4, 3036–3045 | 3037
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Table 1 Overview of anion binding data: association constants (log Ka) for the training set with various anions in DMSO-d6/0.5% water at 298 K (error <15%), along
with the Hammett constant for the substituent in the para-position (sp), and overview of anion transport data: log P, initial rate of chloride release (kini), EC50 and n (the
transport results are an average of at least 3 independent repeats and standard deviations are given between brackets)

Compound

Anion binding data, log Ka Anion transport data

sp
a Cl�b H2PO4

�b HCO3
�c log Pd kini

e EC50
f ng

2 (CF3) 0.54 1.42 2.93 2.97 4.938 2.3 (�0.4) 0.44 (�0.04) 1.65 (�0.08)
3 (Cl) 0.23 1.30 2.63 2.63 4.541 0.60 (�0.15) 1.0 (�0.2) 1.57 (�0.19)
4 (CN) 0.66 1.50 3.04 3.19 3.661 1.4 (�0.5) 0.8 (�0.2) 2.11 (�0.13)
5 (COCF3) 0.80 1.62 —h —h 4.075 3.8 (�1.0) 0.9 (�0.1) 1.93 (�0.13)
7 (COOMe) 0.45 1.41 2.85 2.77 4.046 0.19 (�0.05) 2.3 (�0.4) 1.76 (�0.19)
8 (F) 0.06 1.19 2.43 2.48 3.971 0.22 (�0.07) 2.0 (�0.4) 1.67 (�0.15)
9 (H) 0.00 1.13 2.32 2.35 3.526 0.17 (�0.03) 2.7 (�0.5) 0.91 (�0.11)
10 (I) 0.18 1.30 2.65 2.75 4.951 0.69 (�0.16) 1.0 (�0.1) 1.87 (�0.31)
11 (NO2) 0.78 1.63 2.92 (2.54)i 3.917 2.8 (�0.6) 0.45 (�0.05) 2.05 (�0.08)
12 (OCOMe) 0.31 1.24 2.44 2.42 3.059 0.025 (�0.004) 12 (�2) 1.94 (�0.14)
13 (OCF3) 0.35 1.39 2.63 2.64 4.738 1.8 (�0.4) 0.42 (�0.09) 1.41 (�0.15)
15 (OMe) �0.27 1.03 2.12 2.16 3.629 0.076 (�0.007) 5.5 (�0.9) 1.29 (�0.03)
16 (SMe) 0.00 1.17 2.45 2.50 4.085 0.17 (�0.04) 2.6 (�0.7) 1.60 (�0.44)
17 (SO2Me) 0.72 1.58 2.97 2.85 2.641 0.041 (�0.007) 10.6 (�0.6) 2.48 (�0.19)
18 (Me) �0.17 1.04 2.21 2.17 4.025 0.32 (�0.12) 1.3 (�0.5) 0.88 (�0.19)
19 (Et) �0.15 1.13 2.23 2.18 4.554 0.55 (�0.12) 0.3 (�0.1) 0.63 (�0.04)
21 (Bu) �0.16 1.10 2.21 2.34 5.612 1.10 (�0.13) 0.12 (�0.04) 0.77 (�0.15)
22 (Pe) �0.15 1.11 2.34 2.26 6.141 1.4 (�0.2) 0.08 (�0.01) 0.86 (�0.17)

a Values taken from ref. 32. b Anion added as TBA salt, data for the alkyl thiourea NHb is given.
c Anion added as TEA salt, data for the orthoCH is given

due to peak broadening of the thiourea NHs. d Clog P values calculated using Daylight version 4.73. e Values calculated by tting the plot of relative
chloride release (y) versus time (x) for 2mol% transporter to lipid to an asymptotic function y¼ a� bcx. The initial rate of chloride release (kini in% s�1)
is given by �bln(c). f EC50 (in mol% transporter to lipid) is the concentration of transporter needed to obtain 50% chloride efflux in 270 s. Values
obtained by means of Hill plot. g Hill coefficient n value obtained by means of Hill plot. h Association constant could not be obtained due to
decomposition of the compound. i Peak broadening/overlap and deprotonation of the compound make the obtained binding constant unreliable.
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containing the strongly electron withdrawing –NO2 group,
appeared to be unstable in the presence of bicarbonate. Simi-
larly, attempts were made to synthesize a 1-hexyl-3-phenylthio-
urea with the even more electron withdrawing –SO2CF3 group
(sp ¼ 0.96), but the compound proved to be unstable and
degraded in a few hours. In brief, it appears that the anion
binding properties of simple thioureas follow a normal Ham-
mett correlation where the highest binding is observed for the
receptor containing the most electron withdrawing substituent,
but deprotonation of the thiourea functionality can compete
with anion binding in the case of basic anions and extremely
electron withdrawing substituents.43

In order to investigate this effect in more detail, we also
examined the inuence of the Hammett constant of substitu-
ents in themeta-position (sm) and the pKa of both thiourea NHs
(calculated using ACD iLabs 2.0, algorithm version
v12.1.0.50374).44 No correlation was found between log Ka and
sm, or between log Ka and the pKa of NHb. However, a good
correlation does exist between log Ka and the pKa of NHa (for
correlation with log Ka(Cl

�) R2 ¼ 0.93), which is unsurprising as
the Hammett constants were originally derived from pKa values
(see ESI†).45 These results imply that the inuence of the
substituents on the anion binding affinity of 1–22 is due to their
inuence on the pKa (and therefore hydrogen bond donating
ability) of NHa, and not due to increased participation of
aromatic CHc in the binding event (which should result in
correlation with sm), as previously observed for another set of
anion receptors.46
3038 | Chem. Sci., 2013, 4, 3036–3045
Another parameter that can be used to model the electronic
factors in anion binding is given by the electrostatic potential
surface maxima points, VS,max, which is an easy to calculate
parameter that has previously been shown to correlate well with
hydrogen bonding capacity47,48 and acidity.49 VS,max values were
computed for all receptors at B3LYP/6-311++G** level, using the
optimized structures of their chloride complexes with the same
basis set aer removing the anion, according to the method
described by Politzer et al. (see ESI† for computational details).50

For all of the receptors the most positive region of the molecule
is the N–H binding area, as exemplied for receptor 4 in Fig. 2,
with the electrostatic potential mapped on the molecular elec-
tron density (le) and showing the maximum, drawn as a pink
dot (right), located at the binding pocket. In the case of
compounds 1–22 the calculated VS,max values correlate well with
the Hammett constants (sp, R

2 ¼ 0.97) and as a consequence
also with the anion binding constants (for correlation with log
Ka(Cl

�) R2 ¼ 0.91) (see ESI† for details).
For this set of compounds, the VS,max parameter might

therefore not be relevant as the anion binding properties are
easily correlated to the Hammett parameters. However, VS,max,
which is a quantum parameter, has the advantage that it can be
calculated for any type of receptor while the Hammett constant,
an empirical parameter, is specic for one substituent only. We
therefore believe that VS,max calculations can be useful in the
future when analysing or modelling the anion binding ability of
more complicated receptors containing more than one
substituent and several (convergent) anion binding sites.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Graphical representation of the correlation between anion binding (log Ka)
and the Hammett constant sp for compounds 1–22 (excluding 1, 6, 14 and 20).
Linear fits are represented by a red line with 95% confidence levels shown as dotted
grey lines. (a) Interactionwith Cl� vs.Hammett constant; (b) interactionwithH2PO4

�

vs. Hammett constant; (c) interaction with HCO3
� vs. Hammett constant.

Fig. 2 Electrostatic potential mapped on the molecular electron density surface
(0.001 electrons per Bohr3) for receptor 4. The colour scale ranges from blue (+0.11
a.u.) to red (�0.07 a.u.). The pink dot corresponds to the location of the VS,max.

Fig. 3 Chloride efflux promoted by a selection of compounds 1–22 (2 mol%
thiourea to lipid) from unilamellar POPC vesicles loaded with 489 mM NaCl
buffered to pH 7.2 with 5 mM 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 efflux. Each point represents the average of at
least 9 trials. DMSO was used as a control.
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Anion transport mechanism

The transmembrane anion transport abilities of 1–22 were
assessed using standard methods.51,52 Initially, we prepared a
series of unilamellar 1-palmitoyl-2-oleoylphospatidylcholine
(POPC) vesicles of dened size (200 nm in diameter). The vesi-
cles were loaded with a buffered sodium chloride solution
(489mM in 5mM phosphate buffer at pH 7.2) and suspended in
This journal is ª The Royal Society of Chemistry 2013
an isotonic sodium nitrate solution. A thiourea was then added
as a solution in a small amount of DMSO (2 mol% thiourea to
lipid) and the resultant transport of chloride out of the vesicles
was monitored using an ion selective electrode (ISE). At the end
of the experiment, the vesicles were lysed by addition of deter-
gent and the nal reading was used to calibrate the ISE to 100%
chloride release. From this data it is possible to calculate the
initial rate of chloride release (kini), as shown in Table 1. A
graphical representation of the results can be found in Fig. 3 for
a selection of compounds and clearly indicates a strong inu-
ence of the nature of the substituent on the chloride transport
rate. Some compounds, such as 22 (–pentyl) and 11 (–NO2), are
able to transport nearly all chloride ions out of the vesicles in 2
minutes, while other compounds (e.g. 17 (–SO2Me)) can only
transport 10% chloride in 5 minutes. A detailed analysis that
can clarify the nature of this substituent effect therefore seems
justied (see next section).

According to the results in Fig. 3, the 1-hexyl-3-phenylthio-
ureas 1–22 can transport chloride via either an antiport mech-
anism (charge balance through transport of NO3

�) or a symport
mechanism (charge balance through transport of Na+ or H+).
The experiments were therefore repeated with CsCl encapsu-
lated within the vesicles in order to determine the role of the
cation in the transport process. Under these conditions no
signicant change was observed in chloride transport rate,
evidence that leads us to suggest that a chloride/nitrate
exchange process is occurring in these experiments. Further
support for an antiport mechanism was obtained when the
experiments were repeated with the vesicles suspended in
sodium sulfate solution (162 mM Na2SO4 in 20 mM phosphate
buffer at pH 7.2). Sulfate is highly hydrophilic and hence it can
normally be assumed that sulfate will not be transported by
small molecule anion carriers.53 Under these conditions no
signicant chloride transport was observed (ESI†). Aer 120
seconds a pulse of NaHCO3 was added to this extravesicular
Chem. Sci., 2013, 4, 3036–3045 | 3039
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sulfate solution (to make the external solution 40mMNaHCO3).
This allowed the thioureas to transport chloride via a chloride/
bicarbonate antiport process and chloride efflux was observed
(ESI†).

The anion transport ability of 1–22 can be due to ion channel
formation or to a mobile carrier mechanism. Even though ion
channel formation by small thioureas seems unlikely, U-tube
experiments using nitrobenzene as an organic phase separating
two aqueous phases, one containing the anion salt and one
receiving phase, were carried out and indicated that these
receptors can operate via a mobile carrier mechanism (ESI†).
Hill analyses were conducted on all of the transporters for
chloride/nitrate exchange by measuring the chloride efflux
mediated by various concentrations of transporter.54 Each Hill
plot was repeated a minimum of 3 times to ensure adequate
repeatability. These studies elucidated n values <2.5 for these
experiments consistent with a mobile carrier mechanism (Table
1).55 The Hill analyses also provide a quantitative measure for
anion transport activity in the form of EC50 values, i.e. the
concentration of transporter required to achieve 50% chloride
efflux in 270 s. The obtained values are given in Table 1 and
again show a profound effect of the substituent on anion
transport ability, with the best transporter (22, –pentyl, EC50 ¼
0.08) being 150 times more active than the least active trans-
porter (12, –OCOMe, EC50 ¼ 12).

QSAR analysis of anion transport

The previous discussion has shown that various substituents
can signicantly alter the anion transport behaviour of thio-
ureas. It is our aim to identify the exact nature of this substit-
uent effect so that it can be used in the design of future anion
transporters. However, anion transport is a more complex
process than anion binding and there are many equilibria and
side reactions possible during transmembrane anion transport,
as shown in Fig. 4. For example, the transport of anions across a
lipid bilayer depends on the partitioning of the free receptor
and the anion complex into the membrane, diffusion of the
Fig. 4 Graphical depiction of the most important equilibria present during
transmembrane anion transport.

3040 | Chem. Sci., 2013, 4, 3036–3045
receptor and the complex through the aqueous phase and
through the bilayer, binding of a specic anion on one side of
the membrane and release of the anion at the other side of the
membrane, interference/competition with other ions (including
buffer), interactions with the phospholipids of the membrane
(and subsequent ippase activity, i.e. the phospholipid is
transported from the inner to the outer membrane leaet and
vice versa),56,57 and many other environmental factors (Fig. 4). A
given substituent can have an inuence on all of these events
and hence it can be challenging to pinpoint the exact nature of
the substituent effect and to extrapolate the physical properties
that are required to obtain a highly active anion transporter.
Quantitative structure–activity relationship (QSAR) is a tech-
nique that is oen used in medicinal chemistry to optimize a
potential drug and to elucidate the mechanism by which this
drug operates.58 QSAR analysis oen consists of the modelling
of biological activity (oen log(1/IC50)) as a linear combination
of molecular properties.58–60 Most drugs require diffusion/
distribution throughout the biological system, crossing of
cellular membranes and interactions with the target protein
(binding), and the analogy with anion transport is clear. We
therefore postulate that the same QSAR techniques can be
employed in the study of anion transport specically and
supramolecular chemistry in general.

The rst question to be asked is which measurement of
anion transport activity is suitable for QSAR analysis. Table 1
represents two different measurements of anion transport
ability, namely the initial rate of chloride efflux mediated by 2
mol% transporter (kini) and the EC50 values, and it appears that
they do not show the same trend in activity. The receptor that
transports chloride faster at 2 mol% loading (5, –COCF3), for
example, does not correspond to the receptor with the lowest
EC50 value (22, –pentyl). However, the compounds with the
lowest EC50 values also display the lowest Hill coefficients n.
This implies that their transport activity is less concentration
dependent and hence that the receptors are able to transport
chloride out of the vesicles at very low loadings (low EC50

values), even if the chloride transport never becomes very fast
(low kini). It is possible to correlate the experimental values of
kini, n and EC50 to each other according to eqn (4). Due to the
fact that EC50 and kini are interchangeable, both measurements
should be suitable for QSAR analysis. However, the kini values
have an upper limit depending on the response time of the ion-
selective electrode, which can cause problems during analysis.
Furthermore, the EC50 values as dened in anion transport
(concentration of transporter needed to obtain 50% chloride
efflux in 270 s) are similar to the EC50 (effective concentration)
or IC50 (inhibitory concentration) values oen used in medic-
inal chemistry QSAR modelling and it is reasonable to assume
that the anion transport EC50 values can be treated in an anal-
ogous fashion. In the following discussion the EC50 values are
converted to log(1/EC50) prior to analysis, as is customary in
QSAR analysis.

log(1/EC50) ¼ �0.68(�0.06)n � 1.25(�0.08)log(1/kini)/n

+ 1.3(�0.1), N ¼ 18, R2 ¼ 0.95, Radj
2 ¼ 0.94,

RMSE ¼ 0.14, F ¼ 145 (4)
This journal is ª The Royal Society of Chemistry 2013
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Previous reports on the effect of substituents on the anion
transport ability of a receptor have focused on the electronic
inuence of the substituent and hence on the link between
anion binding and anion transport.27,40 However, it is oen
overlooked that strongly electron withdrawing substituents also
have an effect on the geometry, solubility and partitioning of the
molecule. Furthermore, there have been recent studies
regarding the importance of lipophilicity on anion transport
ability,20,61 including a systematic study of various alkyl chain
derivatives of tambjamines.27 In this paper, we therefore want to
quantitatively prove whether the effect of a large variety of
substituents (alkyl, electron donating or withdrawing) is mainly
due to their inuence on anion binding, lipophilicity or a
combination of both.

Octanol–water partitioning coefficients (log P values) are
oen used as a quantitative measure for lipophilicity and there
are many computational tools available to calculate these
values.44,62–66 Unfortunately, they do not all yield the same
results or trends. In order to obtain reliable calculated log P
values for this series of compounds, we measured experimental
retention times on reversed-phase HPLC.67 The results show
that log P values calculated using Daylight v4.73 (Clog P)64 give
the highest correlation with the HPLC retention times (see
ESI†). In the following discussion, log P will always refer to the
values calculated using this method and are shown in Table 1.
In principle, both the retention times (RT) and the log P values
can be used to build a QSAR model. Whereas the retention
times are experimental values and will result in better models
that give more insight into the mechanism of transport, log P
values can be calculated without the need to synthesize the
molecule and are therefore more useful to predict the anion
transport activity of unknown receptors.

The correlation between the anion transport activity and
lipophilicity was calculated by standard least-squares linear
regression using the JMP 9.0.0 soware package68 and resulted
in eqn (5) (retention time) and (6) (log P). The strong correla-
tions shown in eqn (5) and (6) (R2 ¼ 0.84 and 0.79 respectively)
rmly establish the importance of lipophilicity as a factor in
anion transport, where an increase in the log P value of a
receptor results in an increase in anion transport activity.
Previous reports have noted an optimum log P value aer which
a decrease in transport ability is observed upon a further
increase of log P (due to low solubility or the inability to move
towards the aqueous phase to pick up a suitable ion).20,27,61 This
could bemodelled by the addition of a squared term (RT2 or (log
P)2), but this did not signicantly improve themodel in this case
(see ESI†). It seems that for this set of compounds the lip-
ophilicity has not yet reached its optimum value.
log(1/EC50) ¼ 0.75(�0.08)RT � 9.5(�1.0), N ¼ 18, R2 ¼ 0.84,

Radj
2 ¼ 0.83, RMSE ¼ 0.24, F ¼ 87 (5)

log(1/EC50) ¼ 0.62(�0.08)log P � 2.6(�0.3), N ¼ 18, R2 ¼ 0.79,

Radj
2 ¼ 0.77, RMSE ¼ 0.28, F ¼ 60 (6)

Even though the statistics of eqn (5) and (6) are good, lip-
ophilicity alone cannot explain all events during anion
This journal is ª The Royal Society of Chemistry 2013
transport. Anion binding also plays an important role, as is
evident from the fact that only anions are transported and not
cations (antiport mechanism). Furthermore, compounds 2
(–CF3) and 11 (–NO2) have similar EC50 values (0.44(�0.04) mol
% and 0.45(�0.05) mol% respectively) but display a large
difference in log P (4.938 and 3.917 respectively). Inversely,
compounds 5 (–COCF3) and 16 (–SMe) are equally lipophilic
(log P 4.07 and 4.08 respectively), but displayed a signicant
difference in anion transport activity (EC50 0.9(�0.1) mol% and
2.5(�0.7) mol% respectively). Presumably, these discrepancies
are due to the inuence of the substituents on molecular
properties other than lipophilicity, such as binding ability, size,
shape, polarizability and others. With a dataset of 18
compounds we can in theory build statistically reliable models
containing up to 3 descriptors. In order to nd which molecular
properties best explain the remaining variation in anion
transport, we calculated a total of 286 molecular descriptors
using ChemDraw Ultra 12.0,69 e-Dragon,62,63 ACD iLabs 2.0,44

Chemicalize70 and DFT calculations (see ESI†). Stepwise
multiple linear regression was performed using the JMP 9.0.0
soware package68 to select a suitable QSAR model. It was
observed that the best two parameter models contained one
term describing lipophilicity and one describingmolecular size/
shape, whereas the best three parameter models contained a
lipophilicity term (e.g. RT), an electronic term (e.g. sp) and a
molecular size term (e.g. SPAN) (see ESI†). Eqn (7) and (8) were
selected as good models for anion transport by 1-hexyl-3-
phenylthioureas. The increase in both R2 and Radj

2 compared to
eqn (5) and (6), combined with a pass for Student's t-test for all
parameters, indicates that eqn (7) and (8) are indeed statistically
relevant models and that all descriptors contribute signicantly
to the model (see ESI†).
log(1/EC50) ¼ 0.94(�0.07)RT

+ 0.48(�0.14)sp � 0.31(�0.07)SPAN

� 9.0(�0.8), N ¼ 18, R2 ¼ 0.93, Radj
2 ¼ 0.92,

RMSE ¼ 0.17, F ¼ 68 (7)

log(1/EC50) ¼ 0.81(�0.08)log P

+ 0.65(�0.19)sp � 0.29(�0.09)SPAN

� 0.73(�0.79), N ¼ 18, R2 ¼ 0.89, Radj
2 ¼ 0.87,

RMSE ¼ 0.21, F ¼ 39 (8)

The physical meaning of eqn (7) and (8) is immediately
apparent. The rst term describes lipophilicity (retention time
(RT) or log P) and has a positive coefficient assigned to it, which
implies that an increase in lipophilicity causes an increase in
anion transport ability. This can be explained by increased
partitioning of the transporter (and anion complex) into the
lipid bilayer and an enhanced ability to screen the inherently
lipophobic anions from the apolar inner membrane. The
second term is the Hammett coefficient for substituents in the
para-position, sp, and is therefore a term for anion binding (vide
supra). The positive sign related to this term implies that the
greater the anion binding ability of a given thiourea, the greater
its anion transport ability. Similar to anion binding, equally
valid models can be obtained when the Hammett coefficient in
Chem. Sci., 2013, 4, 3036–3045 | 3041
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eqn (7) and (8) is replaced with the pKa of NHa or with VS,max (see
ESI†). The third term, SPAN, is dened as the radius of the
smallest sphere centred on the centre of mass completely
enclosing all atoms of the molecule and is therefore a descriptor
for molecular size.71,72 The negative sign of the coefficient leads
to a decrease in transport ability for larger molecules. This is
most likely due to the slower diffusion of larger molecules
through the aqueous layer and the membrane and is further
proof that 1-hexyl-3-phenylthioureas function as mobile carriers
rather than ion channels (which do not depend on diffusion of
the transporter inside the membrane). The coefficients in eqn
(7) and (8) were obtained using absolute values for RT, log P, sp
and SPAN, and cannot be compared to each other to judge
which term is most important. Scaled estimates of the coeffi-
cients were therefore calculated using JMP 9.0.0 and are shown
in Fig. 5.73 Fig. 5 clearly shows that the variation in anion
transport ability of compounds 1–22 is dominated by lip-
ophilicity (log P or retention time) with smaller, yet signicant,
contributions from anion binding (sp) and diffusion (SPAN).

Another consequence of using absolute, unscaled descriptor
values during QSAR analysis is that the intercept becomes ill-
dened (e.g. eqn (8)). This can be overcome by using relative
descriptor values. The Hammett constant is a substituent
descriptor and is dened relative to an unsubstituted
compound. Hansch dened a substituent lipophilicity
descriptor, p, which is also dened relative to an unsubstituted
parent molecule and can be obtained by log P(x) � log
P(unsubstituted).59 By analogy, we can dene DSPAN as the
Fig. 5 Graphical depiction of the values of the coefficients in eqn (7) and (8)
when the descriptor values are scaled to have a mean of zero and a range of two
using JMP 9.0.0. This shows that lipophilicity (RT or log P) has the strongest effect
on anion transport. The values of the scaled coefficients for each descriptor are
shown on the right hand side. (a) eqn (7) and (b) eqn (8).

3042 | Chem. Sci., 2013, 4, 3036–3045
substituent size descriptor relative to unsubstituted parent
compound 9. When all parameters in eqn (8) are replaced by
these relative descriptors, eqn (9) is obtained. The intercept in
eqn (9) (�0.38(�0.11)) should now correspond to the experi-
mental log(1/EC50) value of parent compound 9 (�0.43(�0.10)),
when p ¼ sp ¼ DSPAN ¼ 0. We can reduce the amount of opti-
mized parameters to three by restraining the intercept to the
experimental log(1/EC50) value of 9 to obtain nal eqn (10).

log(1/EC50) ¼ 0.81(�0.08)p

+ 0.65(�0.19)sp � 0.29(�0.09)DSPAN

� 0.38(�0.11), N ¼ 18, R2 ¼ 0.89, Radj
2 ¼ 0.87,

RMSE ¼ 0.21, F ¼ 39 (9)

log(1/EC50) ¼ 0.82(�0.08)p

+ 0.66(�0.18)sp � 0.26(�0.07)DSPAN

� 0.43, N ¼ 18, R2 ¼ 0.89, Radj
2 ¼ 0.87,

RMSE ¼ 0.21, F ¼ 42 (10)

In summary, eqn (4)–(10) represent statistically relevant
QSAR models for the anion transport ability of simple mono-
thioureas. They highlight the importance of lipophilicity and
can be useful to predict the anion transport ability of other
thioureas, although the anion binding properties and size of the
substituents also need to be taken into account.

Predicting anion binding and transport

The most interesting aspect of QSAR models is their ability to
estimate the activity of new, unknown compounds. This can be
employed to predict which analogue will have improved activity
compared to the original training set and will be themost useful
to synthesize and study. In order to test the predictability of
models 1–10, four receptors (1, 6, 14 and 20) were initially
excluded from the training set and were not used to build
models 1–10. The ability of this test set to bind to chloride,
phosphate and bicarbonate (log Ka) was predicted using eqn (1),
(2) and (3) respectively and their anion transport abilities were
predicted according to eqn (5)–(10). The results are given in
Table 2. The calculated values were compared with experi-
mentally observed anion association constants and log(1/EC50)
values (Table 2). An easy way to judge predictability is by
studying the actual versus predicted plot, which is given in Fig. 6
for both the training and test set for a selection of models. Fig. 6
shows that eqn (1) is excellent in predicting the association
constant of a given 1-hexyl-3-phenylthiourea with TBA chloride.
It is also clear that both eqn (6) and (10) possess a good degree
of predictability, with eqn (10) still outperforming eqn (6). This
is another conrmation that the transport activity of a mono-
thiourea can be reasonably estimated from its lipophilicity (eqn
(6)), but a better prediction is obtained when both the size and
anion binding ability of the thiourea are also taken into account
(eqn (7)–(10)). Table 2 includes the Radj

2 values corresponding to
the linear t of the actual versus predicted plots and are a good
measure for predictability. It can be seen that the models based
on the retention time on a reversed-phase HPLC column (eqn
(5) and (7)) give more accurate predictions than the models
based on calculated log P values (eqn (6) and (8)–(10)). However,
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Overview of actual and predicted values for the anion association constants (log Ka) and anion transport EC50 values for the test set (receptors 1, 6, 14 and 20).
Errors of the experimental log(1/EC50) values are given by standard deviations

Actual values Predicted values

log Ka Cl
�a

log Ka

H2PO4
�a

log Ka

HCO3
�b log(1/EC50)

c

log Ka log(1/EC50)

Eqn (1) Eqn (2) Eqn (3) Eqn (5) Eqn (6) Eqn (7) Eqn (8) Eqn (9) Eqn (10)

1 (Br) 1.27 2.67 2.65 0.03(�0.09) 1.30 2.57 2.60 0.22 0.31 0.002 0.14 0.17 0.19
6 (COMe) 1.43 2.62 2.74 �0.48(�0.01) 1.44 2.80 2.84 �0.49 �0.42 �0.53 �0.42 �0.39 �0.40
14 (OEt) 1.09 2.04 2.15 �0.28(�0.11) 1.04 2.18 2.19 �0.12 �0.02 �0.46 �0.42 �0.39 �0.40
20 (Pr) 1.12 2.20 2.27 0.88(�0.23) 1.10 2.27 2.28 0.62 0.55 0.52 0.41 0.44 0.44
Radj

2 (all)d — — — — 0.96 0.90 0.85 0.84 0.78 0.93 0.87 0.87 0.87
Radj

2 (test)e — — — — 0.98 0.77 0.94 0.86 0.74 0.95 0.79 0.79 0.77

a Anion added as TBA salt, data for the alkyl thiourea NHb is given.
b Anion added as TEA salt, data for the ortho CH is given due to peak broadening

of the thiourea NHs. c EC50 (in mol% transporter to lipid) is the concentration of transporter needed to obtain 50% chloride efflux in 270 s. Values
obtained by means of Hill plot. d Radj

2 value obtained from the linear t of the actual versus predicted plot including all 22 compounds. e Radj
2 value

obtained from the linear t of the actual versus predicted plot including the four compounds of the test set (1, 6, 14 and 22).

Fig. 6 Overview of the actual versus predicted plots for a selection of the
obtained QSAR equations. Data from the training set is shown in black and data
from the test set in green. The actual log(1/EC50) values are the average of a
minimum of 3 repeats and error bars represent standard deviations. Linear fits are
represented by a red line with 95% confidence levels shown as dotted grey lines.
(a) log Ka(Cl

�) values predicted using eqn (1) (interaction with Cl�); (b) log(1/EC50)
values predicted using eqn (6); (c) log(1/EC50) values predicted using eqn (10).

This journal is ª The Royal Society of Chemistry 2013
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these are not “true” predictions as the receptors of the test set
had to be synthesized rst and their retention time measured,
before the values could be predicted. We therefore assert that
the QSAR model that includes log P, molecular size and anion
binding (eqn (8)–(10)) are the best models to explain and predict
the anion transport activity of 1-hexyl-3-phenylthioureas,
however, care must be taken when choosing the correct algo-
rithm to calculate log P values in order to be as close to the
experimental values (retention times) as possible.
Conclusions

In this paper we have reported the rst attempt for a quantita-
tive structure–activity relationship (QSAR) analysis of supra-
molecular anion binding and anion transport activity by simple
1-hexyl-3-phenylthioureas. It was shown that the binding
constants obtained through 1H NMR titrations with chloride,
bicarbonate and phosphate correlate well with the Hammett
constant of the substituent in the para-position, suggesting that
anion binding by simple mono-thioureas is almost exclusively
governed by hydrogen bond donor acidity. Furthermore, it has
been possible to obtain a statistically relevant model that is able
to explain the variety in anion transport ability observed during
ISE vesicle-based experiments and is also able to predict the
anion transport activity of new analogous compounds. The
most relevant model highlighted the lipophilicity of a substit-
uent as the single most important factor to increase anion
transport ability, although increased anion-binding ability and
decreased molecular size also contribute to anion transport.
Even though the models and equations presented in this paper
cannot be applied to other classes of receptors, we believe that it
provides a useful guide for the design of future anion trans-
porters and in choosing the substituent that would give the
most promising result. Further QSAR analyses on other classes
of anion receptors and transporters are currently being per-
formed in our laboratory. We believe that quantitative struc-
ture–activity studies can become a powerful tool in investigating
the mechanisms of supramolecular anion transport.
Chem. Sci., 2013, 4, 3036–3045 | 3043
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