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Mitochondrial uncoupling by small molecule protonophores is a
promising strategy for developing novel anticancer agents.
Recently, aryl urea substituted fatty acids (aryl ureas) were
identified as a new class of protonophoric anticancer agents. To
mediate proton transport these molecules self-assemble into
membrane-permeable anionic dimers in which intermolecular
hydrogen bonds between the carboxylate and aryl-urea anion
receptor delocalise the negative charge across the aromatic π-
system. In this work, we extend the aromatic π-system by
introducing a second phenyl substituent to the aryl urea
scaffold and compare the proton transport mechanisms and
mitochondrial uncoupling actions of these compounds to their

monoaryl analogues. It was found that incorporation of meta-
linked phenyl substituents into the aryl urea scaffold enhanced
proton transport in vesicles and demonstrated superior capacity
to depolarise mitochondria, inhibit ATP production and reduce
the viability of MDA-MB-231 breast cancer cells. In contrast,
diphenyl ureas linked through a 1,4-distribution across the
phenyl ring displayed diminished proton transport activity,
despite both diphenyl urea isomers possessing similar binding
affinities for carboxylates. Mechanistic studies suggest that
inclusion of a second aryl ring changes the proton transport
mechanism, presumably due to steric factors that impose
higher energy penalties for dimer formation.

Introduction

Cancer cell mitochondria have emerged as a promising target
for new anticancer agents due to their key roles in regulating
metabolism and cell survival, and because mitochondria in
cancerous and noncancerous cells are structurally and function-
ally distinct.[1–2] In respiring mitochondria, energy derived from
nutrient oxidation is used by the electron transport chain (ETC)
to pump protons across the mitochondrial inner membrane
(MIM) and into the intermembrane space. The resultant
mitochondrial membrane potential (~ΨM) drives proton flow
through the MIM-embedded enzyme ATP synthase, which

harnesses this energy to synthesise adenosine triphosphate
(ATP).[3–4] Thus, nutrient oxidation is coupled to ATP synthesis
via the ~ΨM. Mitochondrial uncoupling occurs when protons
flow back across the MIM independent of ATP synthase, which
dissipates the ~ΨM and creates a futile cycle of nutrient
expenditure without ATP production. Mitochondrial uncoupling
can be mediated by MIM-embedded proteins or small molecule
mitochondrial uncouplers. Most classical small molecule un-
couplers are weakly acidic protonophores that transport
protons across the MIM by transmembrane flip-flop of the
protonated species followed by deprotonation in the relatively
alkaline interior of mitochondria, called the mitochondrial
matrix (Figure 1c).[5] For repeated proton shuttling to occur the
resulting anion must diffuse across the MIM back into the
intermembrane space. To achieve this, the acidic functional
group of protonophores is conjugated to a π-system that
delocalises the negative charge, generating a lipophilic anion
that can permeate through the non-polar core of the MIM. For
example, the classical protonophore carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP, 1, Figure 1a) forms
MIM-permeable anions by distributing its negative charge
across the hydrazone and aromatic π-systems adjacent to its
acidic NH group.[6]

We recently reported the discovery of aryl urea substituted
fatty acids (termed aryl ureas, Figure 1a) as a new class of
protonophoric mitochondrial uncoupler[7] in which the acidic
group is not conjugated to an extended π-system. These
compounds utilise an aryl-urea anion receptor to form mem-
brane-permeable dimers that allow for continued protonophor-
ic cycling. As shown in Figure 1c, the carboxylate group of an
aryl urea accepts a proton in the intermembrane space and
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diffuses across MIM as a neutral species. Deprotonation in the
alkaline matrix results in the transport of one proton and
generation of an anionic species. The aryl urea then self-
assembles into a dimer via intermolecular hydrogen bonds
between the carboxylate and urea-based anion receptor (Figure
1b). The MIM-permeable dimer can re-enter the intermembrane
space to facilitate further protonophoric cycling. In Figure 1c
deprotonation and dimer formation are shown as two distinct
events, but it should be noted that these processes may occur
in a concerted manner where dimer formation simultaneously
drives deprotonation of the acid.

Given their protonophoric activity, the aryl ureas have been
assessed as mitochondria-targeted anticancer agents. In cell-
based assays the aryl ureas were shown to reduce the viability
of several breast cancer cell lines (MDA-MB-231, T47D, MDA-
MB-468, and MCF-7), as well as reduce tumour volume in nude
mice carrying MDA-MB-231 xenografts.[8] Although the aryl
ureas possess promising anticancer actions they lack potency
and we have undertaken structural modifications of the scaffold
to enhance activity. Attention has focused on the aryl urea-
based anion receptor due to its central role in facilitating dimer
formation and charge delocalisation across the π-system.
Substitution of the aromatic ring with lipophilic electron with-
drawing groups (see 2a in Figure 1a) was found to enhance
protonophoric activity by promoting dimer formation and
charge delocalisation by through-bond propagation of electron
density.[7] Replacement of the anion binding urea group with
carbamate groups afforded a series of analogues with similar
but not superior activity to the parent aryl ureas.[9]

In this paper we explore the impact of extending the π-
system on protonophoric and anticancer activity. To achieve
this a series of diphenyl urea substituted fatty acids (termed
diphenyl ureas) were synthesised that possess an additional
aromatic ring between the alkyl chain and urea binding group
(referred to as proximal ring, Figure 1a). The proton transport
capacity, mitochondrial actions and anticancer activity of the
diphenyl ureas were evaluated and compared to the parent aryl
ureas. It was anticipated that extending the aromatic π-system

of the urea anion receptor would promote protonophoric
activity by increasing the hydrogen bond acidity of the NH
groups and the overall surface area available for charge
delocalisation. From these studies it emerged that incorporation
of meta-linked but not para-linked proximal rings enhanced
proton transport in cell-free HPTS vesicle studies, and the most
active compounds depolarised mitochondria, inhibited ATP
production and reduced viability of MDA-MB-231 cells with
greater potency than their aryl urea counterparts. Using
experimental and computational approaches we show that
para-linked diphenyl ureas transport protons by a competing
fatty acid-activated mechanism due to steric factors that
misalign the carboxylate and urea moieties for optimal
dimerisation.

Results and Discussion

Compound Library Design

To extend the π-systems of aryl ureas 2a and 2b we designed
analogues that incorporated a second proximal aromatic ring
between the urea and alkyl linker groups (Figure 2). Analogues
3a and 3b were designed with alkyl chains connected at the
meta-position of the proximal ring. Relative to an unsubstituted
phenyl ring, in this position the alkyl chain was expected to
donate electron density towards the urea group, which may
hinder anion binding and dimer formation.[10] The 4 and 5 series
analogues possess ether linkages in the meta- and para-
positions, respectively. Ether substituents provide an electron
withdrawing effect in the meta-position and a donating effect
in the para-position.[11] It was therefore anticipated that the
urea groups in the 4 series would have higher anion affinity for
carboxylates and thus superior protonophoric activity than the
3 and 5 series analogues.

To evaluate the impact of the proximal ring the activities of
3a–5b were directly compared to the parent compounds 2a
and 2b. However, introduction of a second ring also increases

Figure 1. (a) Chemical structures of classical protonophore FCCP (1), aryl urea substituted fatty acid (2a) and representative diphenyl urea (3a) investigated in
this work. (b) Ball-and-stick model showing optimised geometry of a monoanionic 2a dimer calculated at the M062X/6-31+G(d) level of theory in n-
pentadecane, hydrogen bonds shown as red dashed lines. (c) Mechanism of proton transport across the mitochondrial inner membrane (MIM) mediated by
FCCP (left) and aryl urea substituted fatty acids (right). The rate determining step is diffusion of the anionic species across the MIM. Left: the acidic group in
FCCP is attached to a π-system that delocalises the negative charge to produce a MIM-permeable anion. Right: the acidic group in aryl urea 2a is separated
from its extended π-system by a long alkyl chain, and instead self-assembles into MIM-permeable dimers stabilised by intermolecular hydrogen bonds
between the carboxylate and urea moieties. Arrows labelled with “flip” and “flop” denote the transbilayer flip-flop motion of compounds in the MIM as part of
the protonophoric cycle.
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compound lipophilicity, which is known to affect anion trans-
port activity.[12] To exclude the role of lipophilicity the length of
the alkyl chains in compounds 3a–5b were shortened to
provide compounds with similar calculated LogP (cLogP) values
to 2a and 2b.

Diphenyl ureas 3-5a and 3-5b were synthesised as shown
in Scheme 1. Important intermediates in the syntheses were
anilines 3-5x, which could be reacted with carbamoylimidazoles
23a and 23b to form the diphenyl urea groups. Ether-linked
intermediates 4x and 5x were synthesised from bromo-fatty
acids 12 and 13, which were sourced commercially or
synthesised from the corresponding alcohol (11) using HBr in
good yield (87%). The carboxylic acid groups of 12 and 13 were
esterified using acetyl chloride in ethanol to give 14 (88%) and
15 (85%), which were then reacted with Boc-protected anilines
19 and 20 under Williamson conditions to yield ethers Boc4
(40%) and Boc5 (91%) respectively. The aniline groups of 17
and 18 were Boc protected prior to Williamson reactions to
prevent N-alkylation side reactions. 17 was readily Boc-
protected by reaction with Boc anhydride in anhydrous
dichloromethane, however reactions with 18 under the same
conditions gave a mixture of both N- and O-Boc-protected
products. Selective Boc protection of 18 was instead achieved
using Amberlyst 15 as a catalyst, affording 20 (87%) in high
yield.[13] Finally, trifluoroacetic acid was used to remove the Boc
groups of Boc4 and Boc5 to provide key ether intermediates 4x
(98%) and 5x (91%) in excellent yields.

A different pathway was needed to produce alkyl intermedi-
ate 3x, which relied on the synthesis of aldehyde 10. To access
10 the aldehyde group of 6 was first acetal-protected to give 7
in excellent yield (97%). The exposed nitro group was then
reduced with Pd/C+HCOONH4 to give aniline 8 (78%). N-Boc
protection was achieved in anhydrous dichloromethane under
argon to form 9 (71%), followed by selective hydrolysis of the
acetal protecting group with Amberlyst 15, at last affording
aldehyde 10 (94%). 3x was then synthesised in four steps from

14. In the first step, phosphonium 16 (78%) was synthesised by
reaction of 14 with triphenylphosphine. A Wittig reaction
between aldehyde 10 and phosphonium 16 with sodium
bis(trimethylsilyl)amide was used to prepare olefin 21 (80%),[14]

which was reduced to Boc3 (99%) and then reacted with
trifluoracetic acid to remove the Boc group and afford anilino
fatty acid ester 3x (98%).

Figure 2. Chemical structures and cLogP values of the aryl and diphenyl
ureas studied in this work. The partition coefficient shown represents the
average cLogP value obtained using freely available ALOGPS 2.1, XLOGP2
and MiLogP web tools as well as Marvin Consensus software.

Scheme 1. Synthesis of Diphenyl ureas 3-5a and 3-5b. Curved arrows
represent convergent syntheses. Reagents and conditions: (i) toluene,
ethylene glycol, cat. TsOH, Dean-Stark trap, reflux, 18 h; (ii) absolute ethanol,
palladium/charcoal, HCOONH4, 0 °C to 35 °C, 1 h; (iii) anhydrous dichloro-
methane under argon, Boc anhydride, 40 °C 18 h; (iv) acetone/water,
Amberlyst 15, rt, 3.5 h; (v) 1 : 4 98% H2SO4 : 48% HBr, reflux, 16 h (vi) absolute
ethanol, acetyl chloride, rt, 4 h; (vii) neat, Ph3P, 120 °C, 20 h; (viii) 95%
ethanol, Boc anhydride, Amberlyst 15, rt, 15 min; (ix) anhydrous dimethylfor-
mamide under argon, K2CO3, 100 °C, 24 h; (x) anhydrous tetrahydrofuran,
NaN(TMS)2, 0 °C to � 78 °C to rt, 2 h; (xi) absolute ethanol, palladium/charcoal,
HCOONH4, 0 °C to 35 °C, 1 h; (xii) anhydrous dichloromethane, trifluoroacetic
acid, rt, 4 h; (xiii) 1,2-dichloroethylene under nitrogen, carbonyldiimidazole,
50 °C, 24 h (xiv) anhydrous dichloromethane under argon, rt, 24 h; (xv). 95%
ethanol, NaOH, 40 °C, 3 h.
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Following the successful synthesis of key intermediates 3-
5x formation of the diphenyl urea groups was achieved using
23a and 23b, which were prepared by reactions of substituted
anilines 22a and 22b with N,N’-carbonyldiimidazole. In solution
23a and 23b dissociate into imidazole and isocyanate
species,[15] thus serving as masked isocyanates that were reacted
with anilino fatty acid esters 3-5x to give diphenyl urea fatty
acid esters 3–5a-Et and 3–5b-Et in varying yields (40-90%). In
the final step base-catalysed hydrolysis of the ester protecting
groups afforded the final acid products 3-5a and 3-5b as solids
in excellent yields (>90%).

HPTS Proton Transport Assay

The capacity for diphenyl urea fatty acids 3a–5b to mediate
proton transport was assessed using a cell-free 8-hydroxy-1,3,6-
pyrene trisulfonic acid (HPTS) vesicular proton transport assay.
The results were compared against the activity of aryl ureas 2a
and 2b to investigate the influence of the proximal ring on
transmembrane transport. Large unilamellar 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphocholine vesicles (POPC, 200 nm) con-
taining the pH-sensitive fluorophore HPTS were prepared in 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
10 mM)-buffered potassium gluconate (100 mM) (see Support-
ing Information for full experimental details). To initiate the
experiment, an addition of base to the extravesicular environ-
ment establishes a pH gradient across the membrane before
addition of the test molecule. In this system the increase in
intravesicular pH by proton transporters can be measured by
monitoring the ratio of HPTS fluorescence emission intensity at
different excitation wavelengths. Transporter dose-response
curves were used to fit an adapted Hill equation and calculate
an EC50 value for each compound (representing the transporter
concentration required to facilitate 50% proton efflux after
200 s). The Hill coefficient, n, indicating the stoichiometry of the
transport event, was also calculated, and both are presented in
Table 1. We note that in this assay proton efflux and hydroxide
influx appear identical, which can obscure efforts to identify the
transported ion. In 2016 Wu et al. suggested that symmetrical

bisaryl ureas likely transport OH � via hydrogen bonds because
they lack an acidic group for protonophoric transport.[16]

However, the diphenyl ureas studied in this work possess an
acidic group, which on deprotonation would anchor the
compound to one membrane leaflet and prevent the urea
moiety from successfully transporting hydroxide. Consequently,
the HPTS transport data was interpreted as extravesicular
proton transport. This is supported by the mitochondrial
uncoupling activity of the compounds (see following subsec-
tion), which requires the transport of protons across the MIM.

Several structure-activity relationships can be gained from
the EC50 data. Firstly, the 3- and 4-series diphenyl ureas are
approximately two-fold more potent than parent aryl ureas 2a
and 2b, while the 5-series diphenyl ureas were less active.
These data indicate that extension of the π-system via proximal
ring inclusion can promote proton transport activity, although
only when the ring is meta-substituted. The data also indicate
that 3,5-substitution of the distal ring (a-series) is preferred to
3,4-substitution (b-series) as the a-series diphenyl ureas con-
sistently outperformed their 3,4-substituted counterparts. These
trends in activity may be attributed to substituent electronic
effects. Due to their substitution pattern the chloro and
trifluoromethyl substituents in the a-series provide a greater
electron withdrawing effect than in the b-series (σtotal=0.80 for
a-series and 0.66 for b-series),[11] which may influence the anion
affinity of the urea NHs. Similarly, the reduced activity of 5a and
5b may be attributed to the electron donating effect provided
by the para-ether group on the proximal ring. It should be
noted however that the meta-alkyl chain of the 3-series
analogues also provides an electron donating effect, but this
did not translate to inferior activity compared to the meta-
ether-linked 4-series analogues. Alternatively, the diminished
activity of 5a and 5b could also be due to the subtle shape
change between the meta- and para-linked analogues, which
misaligns the carboxylate and urea moieties against favourable
dimerisation.

To determine if substituent electronic effects significantly
alter the favourability of intermolecular urea-carboxylate inter-
action, we determined acetate (AcO� ) binding constants using
1H NMR titrations in DMSO-d6/0.5% H2O with tetrabutylammo-

Table 1. HPTS (200 s) EC50 concentrations and Hill coefficients in Corden Pharma POPC vesicles, acetate binding affinities determined by 1H NMR titrations
with tetrabutylammonium acetate (TBAOAc) in DMSO/0.5% H2O, JC-1 (1 h) and MTS (48 h) absolute IC50 concentrations measured in MDA-MB-231 breast
cancer cells.

HPTS EC50

(mol%)
Hill
(n)

AcO� Binding
Affinity (M� 1)

JC-1 IC50
(μM)

MTS IC50

(μM)

2a 0.016�0.003 2.00�0.38 1159�1.4%[a] 2.07�0.05 3.48�0.45

2b 0.021�0.002 1.72�0.25 548�0.8%[b] 2.98�0.10 5.76�0.52

3a 0.008�5×10� 4 0.93�0.05 7201�4.8%[b] 0.26�0.05 2.96�0.39

3b 0.013�6×10� 4 0.82�0.01 6761�3.8%[b] 0.48�0.04 5.00�0.70

4a 0.008�7×10� 4 1.32�0.08 7388�0.7%[b] 0.31�0.01 2.96�0.38

4b 0.011�3×10� 4 1.00�0.03 6128�4.1%[b] 0.51�0.06 3.99�0.50

5a 0.023�0.003 1.15�0.09 5077�1.2%[b] 1.75�0.09 5.00�0.90

5b 0.035�0.001 1.33�0.06 6991�4.4%[b] 1.96�0.02 6.95�0.65

[a] Methyl ester tested; [b] Ethyl ester tested.
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nium acetate. The methyl or ethyl ester precursors of each
compound were used to eliminate competing interactions from
their carboxylic acid group. The chemical shifts of the urea NHs
were recorded and fit a 1 :1 (host:guest) binding model (see
Supporting Information for details). Consistent with the EC50
data and Hammett substituent constants, 2a, 3a and 4a had
higher acetate affinities than their b-series counterparts,
suggesting the greater electron withdrawing effect of the 3,5-
substitution pattern promotes dimerisation and proton trans-
port. However, 5b bound acetate more strongly than 5a but
exhibited inferior transport activity, opposing this trend.
Similarly, the relationship between EC50, Hammett substituent
constant and anion affinity was less clear in comparing the 4-
and 5-series. It was found that all diphenyl ureas bound acetate
more strongly than their aryl urea counterparts, but the 5-series
compounds did not have consistently lower anion affinities
than the 4-series despite the electron donating character of the
para-ether substituent. Taken together, these data indicate that
binding affinity alone cannot explain the diminished transport
activity of 5a and 5b, indicating that the proton transport
event is influenced by additional factors.

Interestingly, the HPTS Hill coefficients for the compounds
suggest that the proton transport stoichiometry for diphenyl
ureas differ from their aryl urea analogues. 2a and 2b returned
n values close to 2 (2.00 and 1.72 respectively). This aligns with
previous molecular dynamics simulations that observed 2a
dimer formation between one protonated and one deproto-
nated 2a molecule (monoanionic complex),[7] resulting in the
transmembrane transport of a single proton. In contrast, the
diphenyl ureas returned n values between 0.82-1.33, which may
reflect that these compounds favour the co-transport of two
deprotonated molecules bound at each end (dianionic com-
plex), resulting in a two-proton transport event to give a
transport stoichiometry of one. Alternatively, this could indicate
that diphenyl ureas transport protons monomerically via intra-
molecular urea-carboxylate interactions, and/or rely on free
fatty acids present in the membrane to facilitate transport. For
example, symmetrical bisaryl urea anion transporters have been
shown to facilitate proton transport by a fatty acid-activated
mechanism, where the transporter shuttles a deprotonated fatty
acid across the membrane to enable protonophoric cycling.[10,17]

The POPC lipids used for the previous HPTS studies (purchased
from Corden Pharma) contain high levels of free fatty acids (up
to 2 mol%). Deprotonation of the urea groups in the diphenyl
ureas,[18] rather than the carboxylic acid, could also be
responsible their proton transport stoichiometry, however this
is unlikely. Calculated[19] and experimental[20] pKa values of
symmetrical bisaryl ureas substituted with electron withdrawing
groups range from 14 to 18, which is significantly higher than
known protonophores (pKa values range from 4 to 8)[5] and
indicates that the urea NHs are not sufficiently acidic to allow
protonation/deprotonation in HPTS assays and at mitochondrial
pH.

To investigate the contribution of the fatty acid-activated
mechanism to diphenyl urea proton transport, additional HPTS
assays were performed on all compounds using low fatty acid
content POPC (purchased from Avanti Polar Lipids) in the

presence and absence of oleic acid (OA, at 2 and 4 mol%, see
Figure 3). Compounds were tested under each condition at
concentrations close to their original EC50. Remarkably, the
addition of OA reduced proton transport by all compounds,
except for 5a and 5b, which showed a sharp increase with the
addition of OA. This confirms that 5a and 5b transport protons
partially by a fatty acid-activated mechanism, which may
account for their inferior transport activity. The dual mechanism
may stem from steric factors that incur a higher energy penalty
for the complexation of para-linked analogues and expose the
urea group to the approach of free fatty acids.

To examine this, binding free energies were calculated for
the complexation of deprotonated 2a–5a molecules at the
M062X/6-31+G(d) level of theory in n-pentadecane to estimate
the relative stability of the dimeric and monomeric species in a
low dielectric environment such as the MIM (see Supporting
Information for details).[21] Notably, deprotonated 5a molecules
dimerised less favourably (� 278.5 kJ/mol) compared to meta-
linked analogue 4a (� 300.2 kJ/mol), and the same trend was
observed for the formation of monomeric species (� 283.8 kJ/
mol and � 321.0 kJ/mol respectively). This indicates that the
subtle shape change of para-linked 5a and 5b does hinder
intra- and intermolecular binding. Both dimerisation and intra-

Figure 3. (a) Schematic of the HPTS proton transport assay performed using
low fatty acid POPC to determine transporter (C) fatty acid-dependency and
(b) the proton transport induced by 2a, 3a, 4a and 5a in low fatty acid
content POPC with and without OA (2 and 4 mol%) (see Supporting
Information for b-series proton transport plots).
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molecular complexation was identified as favourable for all
diphenyl ureas 3a–5a and aryl urea 2a (Supporting Informa-
tion, Table S2 and Figure S18), although it should be noted that
intramolecular complexation was not observed in previous
molecular dynamics simulations of 2a in DOPC membranes.
Instead, the exclusion of the carboxylate group from the bilayer
interior favoured linear bilayer packing and the formation of
head-to-tail dimers and multimers.[7]

Interestingly, OA addition reduced proton transport for the
3-series more than the 2- and 4-series analogues. HPTS assay
Hill analysis of 3a and 3b returned the lowest n values, which
may suggest these compounds exhibit a stricter preference for
co-transport as a dianionic complex. This could account for the
effect of OA on 3a and 3b, as increased competition for urea
binding sites would hinder formation of dianionic dimers over
cyclic monomers or monoanionic dimers that only require one
urea-carboxylate binding event. Taken together, these studies
show that the diphenyl ureas operate by different transport
mechanisms to the aryl ureas. In contrast to the aryl ureas, all
diphenyl ureas transport one proton per molecule. The change
in transport stoichiometry may result from the preference of
the diphenyl ureas to form dianionic dimers, intramolecularly
bound monomeric complexes or complexation to free fatty
acids in the membrane, the latter of which is more likely for
para-linked analogues 5a and 5b.

Mitochondrial Effects of Diphenyl Ureas

We next sought to evaluate the capacity of diphenyl ureas to
transport protons across the MIM and depolarise mitochondria
in MDA-MB-231 cells. Mitochondrial depolarisation was meas-
ured using JC-1, a cationic fluorophore that forms aggregates in
energised mitochondria (that possess a high ~ΨM) that
fluoresce red.[22] Dissipation of the ~ΨM by mitochondrial
uncouplers releases JC-1 into the cytosol as monomers that
fluoresce green. Dose-response curves (Supporting Information,
Figure S19) were constructed for all aryl and diphenyl ureas and
JC-1 IC50 concentrations were determined as the concentration
required to shift the red/green fluorescence ratio by 50% of
control. Cells were exposed to test compounds for 1 h to
distinguish direct mitochondrial uncoupling actions from the
characteristic mitochondrial depolarisation that occurs during
apoptosis.

As shown in Table 1, all test compounds were active in JC-1
assays. Diphenyl ureas 3a–4b were the most active compounds
in JC-1 assays and shifted the JC-1 red/green fluorescence ratio
with IC50 concentrations below 1 μM. Para-ether-linked diphenyl
ureas 5a and 5b, and aryl ureas 2a and 2b had similar levels of
activity with JC-1 IC50 concentrations between 1.75 and
2.98 μM. All a-series compounds bearing 3,5-substituted distal
rings outperformed their 3,4-substituted b-series counterparts.
The activity trends observed in JC-1 assays reflect those found
in HPTS assays, which indicates that proton transport capacities
measured in the vesicle-based HPTS proton transport assay
translates into depolarisation of the MIM in live cell mitochon-
dria. Indeed and bivariate analysis of JC-1 and HPTS activity

demonstrates a strong positive association (r2=0.77, Support-
ing Information, Figure S21).

Mitochondria utilise the proton gradient across the MIM for
ATP production, so we measured ATP levels in MDA-MB-231
cells treated with each compound at the common concen-
tration of 5 μM (see Figure 4). All 3- and 4-series compounds,
which have submicromolar JC-1 IC50 concentrations, reduced
intracellular ATP levels to ~80% of time-matched control.
Decreased intracellular ATP can result from reduced cell viability
rather than direct effects on mitochondrial function, so LDH
release assays were conducted to detect cell death. It was found
that 3a–4b (5 μM) did not increase LDH release over 6 h
treatment (Supporting Information, Figure S22), thus confirming
direct inhibition of ATP synthesis by these compounds. In
contrast, aryl urea 2b and the 5-series diphenyl ureas failed to
reduce ATP production, while 2a had a modest effect on ATP
levels at 4 h only. These compounds all had reduced capacity to
depolarise mitochondria in JC-1 assays and their failure to
inhibit ATP production at 5 μM is likely to be a result of their
diminished proton transport capacity.

Finally, we performed Seahorse Mito Stress Tests using
MDA-MB-231 cells treated with the a-series compounds to
confirm their mitochondrial uncoupling activity. This assay
measures the oxygen consumption rate (OCR) of the ETC in
MDA-MB-231 cells.

Cells are first treated with the ATP synthase inhibitor
Oligomycin, which blocks the flow of protons through ATP
synthase. As a consequence electron flow through the ETC is
inhibited, which is detected as a decrease in OCR. Introducing a
protonophoric uncoupler under these conditions reestablishes
proton flow across the MIM, leading to unimpeded ETC activity
and an increase in OCR.[23]

Seahorse assays were carried out using 2a, 3a, 4a, 5a
(5 μM) and the classical protonophore 1 (FCCP, 1 μM) for
comparison. As shown in Figure 5, 3a produced an increase in
OCR that exceeded that produced by 1. 4a and 2a also
increased OCR while compound 5a showed no effect compared
to control.

Figure 4. Total intracellular ATP levels in MDA-MB-231 cells following treat-
ment with (a) 3-, 4- and (b) 5-series diphenyl ureas and parent aryl ureas 2a
and 2b (5 μM). ATP levels are expressed as the percentage of time-matched
DMSO control. Different from DMSO-treated control: (*) P<0.05, (**)
P<0.01, (***) P <0.001.
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Effects of Diphenyl Ureas on MDA-MB-231 Cell Viability

Mitochondrial uncouplers have been shown to induce cancer
cell death so MTS assays were performed to investigate the
effect of diphenyl ureas on MDA-MB-231 cell viability. Cells
were treated with the test compounds for 48 h over a wide
concentration range, and dose-response curves (Supporting
Information, Figure S20) were used to calculate absolute IC50

concentrations (Table 1). Consistent with the other assays, the
a-series analogues were more active than their b-series counter-
parts. Bivariate analysis of the HPTS and MTS data exhibits a
strong positive association (r2=0.79, Supporting Information,
Figure S21), although it should be noted that the changes in
MTS activities across the test series were minor compared to
those seen in JC-1 and HPTS assays. For example, diphenyl urea
3a was >2-fold more active than 2a in JC-1 and HPTS assays,
but both compounds reduced MDA-MB-231 cell viability with
similar IC50 concentrations of 2.96�0.39 and 3.48�0.45 μM,
respectively.

Taken together, the data presented here demonstrates that
incorporation of a meta- but not para- linked proximal ring into
the aryl urea scaffold promotes proton transport capacity in
vesicles and live cell mitochondria, but this does not translate
into a significant increase in cytotoxicity.

Conclusions

In this paper we extended the π-systems of aryl urea-
substituted fatty acids by introduction of a second phenyl
group to the scaffold and evaluated the impact on proton
transport and mitochondrial uncoupling actions. Incorporation
of meta-linked proximal rings into the aryl urea scaffold
enhanced proton transport in vesicle studies, indicating
improved charge delocalisation by the urea anion binding
group to produce membrane-permeable complexes. The most
active compounds in the series depolarised mitochondria,
inhibited ATP production and reduced cell viability with greater
potency than the parent aryl urea analogues. In contrast,

diphenyl ureas linked through a 1,4-distribution across the
proximal ring showed diminished proton transport and cellular
activity, despite both meta- and para-linked isomers possessing
similar binding affinities for carboxylates. Mechanistic testing
and computational binding enthalpies indicate that para-linked
diphenyl ureas form monomeric and dimeric complexes less
favourably due to steric factors and instead transport protons
by a competing fatty acid-activated mechanism.
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