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A controllable photoresponsive potassium
transporter

Zhongyan Li 1, Lin Yuan 2, Wenju Chang1, Junqiu Liu3, Jie Shen 1 &
Huaqiang Zeng 1

Artificial photoresponsive transport systems are particularly intriguing
because they offer the potential for precise spatio-temporal control, rapid
response times andminimal toxicity associatedwith the light.We report here a
controllable, photoresponsive, ion-transporting carrier, achieving controll-
ability through a photoregulated β-cyclodextrin (β-CD)-azobenzene host-
guest complex. In this complex, a lipid-anchored β-CD serves as the launch
base, tightly immobilizing throughhost-guest interactions theotherwise freely
moving trans-transporter derived from a crown ether-modified trans-azo-
benzenemotif, but rapidly releasingmost of it upon 365 nmUV irradiation that
converts transporter to its cis-configuration. The launched cis-transporter
functionswell as a highly efficient potassium transporter, delivering a low EC50

value of 1.51μM and a drastic transport activity enhancement by ~ 400% rela-
tive to thebase-bound trans-transporter (EC50 = 7.46μM),withon-off activities
repeatedly regulated by light. In the absence of the base, the on-off activities
between cis- and trans-transporters however differ by only 80% (1.35μM
vs 2.45μM).

Regulating biological and cellular activities critically relies on channel
proteins—cell’s gatekeepers that enable selective passage of specific
substances—to ensure proper transmembrane electrochemical gra-
dients via precise control of ion homeostasis1. Understanding the
structure, function, and regulation of these gatekeepers is essential for
unraveling their role in physiological processes and their potential
implications in health and disease. Aiming to mimic or even surpass
the capabilities of natural channel proteins, artificial membrane
transporters have emerged as a promising area of research at the
intersection of chemistry, materials science and biotechnology2–23.

Gated artificial membrane transporters offer a fascinating
approach, where external stimuli such as temperature shifts, pH
changes, ligand binding, voltage, redox variations, and light exposure
are applied to modulate ion transport rates19,20,24–29. Among these sti-
muli, light offers strong appeal for its potential for biocompatible
spatiotemporal control, rapid response time and minimal toxicity.
Therefore, there has been long-standing interest in devising artificial

membrane transporter systems, employing various photochromic
groups to regulate ion transport across biological membranes19,20,30–41.
Nevertheless, while photo-responsive host-guest chemistry has found
wide uses in diverse supramolecular, material, biological and phar-
maceutical applications across diverse fields42,43, it has never been
applied to control the reusability of ion transporters in any photo-
regulated artificial membrane transporters studied so far19,20,29–41.

Combining concepts from host-guest chemistry and photo-
chemistry and further building upon our enduring interest in devel-
oping transmembrane ion transporter system21,44–48, we demonstrate
here that a controllable photoresponsive transporter properly
designed at the molecular level can be built to deliver on demand
within the context of lipid bilayer membrane. In the presence of β-CD-
mediated host-guest interactions, the light-triggered release of
membrane-active transporter in its cis-configuration results in a drastic
K+ transport activity enhancement by ~400% relative to the β-CD-
bound transporter in its trans-configuration, with on-off activities
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repeatedly regulated by light. In the absence of host β-CD, the on-off
activities between cis- and trans-transporters however differ by
only 80%.

Results and discussion
Molecular design
The hydrophobic cavity of β-CD (Fig. 1a) binds trans-azobenzenemore
tightly than its cis- form (Fig. 1b)49, providing an appealing type of
photoresponsive host-guest interactions for building up membrane-
active, light-regulated, controllable ion transporters (Fig. 1c). Func-
tioning as the base, the host compound (H) wasobtained bymodifying
β-CD molecule (h) with the important, indispensable, triply alkylated
gallic acid-based lipid anchor (Fig. 1a and Supplementary Figs. 1, 2).
This lipid anchor partitions β-CD-derived launch base into the
amphiphilic membrane-water interface. And as will be discussed later,
in its absence, the controllable concept does not work at all. The guest
molecules, i.e., transporters 1–3, consist of three modularly tunable
parts: an azobenzene group that interacts with β-CD in a photo-
responsivemanner, a liposoluble flexible linker of varying lengths that
enables part of the transporter to bend andflip, and an ion-loading and
releasing 18-crown-6 group (Fig. 1b).

Structurally resembling the ion transporters that transport ions
through a swimming-like mechanism47 the ion transport cycle roughly
comprises six steps (Fig. 1c). Initially, the transporter system involving
base H and transporters 1–3 is on the off state, with the azo group of

1–3 in trans-configuration and bound by base H. In step 1, UV light
irradiation at 365 nm converts trans- to cis-configuration, attenuating
the host-guest interactions and hence launching the transporter into
the membrane from the base to perform its ion-transporting task.
These transporters will then move down the ion concentration gra-
dient in step 2, flip using its flexible alkyl chain to release the ion in step
3 and to head up in step 4. Visible light-mediated photoisomerization
in step 5 induces cis-azo into trans configuration, returning the trans-
porter to the base in step 6 and awaiting the UV signal to start another
transport cycle.

Host H can control the ion transport activity of t-3, but h cannot
As illustrated in Fig. 2a, we hypothesized that water-soluble β-CD (h)
could be anywhere in solution or near the membrane, becoming less
accessible to membrane-residing trans-transporter t-3 for efficient
binding and that the β-CD part of H will stay in the amphiphilic
membrane region, which may greatly enhance its ability to bind the
azo group t-3. In either case, it is well known49 and further demon-
strated here neither h norHwill strongly bind c-3 (Table 1). We further
believe the length of the alkyl chain from 3 may exert additional
influences on the ability of H to recognize the azo group, given the
surmise that the chain lengthmust be appropriate for the azo group to
reach inside the hydrophobic cavity of β-CD.

To test the above hypothesis and to quickly identify the best host-
guest pair for achieving the highest controllability in ion transport
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Fig. 1 | Possible working principle of potassium ion transporters. a, b illustrate
molecular design and structures of hostsh andH aswell as guestmolecules 1–3. cA
schematic illustration of how an azo-benzene-derived molecular ion transporter
might become controllable in the presence of lipid anchor-modified β-CDmolecule

through photoresponsive host-guest recognition. Note that step 5 can take place
anywhere in themembrane. Based on the computed binding energies presented in
Supplementary Fig. 15, the released cis-form likely binds K⁺ to generate an intra-
molecular cyclic complex for facilitating K⁺ transport.
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activity, we applied a well-established pH-sensitive HPTS assay dye
(Fig. 2b) to obtain the fractional ion transport activities for six com-
binations involving h, H and 1–3 in their trans-form at equal-molar
mixing. First and importantly, lipid anchor- containing H hardly
transports any ion at 2.0μM. Second, having the longest 12 carbon
atom alkyl chain, t-3 displays the greatest normalized differential
activities of 48% (e.g., (53%–8.7%/91.3%)) and 18% in the absence and
presence of host H at [t-3] = [H] = 2.0μM (Fig. 2b). This confirms that
the β-CD fragment inH can bindmembrane-residing t-3, decreasing its
transport activity by >60%. In sharp contrast, host h, having no lipo-
soluble lipid anchor, weakly binds any transporter molecule t-n
(n = 1–3) since no differences in transport activity are recorded for t-n
in the absence and presence of host h (Fig. 2c). This finding clearly
indicates that binding behaviors observed in solutions are not neces-
sarily extendable into membrane-water interface, and they are dis-
tinctively different. Third, the ion transport activities of t-1 to t-3 in the
presence of H inversely correlates with the increasing alkyl chain
lengths, pointing to increasingly stronger binding of t-1 to t-3 byH. For

t-1 and t-2 to reach 50% decrease in activity, the concentration of H
needs to be 5 and 2 times that of the transporter (Supplementary
Fig. 6), respectively. In brief, although t-1 exhibits the highest transport
activity, it is t-3 that bindsH the strongest, which is themost important
prerequisite to consider in designing controllable transporters.

Binding constants between hosts (h and H) and guests (1-3)
To shed some light on the observed transport activities, we have
determined the binding constants between four azobenzene-
containing guests (t-1, t-2, t-3 and c-3) and two CD-derived hosts (h
and H) in MeOH and in a lipid-containing buffer solution (e.g., blank
vesicles, see: Table 1, Supplementary Figs. 8, 9 and Supplementary
Tables 2, 3).

First, all the measured binding constants align well with the
experimental data on ion transport activity presented in Fig. 2b–d.
Particularly, the binding affinities between the trans- and cis-trans-
porter 3 and the lipid-anchor-modified β-CD hostH differ significantly
by 67 times in LUVs (1.0 × 105M−1 for t-3 vs. 1.5 × 103M-1 for c-3). As a
result, the conversion of t-3 to c-3 by 455nm light irradiation should
releasemore active c-3 from theH•t-3 complex,which in turn increases
ion transport activity. This provides a strong basis to support the
concept behind the controllable photoresponsive transporter model.

Second, it is noteworthy that hosthbinds similarly to t-n guests in
MeOH containing up to 40% H2O (Table 1 and Supplementary Table 2)
compared to the lipid anchor-containing H. However, this trend does
not hold true in the lipid-containing buffer solution, where no binding
is observed between h and t-n, while high binding constants of
(0.36 – 1.0) × 105M−1 is observed between H and t-n, confirming that
lipid-residingH is more accessible to t-n in lipid than solution-residing
h. This is consistent with the ion transport activity of t-n in the pre-
sence of either host (Fig. 2c, d). Specifically for t-3, the presence of h
has no effect on its ion transport activity in the lipid-containing buffer
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Fig. 2 | Host-guest dependent ion transport activities determination. a Mixing
h, H, t-3 and c-3 generates only host-guest complex H•t-3. b The LUV-based pH-
sensitive HPTS assay for evaluating ion transport activities of 3 at 2.0μM; here,
RK

+ = (IK+ – I 0)/(I Triton − I 0) whereas I K+ and I0 are the ratiometric values of I 460/I 403
at t = 300 s before addition of triton, and I Triton is the ratiometric value of I 460/I 403

at t = 300 s right after addition of triton. cThe ion transport activities of t-n (n = 1–3)
in the presence of host h. d The ion transport activities of t-n (n = 1–3) in the
presence of host H. HPTS= 8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt.
All data represent mean± SD from three independent experiments (n = 3).

Table 1 | The binding constants between guests (t-n and c-3)
and hosts (h and H) in MeOH or lipid-containing buffer
solutionsa

In MeOH In lipid-containing buffer

h H h H

t-1 7.5 × 103 7.8 × 103 n.b.b 3.6 × 104

t-2 5.3 × 103 1.5 × 104 n.b.b 8.6 × 104

t-3 1.3 × 104 2.0 × 104 n.b.b 1.0 × 105

c-3 1.0 × 104 6.0 × 103 n.b.b 1.5 × 103

aBuffer condition: 0.08mM LUV in 100mM NaCl, 10mM HEPES and pH=8.
bNo binding detected.
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solution, whereas H reduces its unnormalized ion transport activity
from 53% to 25% (Fig. 2b).

3 reversibly isomerizeswith orwithoutH under alternating light
irradiation
With the host-guest complex H•t-3 demonstrated to function within
the context of lipid membrane and have a desired binding constant
much higher than that of H•c-3, we conducted UV and 1H NMR on 3
to check its photo property (Fig. 3). 3 was synthetically obtained in
its trans-form, i.e., t-3, and undergoes rapid structural isomerization
to its cis-form c-3 after exposure to UV light at 365 nm for 2min
(Fig. 3a and Supplementary Fig. 10). Subsequent irradiation using
visible light at 455 nm rapidly regenerates t-3. Extending irradiation
to 5min has no influence on the reversible isomerization efficiencies
(Supplementary Fig. 11). Further 1H NMR-based study (Supplemen-
tary Fig. 12) gives the photochemical quantum yields of 37.2% and
47.2% under 365 nm and 455 nm light sources, respectively, and the

experimental details and process can be found in Supplementary
Fig. 12 and Supplementary Information. This photoisomerization
can reversibly take place under alternative UV and visible light
irradiation (Fig. 3b). In addition, the effect of vesicles on the pho-
toisomerization of azo group was determined using HPLC analysis
and compared to those in MeOH, and the results show that lipid
molecules do not exert significant influence on the isomerization
extent of azobenzene group (Supplementary Table 3 and Supple-
mentary Figs. 13 and 14).

1H NMR investigations reveal very substantial upfield shifts of
protons Hf, Hh and He to protons Hf*, Hh* and He* after UV light irra-
diation. Subsequent exposure to visible light returns these three pro-
tons towhere they should be (Fig. 3c). This 1HNMR study also confirms
the isomerization of azo group to be reversible. Based on the relative
peak intensities of Ha, Hd, He andHf, the isomerization efficiencies of t-
3 to c-3 and of c-3 to t-3 were calculated to be 93% for and 80%,
respectively. The fact that the chemical shifts of protons a-c remain
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unchanged before and after light exposure suggests that azo group
does not interact strongly with the benzo-crown ether group.

Using the sameHPTS assay shown in Fig. 2b, ion transport activity
of 3 was found to proceed reversibly between t-3 and c-3 upon alter-
nating light irradiation at 365 and 465 nm (Fig. 4a). And such reversi-
bility in activity is maintained in the presence of host H.

3 transports K+ ions selectively
By varying the extravesicular metal chlorides fromLiCl to CsCl, the ion
selectivity for both t-3 and c-3 (each at 3μM) was found to follow the
same trend, with transport activity increasing in the order Li⁺ <Na⁺
<Rb⁺ <Cs⁺ <K⁺ (Fig. 4b). In terms of overall activity, c-3 exhibits greater
transport efficiency than t-3.

To elucidate why c-3 is more active than t-3, we examined their
structural and binding characteristics. We initially employed the well-
established picrate extraction method developed by Cram50 to deter-
mine the binding constants of both t-3 and c-3 for Li+, Na+, K+, Rb+ and
Cs+ ions (Supplementary Table 5). For both t-3 and c-3, the measured
binding constants follow the same trend K+ > Rb+ > Cs+ > Na+ > Li+,
which largely aligns with the ion transport selectivity observed in
Fig. 4b. Notably, c-3 exhibits a 23% stronger binding affinity for K⁺ than
t-3 (1.79 × 10⁴M−1 for c-3 vs. 1.46 × 10⁴M−1 for t-3), which is in excellent
agreement with its enhanced K⁺ transport activity.

Subsequently, we calculated their binding energies with K⁺ in four
distinct binding modes A–D, corresponding to monomeric extended,
intramolecular cyclic, head-to-tail dimeric, and head-to-tail polymeric,
respectively (Supplementary Fig. 15). Our calculations show that t-3
and c-3 bind K+ with no significant difference in monomeric extended
bindingmodeA. However, in bindingmodesB–D, c-3 exhibits binding
energies approximately 3–6 kcal/mol higher than those of t-3, indi-
cating a stronger binding affinity of c-3 toward K⁺ ion. This finding is
consistent with its higher ion transport activity and greater binding
constant compared to t-3. Moreover, c-3 in its intramolecular cyclic
binding mode B emerges as the most stable among binding modes
A–D. The corresponding cyclic complex [c-3•K+•H2O] exhibits a

binding energy of −72.8 kcal/mol, which is more stable than modes A,
C and D by 10.3, 3.5 and 10.9 kcal/mol, respectively. These results
indicate that the enhancedK⁺ transport by c-3 is likelymediated via the
formation of an intramolecular cyclic complex.

Finally, we conducted molecular dynamics (MD) simulations to
analyze the movement of t-3 or c-3 within the membrane (Supple-
mentary Fig. 16). Using the distance from the molecular centroid of
either t-3 or c-3 to the membrane center along the Z-axis as the
mobility indicator, we observed distinct behaviors. t-3 predominantly
oscillates near the membrane center, while c-3 exhibits a pronounced
tendency tomigrate toward themembrane’s hydrophilic region. These
findings are in accordwith theobservedhigher ion transport activity of
c-3 compared to t-3. Collectively, this higher mobility within the
membrane, combinedwith its stronger K+-binding affinity, contributes
to c-3’s enhanced ion transport rate by relative to t-3.

The inability of t-3 and c-3 to transport anions was established
through the SPQ assay (Fig. 4c). This assay is dependent on the capa-
city of Cl− to quench the fluorescence emitted by the SPQ dye.
Therefore, the finding that both t-3 and c-3 yield fluorescence readings
mirroring background levels strongly indicates their incapability to
prompt a measurable influx of Cl- ions.

Considering that (1) alterations in HPTS fluorescence intensity are
predominantly influenced by H+ or OH- but not Cl-, and (2) t-3 and c-3
do not facilitate anion transport, the influx of K+mediated by t-3 and c-
3 should undergo compensation via H+ efflux through passive mem-
brane diffusion to uphold the system’s charge neutrality. To evaluate
the transport rates of K+ in comparison to H+, HPTS assay was carried
out in the presence of 20 nM FCCP (a potent of H+, the introduction of
FCCP would amplify the efflux of accumulated H+, causing notable
increments in fluorescence intensity. Indeed, the addition of FCCP at
20 nM results in a 38% increase (from 53% to 91%) for t-3 at 2μM and
41% increase (from42% to 83%) for c-3 at 1.4μM, confirming the rate of
K+ transport to be higher than that of H+.

To eliminate the potential influence of 3-induced membrane dis-
ruption on the observed ion transport activities, we evaluated
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membrane integrity through a CF dye assay (CF = 5(6)-carboxy fluor-
escein, Supplementary Fig. 17). The CF dye consists of two isomers
with dimensions of 9.2 Å × 11.4 Å and 10Å × 10Å, respectively. Nor-
mally, CF molecules confined intravesicularly tend to self-dimerize at
50mM, giving rise to weak fluorescence. However, when leaked into
the extravesicular space, they experience partial dissociation, gen-
erating highly fluorescent monomers. Experimentally, t-3 at 4μM and
c-3 at 2μM showed no notable increase in fluorescence compared to a
blank control. Conversely, pore-forming melittin molecules at 0.2μM
exhibit a substantially heightenednormalizedfluorescence intensity of
92%. Hence, these findings validate the integrity of the membrane in
the presence of 3, or at the very least, indicate that any pores formed
by 3 were smaller than 1 nm in diameter.

c-3 transport K+ ions 5 times as fast as t-3 in the presence of H
All above LUV-based experiments were conducted using the standard
continuousmethod, having HPTS emissionmonitored at 510 nm upon
alternate excitations at 460and403 nmevery 1.7 s for a periodof 300 s
at constant temperature of 25 °C. To maximally eliminate the possible
structural isomerization of azo-group by these light excitations, we
have revised the normal procedure by introducing two alternative
methods, i.e., sequential and end-point methods.

The sequential method comprises seven 19 s data collection
blocks separated by five 40 s blocks with or without UV irradiation
(Fig. 5a). The activity data collected during the 19 s blocks before
adding sample and after adding triton to lysate the LUVs are set as 0%
and 100%, respectively. For every 19 s block, 9 measurements were
recorded, which were averaged to give a single data point, thereby
leading to a total of six data points that are plotted against time to give
the activity curves presented in Fig. 5b.

After normalization based on the background activity values, the
K+ transport activities of H + 3 (e.g., 3 in the presence of H) at 2μM
were 17% and 71% for H + t-3 (No UV, Fig. 5b) and H + c-3 (with UV,
Fig. 5b), respectively. An activity increase by >300% under UV light
irradiation validates our conceptual hypothesis underlying molecular
design of controllable ion transporter. Explicitly, t-3 gets tightly bound
by the base H to form a host-guest complex H•t-3, limiting the mova-
bility of t-3 in the membrane. Upon UV light excitation that converts
azo-group from its trans- to cis-configurations (e.g., from t-3 to c-3), c-3
was launched into the membrane, moving more freely to efficiently
transport ions across the membrane.

To establish the controllability of ion transporter, a similar
sequentialmethodwas employed (Fig. 5c). Here, “on” and “off” refer to
80 s exposure to UV light and 40 s exposure to Vis light, respectively,
followed by collecting data for 19 s (Supplementary Fig. 4). Our results
show that continued increases in ion transport activity during the “on”
period flattens off when it reaches the “off” period. And this “on-off”
operation can be repeatedmultiple times. These findings undoubtedly
support the notion that the ion transport activity can be controlled in
the presence of the base.

For the end-point method, there are three 19 s blocks for data
collection, yielding only one end activity value rather than an activity
curve (Fig. 5a). In between the 1st and 2nd 19 s blocks, transporters t-3
or c-3 in the presence of H at 2μM was subject to either no UV treat-
ment for 300 s or UV irradiation for 60 s or 300 s (Fig. 5d). The
recorded activity data show that UV irradiation for 60 s (e.g., H + c-3)
enhances the transport activity by up to 600% relative to that ofH + t-
3, and that a shorter UV exposure time of 60 s additional increases the
activity by about 60% compared to a longer 300 s exposure time.
Fixing the exposure time to 60 s, the activity values of H + c-3 at
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Fig. 5 | Determination of potassium ion transport performance. a Sequential
and End-point methods for evaluating ion transport activities of 3 shown in (b) and
(d)–(f), respectively, with a slightly different sequential method presented in Sup-
plementary Fig. 4 for obtaining data shown in (c). b K+ transport activity of 3 in the
presenceofHunderUV irradiation increases by 300% relative to that in the absence
of light irradiation. c Light-triggered on-off regulation of 3-mediated K+ transport.

d3-mediatedK+ transport activities at 2μM in the presence ofH in dark for 300 s or
under UV irradiation for 60 s using the End-point method. e Comparative K+

transport activities between H + t-3 and H + c-3 at different concentrations deter-
mined using the End-pointmethod. f The EC50 values for t-3, c-3, H + t-3 andH + c-3
determined using the End-point method. All data represent mean± SD from three
independent experiments (n = 3).
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2.0–2.7μM were determined to be 5.4–7.1 times those of H + t-
3. (Fig. 5e)

Applying the Hill analysis, we obtained the EC50 values of 2.45 and
1.35μMfor t-3 and c-3 (Fig. 5f and Supplementary Fig. 18), respectively.
Considering an isomerization efficiency of 93% for t-3 to c-3 and
assuming suchanefficiency ismaintained in themembrane, EC50 value
of c-3 can be estimated to be 1.31μM. That is, the activity of crown
ether-containing 3 in its cis-form is about 1.9 times that of its trans-
form. However, the presence of host H delightedly diminish the EC50

value of t-3 from 2.45μM to 7.46μMwhile those for c-3 are mostly the
same (1.31μM vs. 1.51μM), thereby boosting the activity difference
from 1.9 folds between t-3 and c-3 further to 5 folds between H + t-3
and H + c-3.

Controllable transport with vs. without the base
Given that 3 itself can switch between t-3 and c-3 under alternating
light irradiation, then, what is the benefit of having the β-CD base? As
far as our concern, there are at least two key benefits to gain. Specifi-
cally, having the base to tightly lock the transporter can further (1)
decrease the ion transport activity of undesired t-3 by 2 folds (e.g.,
2.45μM down to 7.46μM in EC50 value) and (2) enlarge the ion
transport activity differencebetween undesired t-3 anddesired c-3 (1.9
and 5 folds in the absence and presence of the base, respectively).
These differences can be important such as tominimize the toxicity in
medical treatment for which artificial ion transports play an important
role. Another possible medicinal benefit of having the base is to lock
the transporter t-3 into the extracellular region, limiting its entry into
the membrane of organelles (nucleus, mitochondria, lysosomes, etc).
Through continued refinement in structure, we believe it is possible to
additionally decrease the activity of the bound transporter while
enlarging the activity difference between the bound and free trans-
porter even further.

To summarize, we demonstrate that introducing host-guest
chemistry into a photoresponsive ion transporter system allows for
the successful construction of a controllable ion transporter, which
can be launched on demand while exhibiting very substantial activity
enhancement. This is achieved by pairing a lipid anchor-modified β-
CD, which serves as the host and the base, with an azobenzene group-
modified ion transporter, which functions as the guest. One important
key to such success is themodification of the β-CD using a lipo-soluble
lipid anchor, anchoring the β-CD into the amphiphilic membrane-
water interface so that it can readily bind the lipo-soluble guest
molecule. Subsequent alternating light irradiation using 365 nm UV
and 455nm visible lights triggers trans-cis isomerization of azo group,
enabling light-regulated on-off host-guest interactions between the
base and the transporter. This leads to the launch of transporter from
the base upon 365 nm UV irradiation and its landing to the base after
exposure to 455nm visible light. Aside from this conceptual
advancement, the ion transport activity difference between trans- and
cis-transporters is substantially enlarged from ~2 folds in the absence
of the base to 5 folds in its presence, offering a strategy that may
impact the use of azo-benzene group in diverse fields.

Methods
Ion transport study using the HPTS assay and EC50 measurements
using the Hill analysis. Egg yolk L-α-phosphatidylcholine (EYPC, 1mL,
25mg/mL in CHCl3, Avanti Polar Lipids, USA) was added into a round-
bottom flask. The solvent was removed under reduced pressure at
30 °C. After drying the resulting filmunder high vacuumovernight, the
film was hydrated with the HEPES (4-(2-hydroxyethyl)-1-piperazine-
ethane sulfonic acid) buffer solution (1mL, 10mM HEPES, 100mM
NaCl, pH = 7.0) containing pH sensitive dye HPTS (8-hydrox-ypyrene-
1,3,6-trisulfonic acid, 1mM) at room temperature for 60min to give a
milky suspension. The mixture was then subjected to 10 freeze-thaw
cycles: freezing in liquidN2 for 1min andheating in 55 °Cwater bath for

2min. The vesicle suspension was extruded through polycarbonate
membrane (0.1μm) to produce a homogeneous suspension of large
unilamellar vesicles (LUVs) of about 120 nm in diameter with the HPTS
encapsulated inside. The unencapsulated HPTS dye was separated
from the LUVs by using size exclusion chromatography (stationary
phase: Sephadex G-50,mobile phase: HEPES buffer with 100mMNaCl)
and diluted with the mobile phase to yield 5mL of 6.5mM lipid stock
solution.

The HPTS-containing LUV suspension (25μL, 6.5mM in 10mM
HEPES buffer containing 100mM NaCl at pH = 7.0) was added to a
HEPES buffer solution (1.95mL, 10mM HEPES, 100mM MCl at pH =
8.0, whereM+ = Li+, Na+, K+, Rb+ andCs+) to create a pH gradient for ion
transport study. A solutionof transportermolecules inDMSOwas then
injected into the suspension under gentle stirring. Upon the addition
of transporters, the emission of HPTS was immediately monitored at
510 nm with alternate excitations at 460 and 403 nm for 300 s using
fluorescence spectrophotometer after which time an aqueous solution
of Triton X-100 (20μL, 20% v/v) was immediately added to achieve the
maximum change in dye fluorescence emission. The final transport
tracewas obtained, after subtracting background intensity at t =0, as a
ratiometric value of I460/I403 and normalized based on the ratiometric
valueof I460/I403 after additionof triton. The fractional changesRK

+was
calculated for each curve using the normalized value of I460/I403, with
ratiometric value of I460/I403 at t =0 s as 0% and that of I460/I403 at
t = 300 s (obtained after addition of triton) as 100%. Fitting the frac-
tional transmembrane activity RK+ vs transporter concentration using
the Hill equation: Y = 1/(1 + (EC50/[C])n) gave the Hill coefficient n and
EC50 values.

The details of methods for the synthesis ofH and transporter 1–3
was provided in Supplementary Information.

Data availability
Experimental details, procedures, spectra, crystallographic, and com-
putational details are provided in the Supplementary Information file.
The datasets that support the finding of this study are available in
figshare repository with the identifier(s) https://doi.org/10.6084/m9.
figshare.27188439. All data are available from the corresponding
author upon request.
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