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Abstract Na', ClI” and K are the most abundant
electrolytes present in biological fluids that are essential
to the regulation of pH homeostasis, membrane potential
and cell volume in living organisms. Herein, we report
synthetic crown ether-thiourea conjugates as a cation/anion
symporter, which can transport both Na* and Cl~ across
lipid bilayers with relatively high transport activity.
Surprisingly, the ion transport activities were diminished
when high concentrations of K* ions were present outside
the vesicles. This unusual behavior resulted from the
strong affinity of the transporters for K* ions, which led to
predominant partitioning of the transporters as the K*
complexes in the aqueous phase preventing the transporter
incorporation into the membrane. Synthetic membrane
transporters with Na*, CI” and K* transport capabilities
may have potential biological and medicinal applications.
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1 Introduction

A wide range of synthetic ion transporters have been
developed during the past decades owing to their potential
biomedical applications [1,2] in treating cancer and
channelopathies like cystic fibrosis [3,4], Bartter syndrome
[S] and Dent’s disease [6]. Anions transporters were
designed to transport HCO5™, F-, CI', I and SO4* [7-11],
among which Cl is the most commonly targeted anion.
Besides cystic fibrosis, dysregulation of Cl™ transport will
also indirectly result in exocrine pancreatic failure,
intestinal blockage and male infertility [12]. Hence,
synthetic CI” transporters have been developed, either
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working as channels [13] or carriers [14]. Transmembrane
cation transport also plays key roles in cellular processes.
The concentrations of Na* and K™ in cells are regulated
with the concentration gradient generated by Na*/K™*
ATPase. The concentration of Na* is ~10 mmol-L™' inside
and ~150 mmol-L' outside, however, for K, the
extracellular concentrations (5 mmol-L™) are lower than
those in the cytoplasm (150 mmol-L™) [15]. In biological
systems, Na* and K* channels work synergistically in
processes such as initiating and regulating action potentials
in neurons and cells [16,17]. Mutations of Na* channels
are found to be closely linked to inherited epilepsy,
migraine, periodic paralysis and chronic pain syndromes
[18,19]. In addition, cardiac arrhythmias, deafness and
epilepsy involved mutations of several critical K* channels
[20,21].

Due to the indispensable role of Na*, K™ and CI” in
nearly every animal cell type [22,23], synthetic transpor-
ters for Na*, K* and Cl have attracted significant
attention. In addition to cation transporters and anion
transporters, several researcher groups have developed ion-
pair symporters [24—27], which contain at least one cation
binding site and one anion binding site. Calix[4]pyrrole
was reported by Gale and co-workers to transport CsCl as
an ion-pair complex [24,25]. Smith and co-workers
reported transporters containing an amide and an azacrown
ether moieties to achieve the co-transport of NaCl or KCI
[26]. Azacrown ethers were also combined with a urea or a
squaramide motif to selectively transport KCI [27,28].
However, due to the high hydration energy of Na* [29,30]
and the higher affinity of 15-crown-5 and 18-crown-6 for
K™ under certain conditions [29], the selective transport of
Na* over K* is challenging.

Herein, we synthesized bilateral crown ether-thiourea
conjugates Azo-2C5 and Azo-2C6 as ion transporters
(Scheme 1), which were designed based on the following
considerations: (i) crown ethers, benzo-15-crown-5 in
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Az0-2C5 and benzo-18-crown-6 in Azo-2C6, are
employed to bind and transport Na* and K* across
membrane [27,31,32] and (ii)) N-amidothiourea groups,
which exhibit enhanced anion binding ability in compar-
ison to conventional N-alkyl and N-arylthiourea counter-
parts, by virtue of an anion-induced conformation change
in the N-N single bond and a multivalent hydrogen-
bonding network [33,34]. Thus N-amidothiourea moieties
are employed for Cl” binding and transmembrane trans-
port. (iii) An azobenzene group is utilized as linker to
improve the lipophilicity of the transporters [35,36],
facilitating ion transmembrane transport. Control com-
pounds Ph-2CS5 and Azo-CS (Scheme 1) were designed to
investigate the significance of azobenzene motif and
bilateral structure for ion transport, respectively. We
found that Azo-2C5 could transport Na* and CI™ across
the membrane with high activity, while Azo-2C6 exhibited
a higher CI transport activity and a much lower Na*
transport activity owing to the mismatch of Nat with 18-
crown-6 [37]. Surprisingly, neither transporter showed K*
transport activity, and the presence of K* at high
concentrations substantially hindered the transport of
Na* and CI". This unique phenomenon has been shown
by ultra-violet-visible spectroscopy (UV-Vis) studies to
originate from the predominant partitioning of the
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transporters in the aqueous phase when K* was present
in high concentrations.

2 Experimental
2.1 Materials

4,4'-Diaminoazobenzene, 1,1'-thiocarbonyldiimidazole,
methyl 3,4-dihydroxybenzoate, bis[2-(2-chloroethoxy)
ethyl]ether, pentaethylene glycol dichloride 1,4-phenylene
diisothiocyanate and 4-phenylazophenyl isothiocyanate
were purchased from J&K Scientific Ltd. 1-Palmitoyl-2-
oleoylphosphatidylcholine (POPC) and dipalmitoylpho-
sphatidylcholine (DPPC) were purchased from Avanti
Polar Lipids. Triton X-100, valinomycin (VIn), carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
calcein, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (HPTS), 6-methoxy-N-(3-sulfopropyl)quinolinium
(SPQ), sodium gluconate (NaGlc), potassium gluconate,
N-methyl-D-glucamine chloride (NMDG-CI), 4-(2-hydro-
xyerhyl)piperazine-1-erhanesulfonic acid (HEPES) were
purchased from Sigma Aldrich Co. and used directly
without purification. Dimethyl sulfoxide-Dg was pur-
chased from Cambridge Isotope Laboratories Inc. All
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Scheme 1 Molecule structures of synthetic transporters Azo-2C5, Azo-2C6, and control compounds Azo-C5, Ph-2C5.
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other starting materials were obtained from Sinopharm
Chemical Reagent Ltd.

2.2 Instrumentation

'"H and "*C nuclear magnetic resonance (NMR) spectra
were recorded on Bruker AV500MHz, AV600MHz or
AV850MHz spectrometers. High-resolution mass spectra
were acquired on a Bruker micro TOF-Q-II mass spectro-
meter. Absorption spectra were recorded on Shimadzu UV-
2700 UV-Vis spectrophotometer. Fluorescence spectra
were obtained on a Horiba Fluorolog-3 spectrometer.

2.3 lon transport study and the ECs, measurement

2.3.1 Preparation of large unilamellar vesicles (LUVs)
LUVs (mean diameter 200 nm) of POPC loaded with pH-
sensitive fluorescence dye HPTS (0.1 mmol-L™") were
prepared by freeze/thaw cycles. A chloroform solution
(50 mL) of POPC (10 mg) was slowly evaporated by using
a rotary evaporator and dried under high vacuum at room
temperature for 4 h. The obtained lipid film was rehydrated
by mixing with 1 mL salt solution (100 mmol-L™" NaGle,
10 mmol-L™" HEPES, 0.1 mmol-L™ HPTS, pH 7.0) and
vortexing for 2 min. The mixtures were subjected to
10 freeze-thaw cycles and extruded through a 0.22 pm
polycarbonate membrane at least 5 times. To separate the
un-entrapped HPTS, the lipid suspension (0.76 mL,
10 mmol) was transferred to a size exclusion chromato-
graphy (stationary phase: Sephadex G-50; mobile phase:
100 mmol-L™' NaGlc, 10 mmol-L™' HEPES, pH 7.0) and
eluted with the mobile phase to acquire a 5 mL lipid stock
solution containing 2 mmol-L™" of lipid.

2.3.2 Na' transport study

In the Na™ transport study, 0.1 mL of the lipid stock solution
was added to 1.88 mL buffer solution (100 mmol-L™
NaGlc, 10 mmol-L™ HEPES, pH 8.0) to generate a pH
gradient. DMSO solution (20 pL) with or without
transporters was added at time 0. The pH changing inside
the LUVs was monitored by fluorescence of HPTS (Ao =
454 nm, Aey, = 510 nm). At 300 s, 20% Triton X-100
(10 pL) was added as detergent to lysate the LUVs for
calibration. The fractional fluorescence intensity (Iy) was
calculated based on Eq. (1):

_Ri—Ry
R Ry

I; x 100%, (1
where R, is the fluorescence intensity at time ¢, R is the
final fluorescence intensity obtained by the addition of
detergent, R, is the fluorescence intensity at the start time.
Different concentrations of transporter molecules were
added to obtain a series of fractional fluorescence intensity

(fy). Fitting Iy vs. molecule concentration according to
Eq. (2):

xn

y=yo+ (ymax _yO)ma (2)
where y is the value of I; corresponding to the carrier
molecule loaded at concentration x, y, is the I; value
measured when compound has not been added, yyax 1S
maximum /¢ value, n is the Hill coefficient, K is the ECs,
value. In this work, the concentration of LUVs is fixed at
100 umol-L™.

The methodologies for tests of other transport activities
are similar, which are described in detail in the Electronic
Supplementary Material (ESM).

3 Results and discussions

3.1 Transport activities of Na* and CI-

The ion transport activities of Azo-2C5 were tested in
POPC based LUVs (mean diameter 200 nm) with
encapsulated pH-sensitive fluorescence dye HPTS (Figs.
1 and 2). As the transporter contains both anion and cation
recognition motifs, i.e., N-amidothiourea and crown ether
moieties, the transport processes are studied by two
separate experiments. In a Na* transport assay, NaGlc
(100 mmol-L™") was used (Fig. 1(a)) based on the
consideration that gluconate is too hydrophilic to pass
through the hydrophobic membrane even with an anion
transporter [38]. In a CI” transport assay (Fig. 2(a)),
NMDG-CI solution (100 mmol-L™") was used as the inert
NMDG rules out the possibility of cation transport [38].
The transport rate increased rapidly with increasing the
concentrations of the transporter and the fluorescence
response of HPTS reached a platform of 68% for Na*
(Figs. 1(b) and 1(c)) and 62% for CI" (Figs. 2(b) and 2(c)).
The plots can be fitted well utilizing the Hill equation and
the corresponding parameters to give half maximal
effective concentrations (ECsg) and Hill coefficients (n)
values. The ECs, values for Na* (0.12 umol-L™) and CI”
(0.12 pmol-L™") are nearly the same, and the Hill
coefficients for both transport processes are slightly higher
than 1. The Hill coefficients indicate that the transporter is
more likely to function as a monomer during Na* and CI”
transport processes [39]. When NaCl was used as the
internal and external salt (Fig. S1(a), cf. ESM), a similar
ECsp 0f 0.15 umol-L™" and a similar Hill coefficient close
to 1 were determined (Fig. S1(c)), thus a 1:1:1 (Azo-2CS:
Na™:Cl") stoichiometry could be expected for the symport
of Na* and CI" (see below). No change in the transport rate
of Na* and Cl" was observed with the addition of a H*
ionophore FCCP (Figs. S(2) and S3(b), cf. ESM),
indicating that H* transport by Azo-2CS is likely not the
rate-limiting process. A limited maximum activity of 70%
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was observed (Fig. 1), and we assumed that the
aggregation of the transporters in solution could be
responsible, which limited the delivery of the transporters
to the vesicles [40].

Compared with Azo-2C5, Azo-2C6 has a significantly
reduced transport activity for Na*™ (Fig. 1, 0.12 pmol-L™
for ECsq of Azo-2C5; ECs( of Azo-2C6 is not detectable),
but a better transport activity for CI” (Fig. 2, 0.12 pmol - L™
for ECsy of Azo-2C5; 0.05 pmol-L™' for ECsy of Azo-
2C6). The former is likely due to the mismatch between the
cavity size of 18-crown-6 in Azo-2C6 (134143 pm) and
the size of Na* (95 pm) [37]. The latter is ascribed to the
higher binding affinity of Azo-2C6 with CI™ than those of
Az0-2C5 (Figs. S4 and S5, cf. ESM. For Az0-2C6 in
acetonitrile, K;; = 1915 L-mol™, K;» = 424 L-mol™;
for Azo-2C5 in acetonitrile, K;; = 1250 L-mol™,
K1, = 341 L-mol"). An experiment employing FCCP
(Fig. S3(c)) also indicated that H* transport by Azo-2C6 is
likely not the rate-limiting process. The reference com-
pounds, Ph-2CS and Azo-CS display nearly no transport
activity no matter what salt solution was used (Figs. S6—
S8, cf. ESM). The inactivity of Ph-2C5 indicates the
essential role of azobenzene scaffold in facilitating the ion
transport, which is ascribed to the lower lipophilicity of
benzene than azobenzene motif. Notably, unilateral

compound Azo-C5 resembles a classic surfactant structure
containing a polar head-group and a lipophilic tail, which
is known to be detrimental to the transmembrane transport
[41], underscoring the importance of bilateral structure of
Az0-2C5 in ion transport.

To obtain direct evidence for Na™ and CI” transport, *Na
NMR and SPQ experiments were conducted respectively.
In the NMR experiment (Fig. S9, cf. ESM), DyCl; was
added to discriminate the signals from intra- and extra-
vesicular solutions by upfield shifting of outer **Na peak
[32]. The NMR spectra at different incubation time
confirmed the Na* transport ability of Azo-2CS. In the
SPQ experiment (Fig. 3), as the inert NMDG can not pass
through the membrane, the SPQ experiment showed
relatively slower influx of Cl” when the outer salt solution
was NMDG-CI (Figs. 3(a) and 3b). Replacing the NMDG-
CI with NaCl provides the transportable cation and hence
the fluorescence quenching was observed (Figs. 3(c) and 3
(d)), suggesting the symport of Na*/Cl~. SPQ experiments,
together with the *Na NMR experiment, confirmed that
Az0-2C5 can act as a symporter for NaCl.

3.2 Influence of K on the transport activities

18-Crown-6 moiety has a cavity radius of 134-143 pm,
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Fig. 1 (a) Schematic representation of quantitative measurement of Na™ transport conducted by using a pH gradient of 7 inside and 8
outside in LUVs (mean diameter 200 nm) encapsulating pH-sensitive dye HPTS. Inside LUVs: 0.1 mmol-L™' HPTS, 100 mmol-L™
NaGlc, 10 mmol-L~! HEPES, pH 7.0. Outside LUVs: 100 mmol-L~! NaGlc, 10 mmol-L™! HEPES, pH 8.0. Normalized fluorescence
intensity (NFI) obtained by addition of different concentrations of Azo-2C5 ((b) 0—4 pmol- Lfl) and Azo-2C6 ((d and e) 0-0.6 pmol- Lfl).
(¢) Hill analysis of Na* transport facilitated by Azo-2C5.



Zhixing Zhao et al. Crown ether-thiourea conjugates as ion transporters 85
(b) ©
1.0 | Az0-2C5 - -
: e 0.6 -
o -
0.8 =
L 05 & |Model Hilll
o5 By A ' £ |oauston y=START + (END - ST
0.6 52 pmol-L /m |Equatio ART)Xx/(K ")
= 0.4 umol-L + I =3 / — lamaz]
2z B 0.25 umol-L7) = . Reduced Chi-s | 3.03369
L 8%}11:38} b 0.4 . Adj R-Squarc | 097894 |
0.05 pmol-L™! | | Value | Standard error
o | START| 0.25 | 0
r = 0.3 { B END |062 | 0
I k [o118 ] 0.01125
L . n 1.085 | 0.11176
1 L 1 L 1 L 1 1 1 L 1 1 1 I 1 O 2 1 1 1 1 1
0 50 100 150 200 250 300 350 0.0 0.5 1.0 1.5 2.0
Time/s Concentration/(pumol-L ")
(6)O .
Az0-2C6 ’
U -
0.7 =
= >
0.15-4 pmol-L ! 0.6 | Moddl | Hilll \
L : Hhiat = START + (END - ST
E % 0.1 umol-L- LT-. 05 w quation ART)Xx/(K"+")
= L 0.05 pmol-L™! =z z 3 ‘
-~ . { Reduced Chi-s |4.6955
0.4r- 0. “3?3 pmol LL 0.4 & Adj. R-Square | 0.9839 ‘
- (025 Hn ol E ' Value Slandardrcrrqr!
- { START]| 023 0|
B2 Blank 0.3 | B |END |0.72 0]
L o [ 0.048 0.00305]
0.0r 0.2 n 1522 0.14617|
1 1 1 1 1 L 1 L 1 1 1 1 1 1 1 | 1 1 1 I n 1 n 1 n _
0 50 100 150 200 250 300 350 0.0 0.1 0.2 0.3 0.4 0.5

Time/s

Concentration/(pmol-L ™)

Fig. 2 (a) Schematic representation of quantitative measurement of Cl transport conducted by using a pH gradient of 7 inside and 8
outside in LUVs (mean diameter 200 nm) encapsulating pH-sensitive dye HPTS. Inside LUVs: 0.1 mmol-L ' HPTS, 100 mmol-L "'
NMDG-CI, 10 mmol-L ™' HEPES, pH 7.0. Outside LUVs: 100 mmol-L™' NMDG-CI, 10 mmol-L ™' HEPES, pH 8.0. NFI obtained by
addition of different concentrations of Azo-2C5 ((b) 0-2.0 um01~L71) and Azo-2C6 ((d) 0-0.4 pm01~L71). (c,e) Hill analysis of Cl

transport facilitated by (c) Azo-2C5 and (e) Azo-2C6.

which matches the radius of K* (133 pm) [37], whereas the
15-crown-5 moiety has been used to construct K*-selective
channels [42] by forming a sandwich complex with K*
[29] or construction of constitutional polarized ion
channels [30]. Zeng synthesized a series of cation
transporters containing 15-crown-5 or 18-crown-6 moiety
as cation receptor, most of which showing high selectivity
for K* over Na* [42—44]. Other crown ethers reported by
Zhu [32,45], Barboiu [30,46] and Giuseppone [47] are also
K*-selective transporters. Given those literature examples
of crown ether-based K* transporters, the inactivity of both
Az0-2C5 and Azo0-2C6 towards K™ transport (Fig. S8) is
intriguing. Valkenier, Sindelaf and co-workers have
reported that the transporter’s extremely high affinity for
NOj;™ results in the poor CI'/NO3~ exchange activity [7].
Similarly in our current work, the presence of K* is shown
to retard the Na® transport. We thus examined the
relationship between transport activity and concentrations
of K* (Fig. 4). We added KCI during Na* transport. As
shown in Fig. 4(b), the addition of KCI reduced the Na*
transport rate remarkably [29]. Similarly, addition of KCl
also induced a decrease of CI™ transport rate when Azo-
2C5 or Azo-2C6 was used as Cl transporters (Fig. S10, cf.

ESM). In the CI” transport experiment, even 1 mmol-L™" of
KCI can dramatically reduce the transport rate. With a
NaCl or NMDG-CI concentration of 100 mmol-L™!, the
addition of 1 mmol-L™ KCl would exert nearly no
influence on the concentration of Cl°, and therefore the
decrease of Na* and CI™ transport activity can be ascribed
to the presence of K. It is likely that because of strong K*
affinity, the concentration of the uncomplexed transporter
is low compared with that of the K* complex, leading to
the transport process being rate-limited by the diffusion of
uncomplexed transporters.

To further investigate the selectivity of the crown ether-
based transporters, we performed the HPTS assay with
different cations inside and outside in the presence of a pH
gradient. Under the non-symmetric ionic conditions, a
membrane potential would be generated if the internal and
external ions have different transport rates. This would
give rise to an internal pH change, the direction of which
indicates the selectivity of the transporter under study [48].
With NaGle (100 mmol-L™") outside and KGlc
(100 mmol-L™") inside (Fig. S11, cf. ESM), the internal pH
(indicated by the HPTS fluorescence intensity) underwent
an initial decrease despite the pH outside being higher than
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Fig. 3 (a,c) Schematic representation of SPQ experiment to verify the Cl transport. Inside LUVs (200 nm): 0.5 mmol-L™! SPQ,
100 mmol-L ! NaGlec, 10 mmol-L ™' HEPES, pH 7.0. Outside LUVs: (a) 100 mmol-L "' NMDG-CI or (c) NaCl, 10 mmol-L ' HEPES,
pH 7.0. (b,d) NFI obtained by addition of different concentrations of Azo-2C5 (0-0.2 umol'Lfl).

the pH inside, and then slowly increases following the
direction of the pH gradient. The initial decrease of internal
pH against the pH gradient indicates a positive membrane
potential generated with K™ outside and Na* inside,
leading to the conclusion that the transporters are selective
for K* over Na*. This is consistent with the hypothesis that
reduced transport activity with K* arises from the
extremely strong K* binding affinity. Other transport
experiments conducted when applying both a pH gradient
and an ion concentration gradient (Na*, K™, Figs. S12 and
S13, cf. ESM) also demonstrate that the transporters can
transport K* faster than Na*, CI” and H™.

3.3 Quantitative measurement of K* transport

Given the diminished activity of the transporters when
substantial K* was present outside the vesicles, we
attempted to quantitatively measure the transport effi-
ciency of K* by using K* only inside the vesicles. An
HPTS assay was conducted with 100 mmol-L™" of KCl

inside and 100 mmol- L' NaCl outside. The driving force
was a concentration gradient of K*, since that the efflux of
K* would generate a H" influx to result in the difference
between starting and final pH in the vesicles (Fig. 5). At the
end of the transport experiment, the final fluorescence
intensity of HPTS corresponding to the transport equili-
brium was obtained by the addition of VIn (10 pmol-L™)
and FCCP (10 umol-L™"). The results demonstrate
comparable activities of the two transporters (ECsg
values of 0.45 umol-L™ and 0.32 umol-L™ for Azo-2C5
and Azo-2C6, respectively) and also the similar Hill
coefficients (n = 2.12 for Azo-2CS5, 2.14 for Azo-2C6).
Therefore, K* is assumed to be transported as a sandwich
type 2:1 (transporter:K™) complex [29,39]. The anion
component was found to have negligible impact on
the transport rates, as the replacement of the chloride
by gluconate salt led to similar ECsy and n values
(Fig. S14, cf. ESM, ECsq: 0.65 pmol-L™"' for Azo-2CS5,
0.48 pmol- L' for Azo-2C6; n: 2.65 for Azo-2C5, 2.46 for
Az0-2C6). Since K" has been shown to inhibit the
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Fig. 4 (a) Schematic representation of quantitative measurement of the influence of K on the Na™ transport activity conducted
by addition of different amounts of KCI to extravesicular solution before the measurement; (b) Na™ transport activities of Azo-2C5
0.3 ;,lm01~L71) measured with (red line) and without (blue line) addition of KCI (100 mmol-L ") (KCI was added after the transport
process proceeded for several seconds); (c) NFI obtained by addition of Azo-2C5 (0.3 umol- Lfl) and premix of different amounts of KCl;
(d) Point data of NFI measured with Azo-2C5 (0.3 umol~L71) and different concentrations of KCL.

transport when present at high concentrations outside
vesicles (Fig. 4), by swapping the intra- and extravesicular
salts (i.e., with KCI outside and NaCl inside), no transport
activity was observed (Fig. S15, cf. ESM), and even when
a pH gradient was applied, only a very low activity was
observed (Fig. S16 , cf. ESM).

3.4 Ton transport mechanism

To better understand the unusual behavior of the
transporters that depend on the identity of intervesicular
and extravesicular ions, we first determined the Kt and
Na* binding affinities by ITC titrations. Both the
compounds have higher affinities for K* than Na* in

acetonitrile from ITC titration results (Figs. S17 and S18,
cf. ESM, Table 1). Since significant transport activity was
only observed when the external solution contains no K*,
we hypothesized that the transporters have better deliver-
ability to the membrane when K™ is present only inside the
LUVs. To verify our assumption, the LUVs with diameters
of 5 um were prepared to measure the transporter loading
capacity under different experimental conditions. The large
size of the LUV enables easy separation of the LUV from
the solution by centrifugation (Fig. S19, cf. ESM),
facilitating the measurement of the transporter loading
capacity by the UV-Vis absorption spectra. In the Na*
transport experiment (Fig. 6), the transporter loading
capacity (indicated by the absorption spectra of inside
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Fig. 5 (a) Schematic representation of quantitative measurement of K transport (from inside to outside) conducted by exerting
concentration gradient of K in LUVs (mean diameter 200 nm) encapsulating pH-sensitive dye HPTS. Inside LUVs: 100 mmol - L 'kal
10 mmol-L "' HEPES, pH 7.0. Outside LUVs: 100 mmol-L ' NaCl, 10 mmol-L ' HEPES, pH 7.0. NFI obtained by addition of different
concentrations of Azo-2C5 ((b) 0-2.5 pmol-L ') or Azo-C6 ((d) 0-2.5 umol- L. Hill analysis of K uniport facilitated by (c) Azo-2C5

or (¢) Azo-2C6.

LUVs) decreased to a fairly low degree after the addition of
K*, which induced leaching of the transporters into the
extravesicular solution. We attributed this to the strong
affinity of the transporters for K* leading to accumulation
of the transporters in the extravesicular solution when the
K* was added, hence the low transporter loading capacity
and poor transport activity. On the contrary, under the Na*-
out-K*-in condition (Fig. S20, cf. ESM), the compounds
remained in the isolated LUVs. Compared with the volume
of the extravesicular solution, the intravesicular volume is
much lower. Therefore, even with a high concentration of
K* inside the vesicles, a significant portion of the
transporters can partition in the membrane and facilitate
ion transport. By contrast, if the extravesicular solution
contains K*, the transporters partition almost exclusively
into the extravesicular solution, resulting in poor transport
activity. The sum of individual absorption spectral profiles
from inside and outside LUVs were comparable to the
profiles of reference samples that were prepared in the
same way without centrifugation, confirming the reliability
of this method.

The integrity of the vesicle membrane was determined
by the calcein leakage assay. Only negligible leakage of
calcein occurred over 5 min (Fig. S21, cf. ESM),

confirming that the crown ether-thiourea conjugates are
working as transporters rather than destroying the vesicles
or forming large pores [49].

Synthetic transporters can be classified as ion-channels
or mobile carriers based on their working mechanism in
lipid bilayers [50]. In our experiments, both the transpor-
ters seem to function as carriers for cations and anions. We
prepared LUVs with DPPC, a lipid with a phase transition
temperature of 41 °C, to explore the transport mechanism.
Na* transport was completely suppressed at 31 °C, but
switched on when the temperature reached 37 °C, then
accelerating to a higher rate at 43 °C (Fig. 7). The transport
of ClI' and uniport of K* showed similar temperature-
dependence in the DPPC experiments (Figs. S22 and S23,
cf. ESM), indicating that both the transporters are
operating as ion carriers. The DPPC experiments together
with the Hill analysis data suggest that the transporters
work as mobile carriers rather than ion-channels [40].

4 Conclusions

In summary, we have employed crown ether-thiourea
conjugates with azobenzene linkers, i.e., Azo-2C5 and
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Fig. 6 (a) Schematic representation of test conditions of the absorption spectra; (b, ¢) Absorption spectra of Azo-2C5 (4 umol-Lfl) in
lipid suspension (black line) and disperse inside (blue line, the transporters that disperse in and on the LUVs) and outside (red line, the
transporters that disperse in the extravesicular solution). Absorption values of inside (blue line) and outside (red line) are added and plotted
(green line) to compare with the unseparated one (black line). (b) Inside LUVs: 100 mmol-L ' NaGlc, 10 mmol-L ' HEPES, pH 7.0.
Outside LUVs: 100 mmol-L ' NaGle, 10 mmol-L ' HEPES, pH 7.0. (c) Inside LUVs: 100 mmol-L " NaGle, 10 mmol-L ' HEPES, pH
7.0. Outside LUVs: 100 mmol-L ! NaGle, 100 mmol-L ' KCI, 10 mmol-L ™! HEPES, pH 7.0.

Table 1 Overview of the association constants and thermodynamic state functions for the 2:1 complexation of hexafluorophosphate salts with Azo-

2C5 and Az0-2C6 as measured

in acetonitrile by ITC at 30 °C

Complex K,/(L-mol ") n AG/(kJ-mol ") AH/(kJ-mol " TAS/(kJ-mol )
Az0-2C5 + Nat 7.53 x 10* 1.613 -28.96 -4.571 24.39
Az0-2C5 4+ K* 1.82 x 10° 2.117 -30.03 -6.101 23.93
Az0-2C6 + Na™ 4.84 x 10* 2.043 -26.74 -1.453 25.29
Az0-2C6 4+ KT 1.46 x 10° 2.395 -29.48 -4.231 2525
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Fig. 7 (a) Schematic representation of DPPC experiments to verify the transport mechanism (ion carrier or channel). NFI obtained by
addition of DMSO ((b) 20 uL) or DMSO solutions of Azo-2C5 ((c) 0.05 umol-Lfl) at different temperatures ranging from 25 °C to 43 °C.
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Az0-2C6, as mobile carriers to transport the physiological
important Na*, CI' and K* ions. Though both the
transporters are capable of transporting CI™ across the
membrane with considerable activity, owing to the anion
binding ability of the thiourea groups, Azo-2CS5 is a much
better transporter for Na™ as its crown ether cavity (benzo-
15-crown-5) fits Na™ well. Thus Azo-2C5 can facilitate the
symport of NaCl. Moreover, the transporters’ high affinity
for K* led to predominant partitioning of the transporters
in the extravesicular solution when high concentration K*
exists outside the LUVs, leading to the suppressed ion
transport activity. On the contrary, K™ efflux facilitated by
the transporters can occur when K* only exists inside the
LUVs. These new features provide new insights into the
design of cation/anion symporters and the detrimental
impact of extremely strong ion binding affinity on the ion
transport activity.
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