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ABSTRACT: Membrane transport proteins fulfill important regulatory
functions in biology with a common trait being their ability to respond to
stimuli in the environment. Various small-molecule receptors, capable of
mediating transmembrane transport, have been successfully developed.
However, to confer stimuli-responsiveness on them poses a fundamental
challenge. Here we demonstrate photocontrol of transmembrane transport
and electric potential using bis(thio)ureas derived from stiff-stilbene. UV—vis
and "H NMR spectroscopy are used to monitor E—Z photoisomerization of
these bis(thio)ureas and 'H NMR titrations reveal stronger binding of
chloride to the (Z)-form than to the (E)-form. Additional insight into the
binding properties is provided by single crystal X-ray crystallographic analysis
and DFT geometry optimization. Importantly, the (Z)-isomers are much
more active in transmembrane transport than the respective (E)-isomers as
shown through various assays. As a result, both membrane transport and depolarization can be modulated upon irradiation, opening
up new prospects toward light-based therapeutics as well as physiological and optopharmacological tools for studying anion
transport-associated diseases and to stimulate neuronal activity, respectively.

B INTRODUCTION carriers have been shown capable of triggering apoptosis or
interfering with autophagy by disrupting cellular ion-homeo-
stasis and therefore have potential as a new class of anticancer
agents.4

Over the past few years, a large number of artificial anion
transporters have been successfully developed,” but the
integration of stimuli-responsive behavior, as observed in
natural systems, remains a tremendous challenge. The most
commonly used method to achieve this has been to change the
pH value in order to protonate/deprotonate a hydrogen-bond
donating anion carrier® or to induce conformational changes.”
Other approaches have included transporters activated by the
presence of reducing agents such as GSH found in higher
concentrations in tumors than in the surrounding tissue.® With
respect to light as the stimulus, only a few examples that are
either based on azobenzene photoswitches modified with
(thio)urea,” squaramide,'® or amide'' groups or on a
photocleavable procarrier'” are known in the literature. In
most cases, however, a more detailed investigation into the

Membrane-embedded transport proteins permit the passage of
ions and solutes across the cell’s lipid bilayer. They are
essential to many important biological functions such as
metabolism, ion homeostasis, signal transduction, and
regulation of osmotic pressure.’ A common feature of these
proteins is that they exhibit stimuli-responsiveness; ie. they
possess (conformational) switching ability. This responsive-
ness is, for instance, pivotal in neuronal cells, where chloride-
selective gated transporters play a key role in altering
membrane potential. Interestingly, light-activated halorhodop-
sin and anion channel rhodopsins are currently being applied
as optogenetic tools to manipulate neuronal activity with high
spatiotemporal precision,2

Driven by the fact that defects in transmembrane anion
transport can cause serious diseases (channelopathies),
significant effort has been devoted by the supramolecular
chemistry community to develop artificial small-molecule
anionophores that, to some extent, imitate and could therefore
replace the function of defective proteins.” A prime example of
such a channelopathy is cystic fibrosis, which is caused by a Received: ~ September 22, 2021
mutation in the cystic fibrosis transmembrane conductance
regulator (CFTR) protein that mediates the translocation of
chloride. Hence, synthetic anion transporters hold potential in
the study and treatment of diseases associated with dysfunc-
tional transport proteins. Furthermore, some synthetic anion
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mechanism of transport is still to follow. The use of light to
control substrate binding and transport has the clear advantage
that it can be applied with high spatiotemporal precision and
that no chemical waste is generated in the system.” In
particular, photocontrol of chloride-selective transport would
be a highly interesting and promising achievement in the
context of developing physiological tools to study diseases
associated with defective transport as well as optopharmaco-
logical tools to stimulate neuronal activity.

Previously, some of us described the stiff-stilbene based
phenyl(thio)ureas 1a'* and 2a'® shown in Scheme 1. Stiff-

Scheme 1. (a) Photoisomerization of Stiff-Stilbene Based
Bis(thio)ureas and (b) Schematic Representation of
Photocontrolled Transmembrane Transport
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stilbene is structurally rigid and is characterized by a high
energy barrier to thermal E—Z interconversion and an efficient
photoisomerization process, accompanied by a large change in
geometry.'® Consequently, it has proven highly suitable for
designing photoresponsive receptors.”” Compound 1a could
be switched effectively by light between (E)- and (Z)-isomers
of which the latter revealed a much larger anion binding
affinity, in particular for acetate and dihydrogen phosphate, but
also for chloride."* Since, among other factors, a partial
correlation has been established between binding affinity and
chloride transport activity for related receptors,'® we set out to
investigate the transport properties of la and 2a and their
analogues containing electron-withdrawing p-trifluoromethyl
and p-nitro substituents (see Scheme 1). The studies described
herein reveal that the (Z)-isomers have much higher activity
than the respective (E)-isomers, which allows in situ regulation
of transmembrane transport by light. Moreover, chloride
transport is shown to be selective and light-triggered
membrane depolarization, with concomitant generation of a
chloride gradient, is shown for the first time using a fully
artificial system.

B RESULTS AND DISCUSSION

Synthesis and Photoisomerization Behavior. Com-
pounds 1a and 2a have been described in earlier work,'*"* and
by using a similar procedure to the one reported; ie., by
reacting either the separately synthesized (E)- or (Z)-stiff-
stilbene bis-amine precursor with the corresponding iso(thio)-

cyanate, the desired transporters were isolated by filtration and
obtained in good yields (67—96%) and purity (see the
Supporting Information for synthetic details and character-
ization).

Their photoswitching properties were investigated in DMSO
solution by UV—vis and '"H NMR spectroscopy. The UV—vis
absorption spectrum of the p-trifluoromethyl-substituted bis-
urea (E)-1b (Figure 1) was found similar to the one reported
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Figure 1. UV—vis spectrum of (E)-1b in degassed DMSO (2.5 x 107
M) and spectra obtained upon 365 and 385 nm irradiation. The inset
shows the absorption change (at 365 nm) upon multiple cycles.

for the phenylurea-derivative (E)-1a."* The thiourea analogues
(E)-2a—b displayed absorption in the same wavelength region,
while the absorption of the p-nitrophenyl-substituted bis-
(thio)ureas (E)-1c and (E)-2c extended into the visible light
range (see Figures $20—S25). Irradiation of the (E)-isomers
with 365 nm light led to a decrease of the absorption maxima
around 4 = 350 and A = 365 nm, and for the phenyl- and p-
trifluoromethylphenyl-substituted compounds, this was accom-
panied by a small increase in the longer wavelength absorption.
These spectral changes are indicative of the unimolecular
formation of the respective (Z)-isomers.'*'® Subsequent
irradiation with 385 nm light led to reverse spectral changes,
consistent with regeneration of the (E)-isomeric forms.
Important to note is that during multiple 365/385 nm
irradiation cycles no major signs of degradation were noted
for the bis-urea compounds, in contrast to their bis-thiourea
counterparts, which proved less fatigue resistant (Figure 1 and
Figures $20—S25, insets). Furthermore, in the case of the p-
nitrophenyl-substituted analogues (E)-1c and (E)-2c, 365 nm
irradiation led to a decrease in overall absorption and the (E)-
isomeric forms could not be regenerated by 385 nm
irradiation.

The photostationary state (PSS) ratios were determined by
'"H NMR spectroscopy in DMSO-ds; and are summarized in
Table 1. In the "H NMR spectrum, 365 nm irradiation of the
(E)-isomers led to the appearance of a new set of signals with
equal chemical shift as observed for the (Z)-isomers
synthesized independently (see Figures $26—S29), corroborat-
ing E—Z isomerization. Subsequent irradiation with 385 nm
light resulted in an increased E/Z integral ratio, demonstrating
the reversibility of this photoisomerization process, except for
the p-nitrophenyl-substituted transporters, which is in line with
the observations made by UV—vis spectroscopy (vide supra).
In general, more (Z)-isomer is formed upon 365 nm
irradiation of bis-thioureas 2a—b than bis-ureas 1la—b, but on
the other hand, the PSSy5s (E/Z) ratio is the highest for the
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Table 1. Photoswitching, Chloride Binding, and Transport Properties of la—c and 2a—c

Carrier  PSSy5(5/2) PSSagsez) Kime) M) Kipnzy (M)

1a" 49:51 93:7 17 66 0.230
1b 65:35 937 21 107 0.398
1c nd.? nd.? nd? 103 1.187
2a 53:47 83:17 15 93 1.140
2b 53:47 74:26 18 125 0.433
2¢c 48:52 48:52 21 102 2.030

“Microscopic constants (K1m<E)

kini(Z) (% s

kinie) (% 57 Fzmy?  ECsorzy (mol %)° ECgyr) (mol %)°  F(zmf
0.034 6.8 0.472 >10" >21.2"
0.036 11.1 0.057 >10" >1754"
0.035 33.9 0.018 >10" >568.8"
0.060 19.1 0.070 2073 29.7
0.034 12.8 0.160 >10" >62.5"
0.243 8.4 0.002 0.036 163

Ki1/2, Kinzy = Kyy) for the first chloride binding event determmed by '"H NMR titrations using the
tetrabutylammonium salt in DMSO-ds/0.5% H,O; errors are estimated to be no more than 15%.

Not determined because of poor solubility.

“Initial rates of chloride transport (k;,;) obtained using HPTS assay for each transporter (1 mol %). 9Factor of enhancement in the CI~ transport

rate between (Z)-isomer and (E)-isomer (F(z/5) =
values reported in transporter to lipid molar ratio (mol %).
transport activity between (Z)-isomer and (E)-isomer (F’ (z/B) =
calculations.

Kini(z)/ kinicr))- “ECso defined as the effective concentration needed for 50% activity at t = 600 s;
Poor transport acthlty prevented full Hill analysis. *Factor of enhancement in the CI~
= ECso(5)/ECsp(2)). "When ECy, > 10, the ECy, value was considered as 10 in factor

latter. These differences are most likely due to the absorption
at the irradiation wavelength not being the same for all
compounds.

Chloride Binding Studies. The chloride binding proper-
ties of the (E)- and (Z)-isomers were examined using '"H NMR
titrations in DMSO-dg/0.5% H,O. In all cases, addition of
tetrabutylammonium chloride ([NBu,]*[Cl]”) led to gradual
downfield shifts of the (thio)urea NH signals as well as
relatively small changes in the chemical shifts that belong to
the aromatic protons (Figures S30—S38). Since, for the (E)-
isomers, the relative distance between (thio)urea substituents
is too large to bind the chloride ion simultaneously, the
titration data were analyzed using a 1:2 binding model (see
Scheme S2 for details). HypNMR software'” was used for the
simultaneous fitting of multiple chemical shift changes, and the
two (thio)urea binding sites were treated as independent; i.e.,
the microscopic binding constants for the first and second
binding event were assumed to be the same (Kj,, = K,,,,). This
assumption was needed to successfully fit the data because no
distinction could be made between *"H NMR chemical shifts of
1:1 and 1:2 complexes throughout the titration. Overall, weak
chloride binding was observed with association constants in
the range 15—21 M™' (Table 1), similar to other phenyl-
(thio)urea transporters.'®

For the (Z)-isomers, Job plot analyses as well as the residual
plots obtained by fitting the titration data to both 1:1 and 1:2
binding models using HypNMR (Figures S44—S48) hinted at
preferred 1:2 binding, although not conclusively. Single crystals
suitable for X-ray structure determination were obtained by
slow diffusion of iPr,O into a solution of (Z)-1c and 1 equiv of
[NBu,]*[CI]” in CHCI;/CCl,. The solid-state structure
(Figure 2) revealed that the chloride ion can be bound in a
1:1 manner by both p-nitrophenylurea substituents simulta-
neously through four hydrogen bonds with three of the
N(H)—CI" distances in the range 3.181(2)—3.226(2) A and
the other being 3.354(2) A. For the NH hydrogen bond donor
with the longer N(H)—CI~ distance, a short contact is
observed with the C=O oxygen of a neighboring molecule
[N(H)-O distance: 3.327(3) A] having opposite helical
chirality [see Figure S99; note that (Z)-1c exists in (P)- and
(M)-helical forms]."”> To gain more insight into the preferred
binding mode, DFT energy minimization [B3LYP/6-31G+
+(d,p), IEFPCM DMSO solvation model] of different
geometries of (Z)-1aCCl™ were carried out. These calculations
revealed that the structure involving four simultaneous NH—
CI™ hydrogen bonds is about 19 kJ mol™" lower in energy than

Figure 2. Displacement ellipsoid plot (50% probability level) of (M)-
(Z)-1cCcCl” at 110(2) K. The tetrabutylammonium cation has been
omitted for clarity.

other possible structures in which the chloride ion is bound by
a single urea substituent via two hydrogen bonds (Tables S3—
SS). Because of this, the 1:1 geometry with the chloride ion
bridging between the (thio)urea groups, as found in the solid
state, is expected to prevail in solution. Table 1 shows the
association constants obtained when the titration data were
fitted using the 1:1 binding model.

Overall, chloride binding to the (Z)-isomers was found to be
around 5—6 times stronger than to their respective (E)-
isomers. Transporters with electron-withdrawing p-nitro and p-
trifluoromethyl substituents displayed only slightly higher
stability constants,”® and although their NH protons are
more acidic, the bis-thioureas 2a—c exhibited fairly similar
binding strength as the bis-ureas la—c.

Chloride Transport Activity and Selectivity. Following
the confirmation that the (Z)-isomers show better chloride
binding affinity than their respective (E)-isomers, a series of
membrane transport experiments were conducted in phospho-
lipid vesicles (POPC LUVs with a mean diameter of 200 nm).
First, the ion transport properties were examined using 8-
hydroxypyrene-1,3,6-trisulfonic acid (HPTS) assays,” in
which the anion transporter (added to vesicles as DMSO
solutions) mediates H*/Cl™ symport (or CI"/OH™ antiport)
to dissipate a transmembrane pH gradient (pH 7 inside and
pH 8 outside) as monitored by intravesicular pH indicator
HPTS. As shown in Figure 3a and Figure S49, the transport
activities of the (Z)-isomers are all much better than the (E)-
isomers at the same transporter-to-lipid molar ratio (1 mol %).
The initial rates of chloride transport (k;,) obtained are shown
in Table 1 and Figure 3b. All the (E)-isomers, except (E)-2c,
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Figure 3. (a) Plots of chloride efflux against time (s) across POPC vesicles facilitated by (Z)-isomers (®, 1 mol % to lipid) and (E)-isomers (A, 1
mol % to lipid). (b) Initial rate of chloride transport calculated by exponential or linear fit for each transporter. Detailed experimental conditions are
presented in the Supporting Information. (c) Comparison of the concentration—activity curves between (Z)-1c and (E)-1c. The solid lines are the
fitted curves from Hill equation. (d) Percent transport efficiencies of 365 nm irradiated samples of (E)-2a plotted relative to the activity of (Z)-2a.

Table 2. Summary of Cl~ Transport Activity and ClI~ > H*/OH™ Selectivity of (Z)-la—c and (Z)-2a—c (ECs, Values Are Shown
in Transporter-to-Lipid Molar Ratio (mol %))

Carrier ECSO(BSA)a Ecsob'c ECso(BSAiFCCP)d ECso(Fccp)e FFAf Fsg F’sh
(2)-1a >10’ 0.472 0.035 0.077 >21.2/ >283.7 6.1
(2)-1b >10° 0.057 0.091 0.030 >175.4 >110.2 1.9
(2)-1c 0.137 0.018 0.141 0.016 7.8 1.0 1.1
(2)-2a 1.726 0.070 0.017 0.019 24.7 102.8 3.6
(2)-2b 0.703 0.160 0.360 0.155 44 2.0 1.0
(2)-2¢ 0.006 0.002 0.007 0.002 2.8 0.8 0.9

“ECs, in the presence of BSA, showing the total Cl~/H* symport without the presence of fatty acid. "ECy in the presence of fatty acid, showing the
effect of the natural acceleration of H* transport facilitated by fatty acids on the overall transport process. “The same data as shown in Table 1.

9ECy, in the presence of BSA and FCCP, showing the maximum CI~ uniport possible, since without FCCP, H"/OH™ transport may be rate
limiting. “ECs in the presence FCCP, showing the maximum CI~ uniport possible in the presence of fatty acid. JFactor of enhancement in the
overall rate of CI7/H" cotransport in the presence of fatty acid, Fg, is calculated by dividing the ECsypsa) by the ECyy. Fry > 1 indicates the
receptor can assist the flip-flop of fatty acid, increasing pH dissipation. éFactor of CI~ b H*/OH" selectivity, F; is quantified by ECsy(psa) divided by
ECsopsa_rccpy Fs > 1 indicates faster CI™ than H*/OH™ transport, i.e. Cl” selective. PRactor of CI™> H*/OH~ selectivity retention in the presence
of fatty acid, F', is calculated by dividing the ECs, by the ECsqrccp) F's > 1 indicates CI™ selective retention in the presence of fatty acid. ‘Poor
transport activity prevented full Hill analysis. ’'When EC, > 10, conmdermg the ECs, value as 10 in factor calculations.

displayed poor chloride transport activities, whereas the (Z)-
isomers were at least 7 times more efficient, with the highest
enhancement factor of 34 for compound lc. The anion
transporter potencies of the (E)- and (Z)-isomers of each
anion carrier were further studied using a concentration-
dependent Hill analysis to determine the half-maximal effective
concentration (ECg, expressed as mol % with respect to lipid
symport (or ClI7/OH~
antiport) processes (Figures SS0—S58). As summarized in
Table 1, most of the (E)-isomers displayed an ECy, > 10
indicating poor transport activity, while the analogous (Z)-
isomers showed significant transport activity with ECs, values
ranging from 0.472 mol % to 0.002 mol %. The largest

concentration) value for H*/Cl~

difference in activity was observed for compound lc (more
than 568 times, see Figure 3c and SS59).

The comparative ion transport activity of the (Z)-isomers
provided an activity sequence of 2¢ > 1c > 2a > 2b > 1b > 1a.
In general, bis-thioureas (Z)-2a—c are better transporters than
their urea counterparts (Z)-la—c, and electron-withdrawing
substituents (CF;, NO,) increase the transport activity. This
result suggests a role for N—H proton acidity as well as
membrane partitioning in the transport activity as compara-
tively minor stability constant differences were observed in the
chloride binding studies (vide supra).

The HPTS assay measures the receptor’s electroneutral H*/
Cl™ symport (CI"/OH™ antiport) ability. In order to further
investigate the intrinsic ability of transporters (Z)-la—c and

https://doi.org/10.1021/jacs.1c10034
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10034/suppl_file/ja1c10034_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10034/suppl_file/ja1c10034_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10034/suppl_file/ja1c10034_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10034?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Pe AN 0000075

LA AI0000, N RO
(a) j«‘:}‘{‘;p{‘)u errq);:"{,z ) }f‘"‘;}{’i{cfj‘Yf‘I‘fr' 150
xﬁt‘( Yh T"‘;d'(\ o
& & o

Valinomycin
—
Membrane
Polarization

XP00X

Z @ Transporter
3 =

Membrane

De-polarization

(E}2a+365nm_10s
(E)-2a+365nm_30s
(E)-2a + 365 nm_60's

100%J -
75% 4 - - - - -

W 50%

depolarization percentage

25%—+ -7

1 100% 0% - e

= ~ 12
= Ah sl <
1.0 S TN 2
3 A e g 104
[
g s §
4 1 i ]
0.3 s 4 ] £ < o8
¥ e o
w & &
06 | % 2 8 06
i S 32 !
5 i @2r2a .8 9 /
g oaf [ @1 N Mgeon £ S 04y |
i l’ (2)2b LS g £ i
E (211¢ e W g 8 F:
021 | G Waboo o qo% B £ e2q |l
| DMSO {aury S g
] 1 (2)-2a
L —— L R S
600 400 -200 0 200 400 600 800 400 200

time (s)

T
0

T T T T
200 400 600 800

time (s)

Figure 4. (a) Schematic representation of the Safranin O fluorescence assay. POPC vesicles were loaded with HEPES (10 mM) buffered KCl (100
mM) and suspended in HEPES (10 mM) buffered NaCl (100 mM) with Safranin O and adjusted to pH 7.0. Valinomycin was added to produce
polarized liposomes. Once stable emission was observed, S uL of a DMSO solution of compound (1 mol % to lipid) was added. (b) The change in
emission intensity of safranin O was monitored over time upon addition of (Z)-la—c and (Z)-2a—c and (c) (E)-2a before and after 365 nm
irradiation. (d) Depolarization efficiencies (%) of irradiated samples of (E)-2a relative to the activity of (Z)-2a.

(Z)-2a—c to transport chloride, transport activity was
monitored in the presence of carbonyl cyanide-4-(trifluor-
omethoxy) phenylhydrazone (FCCP, a weak acid protono-
phore). If the receptor functions as a selective electrogenic CI~
transporter, addition of FCCP should accelerate the H*
transport, removing the rate-limiting effect of H'/OH™
transport.”” It was reported that some transporters can also
facilitate H* transport via a fatty acid flip-flop mechanism.”
Thus, “fatty acid free” vesicles in which BSA was used to
sequester fatty acids present in the lipid bilayer were also used
to evaluate the ability of the transporters to assist the flip-flop
of fatty acids. The concentration-dependent Hill analysis
results of these anionophores in the absence and presence of
FCCP and fatty acid are presented in Figures S60—S82 and
summarized in Table 2. Dividing ECsqgsa) by ECsomsa_rccp)
gives F, values >1 for most receptors, indicating that most of
these receptors show chloride transport selectivity under fatty
acid free conditions. The unsubstituted compounds (Z)-la
and (Z)-2a are extremely selective for ClI~ over H" in BSA-
treated fatty acid free liposomes, with F; values of 283 and 102,
respectively (Figure S84). As indicated by Fg,, quantified by
dividing ECsqpsa) by ECs, the transport activity of these
anionophores always decreases when fatty acids are removed
(Figure S83), indicating that all these receptors can couple via
fatty acid flip-flop and enhance the overall rate of HY/CI™
symport. The low extent of attenuation observed with the
more acidic receptors could suggest a high fatty acid aflinity
(allowing for the fatty acid flip-flop mechanism even with the
traces of fatty acids in equilibrium with BSA) or H* transport
via a deprotonation mechanism under “fatty acid free”
conditions. The chloride transport selectivity retention factor
in the presence of fatty acid (F') can be calculated by dividing
ECsy by ECso(rccp)- Compound (Z)-1a retained the highest
degree of chloride selective transport in the presence of fatty
acid with a F’; = 6.1, while bis-thiourea (Z)-2a also retained

some selectivity in untreated liposomes with a F'; = 3.6 (Figure
S85). The addition of electron-withdrawing groups to the
benzene rings decreased the retention of chloride selective
transport. The fact that bis-thiourea compound (Z)-2a could
function as an electrogenic Cl~ transporter was also evidenced
by the results obtained from cationophore coupled assays.”**
Faster CI” efflux was observed when coupling with
valinomycin (a selective electrogenic K' transporter) than
with monensin (an electroneutral K*/H" exchanger) (Figure
$86), confirming that bis-thiourea (Z)-2a shows better activity
as a ClI” uniporter than H"/Cl™ symporter. The findings that
the transport mechanism is predominantly electrogenic and
(Z)-2a has a selectivity for CI~ > OH™ and H* was further
supported by the osmotic response assay”> (Figure S87).
Photocontrol of Transmembrane Transport and
Potential. Control of transmembrane transport by light was
then monitored using an HPTS assay, first. Compound 2a with
both good chloride transport activity and selectivity was
selected to examine whether transport could be activated by
starting with the (E)-isomer and irradiating in situ. Sample
illumination was achieved using high powered LEDs (see SI for
details). As shown above, the transport activity of (E)-2a (1.0
mol % relative to lipid) is negligible (Figure 3d and Figure
$88), but when a vesicle solution containing this (E)-isomer
was irradiated for 20 s with 365 nm light at the beginning of
the experiment, chloride transport was activated with 41%
efficiency relative to (Z)-2a, as a result of E—Z isomerization.
Interestingly, this efficiency was increased up to 83% by
prolonging the irradiation time to 120 s to generate more of
the active (Z)-isomer. Inactivity under comparable conditions
with light irradiation for 10 min in the absence of 2a (Figure
$89), indicated that long irradiation times do not destroy the
integrity of the lipid bilayer membrane. No switching behavior
was observed for a sample of a simple nonphotoresponsive
thiourea derivative under comparable conditions with light
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irradiation for 10 min (Figure S90), confirming the role of
isomerization of 2a in the photoswitchable transport process.

This light-activated chloride transport was also demon-
strated by a cationophore coupled ion selective electrode (ISE)
assay (Figures S91—92), in which the transporter-induced
chloride efflux coupling with valinomycin or monensin from
POPC vesicles containing buffered KCIl, suspended in KGlu,
was measured in real time using a chloride ISE. Irradiation of
(E)-2a (1.0 mol % relative to lipid) with 365 nm light initiated
the transport process, and as expected, it is an electrogenic
chloride transport process. The irradiation switched-on
transport process could also be demonstrated by a light
scattering osmotic response in an osmotic assay (Figure S93)
and were consistent with the ISE results. Irradiation of (Z)-2a
(1.0 mol % relative to lipid) with 385 nm light was used to
isomerize the transporter within the lipid bilayer membrane,
and turn-off the chloride transmembrane transport process
(Figure S94). Moreover, reversible switching between the
transporting “ON” and “OFF” states was observed an in
osmotic assay by in situ alternating between 365 and 385 nm
light irradiation of (E)-2a (1.0 mol % relative to lipid) (Figure
$95), directly coupling photoisomerization with ion transport.
The changes in UV—vis absorption upon 365/385 nm
irradiation of 2a preincorporated into the phospholipid vesicles
were similar to those observed in DMSO solution (Figures S23
and S26) illustrating that this activation/deactivation of
chloride transport is an effect of E—Z isomerization.

Among the scarce examples of artificial photoswitchable
transporters,” "' these compounds represent the first with
proven selectivity for C1™ uniport over H"/Cl™ symport. An
analogy may be drawn with the function of halorhodopsin and
anion channel rhodopsin,” which use light to stimulate and
control the selective flow of chloride across a membrane and
thereby are able to hyperpolarize and depolarize cells. This
feature allows their use as optogenetic tools to control the
activities of neurons. This inspired us to investigate the
capacity of our synthetic transporters to modulate membrane
potential in polarized liposomes. Hence, POPC-liposomes with
internal KCl (100 mM) and external NaCl (100 mM) were
prepared to produce a transmembrane K" concentration
gradient (Figure 4a). The membrane potential of these
liposomes was monitored by the probe Safranin O, a
membrane potential sensitive fluorescent dye (4, = 580 nm,
Aex = 520 nm) that can detect the small amount of electrogenic
transport possible in vesicular systems.”® As shown in Figure
4b—c, exogenous addition of the selective K' carrier
valinomycin led to a significant increase in the emission of
Safranin O,”” because of K* efflux established a membrane
potential with net negative charge inside the liposomes.
Subsequently, upon addition of DMSO solutions of com-
pounds (Z)-la—c and (Z)-2a—c (1 mol %), the fluorescence
intensity of Safranin O decreased, indicating depolarization of
the lipid bilayer. This process can be attributed to the flow of
Cl” ions out of the polarized liposomes to balance the
electrostatic potential established by valinomycin, generating a
chloride concentration gradient. Compound (Z)-2a displayed
the highest degree of depolarization with a 98% decrease of
fluorescence intensity (Figure 4b). Where all the (Z)-isomers
showed depolarization activity in liposomes having a trans-
membrane CI” concentration gradient (KCl inside, Na,SO,
outside, Figure $96), without this gradient those (Z)-isomers
with poor ClI™ uniport selectivity (1b, 1c, and 2c) caused only
a slight decrease of the fluorescence (NaCl outside, Figure

S97) and thus weak depolarization of vesicles in the case of
external NaCl. These results indicate a combined effect of
transport activity and Cl~ uniport selectivity in modulating
liposomal membrane potential. For transporter 2a, the degree
of liposomal membrane depolarization displayed a nonlinear
concentration dependence with an ECg, value (effective
concentration needed to reach 50% depolarization) of 0.04
mol % (Figure S98). In addition, a nonlinear depolarization
activity of (Z)-2a dependence on the transmembrane potential
initialized by valinomycin was observed (Figure S$99),
indicating that the activity of (Z)-2a to modulate liposomal
membrane potential is voltage dependent. This was also the
case when vesicles with internal KCl and an external mixture of
K,SO, and Na,SO, were used instead (Figures S100—101).

We then explored the possibility of in situ light regulation of
liposomal membrane potential. For this purpose, the
depolarization activities using samples of (E)-2a before and
after 365 nm irradiation (t = 0, 10, 30, and 60 s) were
monitored (Figure 4c—d). As expected, (E)-2a was inactive
prior to irradiation, but the depolarization efficiency (%) with
respect to (Z)-2a was determined as 54% upon irradiating for
30 s and 89% after irradiating the sample for 60 s. A control
experiment indicated that long light irradiation did not damage
the polarized liposomal membrane (Figure 102). Similar light-
regulatory behavior was observed in polarized liposomes
having a CI” concentration gradient (KCl inside, Na,SO,
outside), as judged by the fluorescence intensity decrease of
Safranin O (Figure S103). These studies represent the first
example of photocontrolled perturbation of membrane
potential using synthetic switchable transporters.

B CONCLUSIONS

We have presented photoswitchable stiff-stilbene based
bis(thio)ureas that display a different binding mode and larger
chloride binding affinity in their (Z)-form than in their
respective (E)-form. A series of liposomal membrane transport
experiments revealed much higher activity for the (Z)-isomers
than for the (E)-isomers, which allowed in situ control over the
transport rate by light. Importantly, detailed mechanistic
investigation showed that chloride transport mediated by the
phenyl(thio)urea-substituted compounds without electron-
withdrawing groups is predominantly electrogenic. This feature
motivated us to investigate the capacity to perturb membrane
potential, for which both transport activity and chloride
uniport selectivity proved very important. As a result, light-
regulated membrane depolarization and associated generation
of a chloride gradient could be achieved for the first time using
a fully artificial switchable system. We anticipate that our result
will open new perspectives for application of photoswitchable
anion transporters in optopharmacology to control neuronal
inhibition in an analogous manner to halorhodopsin and
rhodopsin,”” in addition to the development of physiological
toolsza)nd therapeutics that can be activated and deactivated by
light.””
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