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1. General Methods

All reactions were carried out under the nitrogen atmosphere. All the chemicals were purchased
from commercial sources and were used as received unless stated otherwise. Solvents were dried
by standard methods prior to use or purchased as dry. Thin layer chromatography (TLC) was
carried out with E. Merck silica gel 60-F»s4 plates and column chromatography was performed
over silica gel (100-200 mesh) obtained from commercial suppliers. Egg yolk
phosphatidylcholine (EYPC) lipid was purchased from Avanti Polar Lipids as a solution
dissolved in chloroform (25 mg/mL). HEPES buffer, HPTS dye, ANTS-DPX system, Triton X-
100, NaOH, and all inorganic salts of molecular biology grade were purchased from Sigma. Gel-

permeation chromatography was performed on a column of Sephadex LH-20 gel (25%300 mm,
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Vo= 25 mL). Large unilamellar vesicles (LUV) were prepared from EYPC lipid by using a mini
extruder, equipped with a polycarbonate membrane either of 100 nm or 200 nm pore size,

obtained from Avanti Polar Lipids.
I1. Physical Measurements

The 'H and '3C NMR spectra were recorded on 400 MHz Jeol ECS-400 (or 101 MHz for *C)
spectrometers using either residual solvent signals as an internal reference or from internal
tetramethylsilane on the 6 scale relative to chloroform (6 7.26 ppm), dimethylsulphoxide (6 2.50
ppm), acetone (5 2.05 ppm) for 'H NMR and chloroform (8§ 77.20 ppm), dimethylsulphoxide (8
39.50 ppm), acetone (& 29.84 and 206.26 ppm) for '>*C NMR. The chemical shifts (5) are reported
in ppm and coupling constants (J) in Hz. The following abbreviations are used: s (singlet), d
(doublet) m (multiplet), and td (triplet of doublet) while describing '"H NMR signals. High-
resolution mass spectra (HRMS) were obtained from the MicroMass ESI-TOF MS spectrometer.
Fluorescence spectra were recorded by using Fluoromax-4 from Jobin Yvon Edison equipped
with an injector port and a magnetic stirrer. 10 mM HEPES (with 100 mM NaCl or other salts
as per necessity) buffer solutions were used for the fluorescence experiment and the pH of the
buffers was adjusted to 7.0 or 8.0 by NaOH and the pH of the buffer solutions was measured
using Helmer pH meter. FT-IR spectra were obtained using NICOLET 6700 FT-IR
spectrophotometer as KBr disc and reported in cm™'. Melting points of all the compounds were
measured using a VEEGO Melting point apparatus. All melting points were measured in open
glass capillary and values are uncorrected. All fluorescence data were processed either by Origin

8.5 or Kaleida Graph and finally, all data were processed through Chem Draw Professional 15.



III.  Synthesis
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Scheme S1. Synthesis of bis-1,3-diol ester derivative 1 and amide derivative 2.

Synthesis of diethyl 2-(prop-2-yn-1-yl) malonate, 7, C1oH1404: Compound 7 was synthesized
by a reported protocol.S! The product was purified by column chromatogéaph}é (SiOy,
EtOAc/CsHis4 = 5:95 — 10:90) to yield product 7, diethyl 2-(prop-2-yn-1- /\Oﬁ)l\o/\
yl) malonate as transparent liquid (Yield = 53%). '"H NMR (400 MHz 3,

CDCl3): 6 1.28 (t, 6H); 2.01 (t, 1H); 2.78 (dd, 2H); 3.56 (t, 1H); 4.23 (m,

4H). Characterization data of the synthesized compound was matched with reported data.5!
Synthesis of 2-(prop-2-yn-1-yl) propane-1,3-diol, 6, CcH1002: Compound 6 was synthesized by
a reported protocol. The product was purified by column chromatography (SiO-, OH OH
CHCI3/MeOH = 5:95 — 10:90) to yield the product 6, 2-(prop-2-yn-1-yl) propane-
1,3-diol as transparent viscous liquid (Yield = 47%). '"H NMR (400 MHz 9, Z

CDCl3): & 3.64 (m, 4H); 2.3 (dd, 2H); 2.26 (t, 1H); 1.86 (m, 1H). Characterization data of the

synthesized compound was matched with reported data.5!

Synthesis of 3,5-diiodobenzoic acid, 3, C7H41202: Compound 3 was synthesized by a reported
protocol.52 The crude product 3, 3,5 — diiodobenzoic acid was purified by column O, -OH
chromatography (SiO,, CHCI;/MeOH = 5:95 — 8:92) to give a white solid (Yield

= 62.6%). 'TH NMR (400 MHz, DMSO-de): & 13.53 (s, 1H), 8.35 (1, J= 1.5 Hz, | |



1H), 8.19 (d, J= 1.5 Hz, 2H). Characterization data of the synthesized compound was matched
with reported data.?

Synthesis of cyclohexyl methyl 3,5-diiodobenzoate, 4, C1aH161202: 3,5- diiodobenzoic acid, 3
(500 mg, 1.33 mmol, 1 equiv.) and K,COj; (462 mg, 3.34 mmol, 2 equiv.)

were stirred in DMF under nitrogen atmosphere. After, that bromomethyl © O\/O
cyclohexane (474 mg, 0.38 mL, 3.34 mmol, 2.5 equiv.) was added to it and

kept on stirring overnight at room temperature.>> Completion of the reaction | I

was monitored by Thin Layer Chromatography (TLC). The reaction mixture was partitioned
between ethyl acetate (organic phase, 50 mL each time) and brine solution (aqueous phase).
Three repetitions of extraction followed by drying of the combined organic layer over anhydrous
sodium sulfate were done. The solvent was evaporated under reduced pressure. The crude
product 4, cyclohexylmethyl 3,5-diiodobenzoate was purified by column chromatography (SiO,,
CHCIl3/MeOH = 3:97 — 5:95) to yield the viscous liquid (Yield =43.72 %). "H NMR (400 MHz
9, CDCls): 6 8.29 (d, J= 8.3 Hz, 2H); 8.22 (t, ) = 8.22 Hz, 1H); 4.12 (d, J = 4.12 Hz, 2H); 1.81
—1.72 (m, 7H); 1.3 — 1.2 (m, 4H). *C NMR (101 MHz 6, CDCls): 6 163.92, 149.23, 137.79,
133.82, 94.53, 71, 37.24, 29.82, 26.44, 25.75. IR (neat, v/ecm™") 3428, 3071, 2923, 2851, 2111,
1721, 1545, 1451, 1414, 1254, 1120, 976, 874, 761, 709, 661, 556.

Synthesis of N-(cyclohexylmethyl)-3,5-diiodobenzamide, 5, C14H171:NO: 3,5-diiodobenzoic
acid, 4 (500 mg, 1.33 mmol, 1 equiv.), EDC-HCI (568 mg, 4.00 mmol, 3 o H\/O
equiv.) and HOBT (495 mg, 3.2 mmol, 2.4 equiv.) were added to an oven-

dried 100 mL round bottom flask under a nitrogen atmosphere. After that

triethylamine (0.8 mL, 5.89 mmol, 2.5 equiv.) and then DMF (10 mL) was

added to the flask. Finally, cyclohexylmethylamine (0.3 mL, 2 mmol, 1.5 equiv.) was added
dropwise to the round bottom flask. Then the round bottom flask was left, stirring overnight.5*
Completion of the reaction was monitored using Thin Layer Chromatography (TLC). The
reaction mixture was partitioned between ethyl acetate (organic phase, 50 mL each time) and
brine solution (aqueous phase) in a separating funnel, and the organic layer was extracted three
times. The combined organic layer was dried over anhydrous sodium sulfate and the solvent was
removed under reduced pressure. The crude product S, N-(cyclohexylmethyl)-3,5-
diiodobenzamide was purified by column chromatography (SiO,, CHCl;/MeOH = 3:97 — 5:95)
to yield colorless solid (Yield = 83%). 'H NMR (400 MHz 8, CDCls): § 8.16 (t, J = 8.16 Hz,

1H); 8.01(d, J = 8.01 Hz, 2H); 6.07 (s, 1H); 3.26 (t, J = 3.28 Hz, 2H); 1.77 — 1.73 (m, 5H);



1.26 — 1.20 (m, 6H). ¥C NMR (101 MHz 8, CDCl3): & 166.89, 137.9, 134.52, 128.64,
98.3, 46.45, 38.14, 31.06, 26.51, 25.94. IR (neat, v/cm™) 3886, 3840, 3723, 3673, 3606, 3256,
3070, 2916, 2850,2315, 1728, 1621, 1531, 1437, 1359, 1306, 1269, 1214, 1142, 1026, 962, 901,
859, 778, 730, 692, 553.

Synthesis of cyclohexylmethyl 3,5-bis(5-hydroxy-4-(hydroxymethyl)pent-1-yn-1- yl)benzoate:,
1, C26H3406 : Cyclohexylmethyl 3,5-diiodobenzoate 6 (100 mg, 0.21 mmol, 1 equiv.) was taken

in a 100 mL round bottom flask and triethyl amine (4 — 5 mL) was o

added to it. The round bottom flask was degassed for 30 — 40 minutes Q o 7 >

by bubbling nitrogen gas through the mixture. Then PdCIx(PPhs): (5

mg, 0.01 mmol, 0.08 equiv.), Cul (4 mg, 0.02 mmol, 0.11 equiv.) and \ OH
OH

compound 3 (92 mg, 0.8 mmol, 3 equiv.) were added one by one to the
solution in the round bottom flask containing Compound 6. The solution was stirred for about 6
h after which the completion of the reaction was monitored by Thin Layer Chromatography
(TLC). The reaction mixture was partitioned between ethyl acetate (organic phase, 50 mL each
time) and brine solution (aqueous phase) in a separating funnel, and the organic layer was
extracted three times. The combined organic layer was dried over anhydrous sodium sulfate and
the solvent was removed under reduced pressure. The product 1, cyclohexylmethyl 3,5-bis(5-
hydroxy-4-(hydroxymethyl)pent-1-yn-1-yl)benzoate was purified by column chromatography
(Si0,, CHCl3/MeOH = 1:99 — 5:95) to yield a viscous liquid (Yield = 78%). "H NMR (400 MHz
5, CDCl;): 6 7.89 (d, J = 7.89 Hz, 2H); 7.54 (t,J = 7.55 Hz, 1H); 4.10 (d, J =4.10 Hz, 2H); 3.91
—3.81 (m, 8H); 2.74 (s, 4H); 2.53 (d, J = 2.53 Hz, 4H); 2.09 — 2.03 (m, 2H); 1.77 — 1.73 (m,
7H); 1.26 — 1.20 (m, 2H); 1.07 — 1.00 (m, 2H). '*C NMR (101 MHz 3, CDCls): 8 165.71,
138.66, 131.73,131.03, 124.32, 89.46, 80.65, 41.84, 37.29, 29.87, 26.48, 25.80, 18.55. IR (neat,
v/em')3388,2928,2858,2314,2232,1707,1444,1390, 1337, 1230, 1108, 1023, 894.,
729, 608, 555, 516; HRMS (ESI): Calcd. C26H3406 [M+H]" : 443.2355, Found: 443.2357.

Synthesis of  N-(cyclohexylmethyl)-3,5-bis(5-hydroxy-4-(hydroxymethyl)  pent-1-yn-1-
y)benzamide, 2, C26H3sNOs : N-(cyclohexylmethyl)-3,5-diiodobenzamide, 5 (150 mg, 0.32

mmol, 1 equiv.) was taken in a 100 mL round bottom flask and triethyl o

amine (4 — 5 mL) was added to it. The round bottom flask was degassed QNH 74 o

for 30 — 40 minutes by bubbling nitrogen gas through the mixture. Then

PdCl2(PPh3)2 (7 mg, 0.01 mmol, 0.032 equiv.), Cul (6 mg, 0.03 mmol, \ OH
OH

0.11 equiv.) and compound 3 (164 mg, 1.44 mmol, 4.5 equiv.) were



added one by one to the solution in the round bottom flask containing compound 5. The solution
was stirred for about 6 hours after which the completion of the reaction was monitored by Thin
Layer Chromatography (TLC).5®> The reaction mixture was partitioned between ethyl acetate
(organic phase, 50 mL each time) and brine solution (aqueous phase) in a separating funnel, and
the organic layer was extracted three times. The combined organic layer was dried over
anhydrous sodium sulfate and the solvent was removed under reduced pressure. The product 2
was purified by column chromatography (SiO,, CHCl;/MeOH = 1:99 — 5:95) to yield product
N-(cyclohexylmethyl)-3,5-bis(5-hydroxy-4-(hydroxymethyl) pent-1-yn-1-yl)benzamide, 2 as a
light brown solid (Yield = 86%). 'H NMR (400 MHz 6, MeOH-d,) 7.73 (d, J = 7.73 Hz, 2H);
7.49 (t, J = 7.5 Hz, 1H); 3.73 - 3.64 (m, 8H); 3.61 —3.55 (m, 1H); 3.18 (d, J = 3.18 Hz, 2H);
2.55(d, J=2.55Hz, 4H); 1.97 — 1.91 (m, 2H); 1.78 — 1.73 (m, 5H); 1.29 — 1.23 (m, 4H); 1.02
—0.96 (m, 2H).'*C NMR (101 MHz 3, CDCl;): 6 136.95,135.22,124.49,129.39, 89.56,
80.58, 64.04, 46.57, 41.92, 38.08, 30.99, 26.53, 25.95, 18.45. IR (neat, v/em™): 3360, 2926,
2722, 2166, 1639, 1546, 1448, 1267, 1030, 893.14, 729.25. HRMS (ESI): Calcd. CysH340¢
[M+H]": 442.2515, Found: 442.2519.

IV. SCXRD

The needle-shaped crystals of compound 2 were grown in a solvent combination of
MeOH/CH>Cl; at room temperature. The single-crystal X-ray data of compound 2 was recorded
at 150 K on a Bruker KAPPA APEX II CCD Duo diffractometer (operated at 1500 W power: 50
kV, 30 mA) using graphite-mono chromated Mo Ko radiation (. = 0.71073 A). The crystal was
kept on a nylon Cryo-Loops (Hampton Research) with Paraton-N (Hampton Research). The data
reduction and integration were computed with SAINT software.5® A correction on multi-scan
absorption was employed on the collected reflections. The structure solving was achieved by the
direct method using SHELXTLS’ and was further refined on F2 by full-matrix least-squares
technique using the SHELXL-975® program package within the WINGX? program. All the non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were located in successive
difference Fourier maps, and they were treated as riding atoms using SHELXL default
parameters. The structures were examined using the Adsym subroutine of PLATONS!? to ensure

that no additional symmetry could be applied to the models.

Crystallographic data for compound 2: CCDC 2192071 contains the supplementary
crystallographic data for this paper and can be obtained free of charge from The Cambridge
Crystallographic Data Centre.



Table S1. Crystal data and structure refinement for Compound2.

Identification code Compound2

CCDC Number 2192071

Empirical formula Ca6H35NOs5

Formula weight 441.55

Temperature 296(2) K

Wavelength 1.54178 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=5.146(2) A o= 82.17(3)°.

b=11.099(5) A B=85.54(3)°.
c=20.771(8) A y=88.37(3)".

Volume 1171.6(8) A3

Z 2

Density (calculated) 1.252 Mg/m3

Absorption coefficient 0.692 mm-!

F(000) 476

Crystal size 0.300 x 0.100 x 0.100 mm3

Theta range for data collection

2.153 to 60.000°.

Index ranges

-5<=h<=5, -12<=k<=10, -23<=1<=23

Reflections collected

7019

Independent reflections

3112 [R(int) = 0.1431]

Completeness to theta = 60.000°

89.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.91 and 0.70

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3112 /1221 /475

Goodness-of-fit on F2

1.341

Final R indices [[>2sigma(])]

R1=0.1390, wR2 = 0.3637

R indices (all data)

R1=0.2521, wR2 =0.4229

Extinction coefficient

0.032(7)

Largest diff. peak and hole

0.848 and -0.505 e.A-3




Fig. S1 ORTEP diagram of 2 (A). Hydrogen bonded network of 2 in the solid state (B). Three molecules are stacked

in two adjacent layers facing each other in the space fill model for 2 (along a-axis). (C).

V. Ton Transport Experiments®'!

A. Ion transporting activity studies across EYPC-LUVs o> HPTS:

Preparation of HEPES buffer and stock solutions: The HEPES buffer of pH = 7.0 was
prepared by dissolving an appropriate amount of solid HEPES (10 mM) and NaCl (100 mM) in
autoclaved water. The pH was adjusted to 7.0 by adding aliquots from 0.5 M NaOH solution.
The stock solution of all carriers was prepared using HPLC grade DMSO.

Preparation of EYPC—LUVs o HPTS in NaCl: The vesicles were prepared by the reported

protocol S14-516



Ion transport activity by HPTS assay: In clean and dry fluorescence cuvette, 1975 uL of
HEPES buffer (10 mM HEPES, 100 mM NaCl, pH =7.0) and 25 pL of EYPC-LUVs>HPTS
vesicle was added. The cuvette was placed in a slowly stirring condition using a magnetic stirrer
equipped in a fluorescence instrument (¢ = 0 s). The time-dependent HPTS emission intensity
was monitored at Aem = 510 nm (Aex =450 nm) by creating a pH gradient between intra and extra
vesicular system by the addition of 0.5 M NaOH (20 pL) at = 20 s. Then different concentrations
of transporter molecules in DMSO were added at # = 100 s. Finally, the vesicle was lysed by the
addition of 10% Triton X—100 (25 puL) at =300 s to disrupt the pH gradient (Fig. S2). The time-

dependent data were normalized to percent change in fluorescence intensity using Equation S1:
Iy =[(Ii— Do)/ (I»—1o)] * 100) (Equation S1)

where [y is the initial intensity, /; is the intensity at time ¢, and /I is the final intensity after the

addition of Triton X-100.
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Fig. S2 Representations of fluorescence-based ion transport activity assay using EYPC-LUVsoHPTS (A), and

illustration of ion transport kinetics showing normalization window (B).
Dose-response activity:

The fluorescence kinetics of each transporter at different concentrations was studied as the course

of time. The concentration profile data were evaluated at = 170 s to get effective concentration,

ECso (i.e. the concentration of transporter needed to achieve 50% chloride efflux)!? using Hill
equation (Equation S2):
Y="Yo+ (Yo— Yx)/[1 + (c/ECs0)" (Equation S2)

where, Yo = fluorescence intensity just before the transporter addition (at # = 0 s), Yo =

fluorescence intensity with excess transporter concentration, ¢ = concentration of transporter



compound, and n = Hill coefficient (i.e. indicative of the number of monomers needed to form

an active supramolecular channel).5!?
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Fig. S3 Dose-response curve of (A) ester 1, (B) amide 2, derivative and (C) Hill analysis of compound 2 at 170 s.

The concentration profile data were analyzed by Hill Equation (Equation S2) to get the Effective
concentration (ECso) and Hill coefficient (n), (Fig. S3)

Y=Y+ Yo—Yx)/[1+(c/ECs0)"] (Equation S2)
where, Yo = Fluorescence intensity just before the channel addition (at O s). Y. = Fluorescence
intensity with excess channel concentration, ¢ = Concentration of channel forming molecule.

B. Ion selectivity studies across EYPC-LUVso>HPTS:

Preparation of EYPC-LUVs o HPTS: The vesicles were prepared by the following reported

protocol S14-516

Preparation of buffer and stock solutions: The HEPES buffer solution of 10 mM HEPES and
100 mM salts were prepared by dissolving appropriate amounts of solid HEPES and salts (NaCl,
NaF, NaBr, NaNOs;, NaOAc, LiCl, KCl, RbCl, and CsCl) in autoclaved water, followed by
adjustment of pH = 7.0 using 0.5 M NaOH. The stock solution of the most active transporter was
prepared in HPLC grade DMSO.

Anion selectivity assay: In a clean and dry fluorescence cuvette 1975 uL. HEPES buffer (10
mM HEPES, 100 mM NaX, pH = 7.0; where X = F~, CI-, Br-, OAc~, and NO3~) was taken,
followed by the addition of 25 pL. EYPC-LUVso>HPTS. The resulting solution was slowly
stirred in a fluorescence instrument equipped with the magnetic stirrer (t = 0 s). The fluorescence
intensity of HPTS was observed at Aem =510 nm (Aex =450 nm) over a course of time, by creating
pH gradient by addition of 20 pL. 0.5 M NaOH at t = 20 s, followed by the addition of transporter

2 (as a DMSO solution) at t = 100 s to initiate ion transport and finally, vesicle was lysed for
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complete disruption of pH gradient by addition of 25 pLL 10% Triton X — 100 at t = 300 s. The

time-dependent data were normalized to percent change in intensity using Equation S1

Cation selectivity assay: In a similar way, cation selectivity of transporter 2 ( as a DMSO
solution) was explored by changing extravesicular HEPES buffer solution (10 mM HEPES, 100
mM MCI, pH = 7.0) of chloride salts (MCl) of different cation (M = Li*, Na*, K*, Rb*, Cs").
Using the same condition, no difference in fluorescence intensity was observed for different
cations. The fluorescence data was normalised to percent change in intensity over course of time

using Equation S1.

Details of assay:
In: g setD)

100 mM NaCl, pH =7.0
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Fig. S4 Schematic representations of fluorescence-based anion (A) and cation selectivity (B) assays.
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Fig. S5 Cation selectivity of 2 at 17 uM.

C. Ion transport activity across EYPC-LUVsoOHPTS in presence of
valinomycin:517518

In a clean fluorimetric cuvette 1975 uL of buffer solution (100 mM KCI, 10 mM HEPES, pH
7.0), 25 pL of above prepared vesicles solution were taken and placed in a fluorescence
instrument equipped with a magnetic stirrer at t = 0 s. The fluorescence emission intensity of the

HPTS dye, It was measured at Aem = 510 nm (where Aex = 450 nm) for the time course of 0 to
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350 s. Att=20s, 20 uL of 0.5 M NaOH solution was added to the same cuvette to generate a
pH gradient (ApH = 0.8) between intra and extra vesicular medium. Then valinomycin (2.5 pM)
was added at t = 50s followed by the addition of 18 pL solution of 2 in DMSO att =100 s. Att
=300 s, 25 pL of 10% triton X-100 was added to destroy all the vesicles for destructing the pH
gradient. All the data was normalized using the Eq. S1.

Comparable rates of pH gradient collapse were found when the ion transport activity of 2 was

measured in the absence and presence of valinomycin. Therefore, the experiments indicated

preferential selectivity of 2 towards CI~ over OH-, i.e., C1~ > OH".

100

2+ Val

— Val
— Blank

Normalised Fl. Intensity, I¢ (a.u)
S

0 100 200
t(s)

Fig. S6 Ion transport activity of 2 (18 pM) determined across EYPC-LUVs>HPTS in the absence and presence of
valinomycin.

D. Chloride transport activity across EYPC-LUVsDlucigenin vesicles:

Preparation of EYPC-LUVsolucigenin vesicles:

The vesicles were prepared by the reported protocol.>!4510

Ion transport activity by Lucigenin assay:

In clean and dry fluorescence cuvette 1975 pL. 200 mM NaNO; solution and 25 pL
EYPC-LUVsolucigenin was taken. This suspension was placed in a slowly stirring condition in
fluorescence instrument equipped with a magnetic stirrer (at = 0 s). The fluorescence intensity
of lucigenin was monitored at Aem = 535 nm (Aex = 450 nm) over a course of time. The chloride
gradient was created by the addition of 33.3 uL NaCl (2.0 M) at ¢ = 20 s between the intra and
extra vesicular system, followed by the addition of a transporter at # = 100 s. Finally, vesicles
were lysed by the addition of Triton X—100 at =300 s for the complete disruption of the chloride

gradient.
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The time-dependent data were normalized to percent change in fluorescence intensity using

Equation S3:
Ir=[(Ii— Lo) / (I — Io)] x —100) (Equation S3)

Where, Iy is the initial intensity, /; is the intensity at time t, and /- is the final intensity after the

addition of Triton X-100.

Details of assay:
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Fig. S7 Representations of fluorescence-based ion transport activity assay using EYPC—LUVs> Lucigenin (A), and

illustration of ion transport kinetics showing normalization window (B).
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Fig. S8 Concentration dependent activity of compound 2 across EYPC-LUVsolucigenin (A). Hill plot analysis of
compound 2 (B).

Involvement of cation in transport process:

The involvement of cations in the transport process was evaluated from the lucigenin-based
assay. The preparation of solutions and vesicles are similar as described in the above section. In
assay condition, the chloride salt of various cation (M* = Li*, Na*, K*, Rb* and Cs*) were added

to evaluate the contribution of cation in transport process.
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Details of assay:

m: 358NhRrRIGRE ©
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Fig. S9 Representations of chloride influx activity assay using EYPC-LUVs> Lucigenin by varying extravesicular
cations (A), and illustration of chloride influx kinetics showing normalization window (B).

Cation transport activity: In a clean and dry fluorescence cuvette 1975 uL. of NaNO3 solution
(200 mM) was added followed by the addition of 25 uL of EYPC-LUVs>olucigenin. The cuvette
was placed in the fluorescence instrument in a slowly stirring condition by a magnetic stirrer
equipped with the instrument (at £ = 0 s). The time course of lucigenin fluorescence emission
intensity, £t was observed at Aem = 535 nm (Aex =450 nm). 33.3 uL of 2 M, MCI (M* = Li*, Na*,
K*, Rb* and Cs*) was added to the cuvette at # = 25 s to create the chloride gradient between the
intra and extra vesicular system. Transporter molecule 2 was added at # = 100 s in different
concentrations and, finally, 25 uL of 10% Triton X—100 was added at t = 300 s to lyse those
vesicles resulting destruction of the chloride gradient (Fig. S9, S10).
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Fig. S10 Influence of extravesicular cations in the CI™ influx by 2 at 22 uM.

Ion transport activity across EYPC—LUVsDlucigenin in the presence of valinomycin: The
antiport mechanism (i.e. simultaneous transport of two different ions, in opposite directions,
across the membrane)>!! of 2 was experimentally confirmed by lucigenin assay in the presence

of valinomycin. The ion transport activity of 2 was monitored in vesicle entrapped with lucigenin
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(1 mM) and NaNOs3 (200 mM) suspended in KCl1 (2 M) solution with and without valinomycin.
The remarkable enhancement in ion transport activity of 2 in the presence of valinomycin gave
direct experimental insight into the antiport mechanism of ion transport. Preparation of

EYPC-LUVsolucigenin: The vesicles were prepared by the protocol S!4-516

Antiport mechanism: In clean and dry fluorescence cuvette 1975 pL. 200 mM NaNOs solution
and 25 pL EYPC-LUVsolucigenin vesicles were taken and slowly stirred in a fluorescence
instrument equipped with a magnetic stirrer (at # = 0 s). The time-dependent fluorescence
intensity of lucigenin was monitored at Aem = 535 nm (Aex = 455 nm). A solution of 2 M KCI
(33.3 uL) was added at # = 20 s to create a chloride gradient between intra and extra vesicular
system, followed by the addition of valinomycin (1.25 uM) at £ = 50 s and transporter 2 (1.25
uM) at £ = 100 s. Finally, the destruction of the chloride gradient was done by the addition of 10
% Triton X—100 (25 uL) at = 300 s (Fig. S11). The time-dependent data were normalized to

percent change in fluorescence intensity using Equation S3.

Normalised Fl. Intensity, Ir (a.u)
o
>

—2

= 2 + Valinomycin
= \/alinomycin
100 |==Blank

100 200 300
t(s)

Fig. S11 Comparison of Cl™ influx activity of 2 in the absence and in the presence of valinomycin (1.25 um).

E. Transporter Mechanism (Cholesterol Method):

The fluidity of the EYPC/cholesterol membrane changes when the amount of cholesterol in it
changes, and this should have an impact on carriers by altering their mobility. However, since
transmembrane channels span the entire membrane, they shouldn't be impacted. Increasing
cholesterol levels will lower the membrane's fluidity to slow down a carrier's rate of transit but

won’t show any change in the fluorescence of the channel 5"

Vesicles were prepared as before, but with 10 mol% of cholesterol added during the initial stage

of vesicle preparation.52
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Fig. S12 Effect of the amount of cholesterol in the EYPC/cholesterol membrane on transport by 2 (10 mol%, of
cholesterol in the membrane).

F. Evaluation of membrane stability and channel nature by ANTS-DPX assay:
EYPC-LUVs were loaded with anionic fluorophore ANTS (8-aminonaphthalene-1,3,6-
trisulfonic  acid  disodium  salt) and  cationic  quencher DPX  (1,1-[1,4
phenylenebis(methylene)]bis[pyridinium]bromide) (Fig. S13). Efflux of either ANTS or DPX

through pores formed by 1 or 2 was followed by an increase in ANTS emission intensity.

The following buffers were prepared by a known method.
Buffer A: 12.5 mM ANTS, 45.0 mM DPX, 5 mM TES, 20 mM KCI, pH = 7.0
Buffer B: 5 mM TES, 100 mM KCI, pH = 7.0.

Preparation of EYPC-LUVsD ANTS/DPX vesicles: A thin film of EYPC lipid was prepared
by evaporating a solution (1 mL) of EYPC lipid (25 mg/mL) in CHCl3 evaporated slowly by a
stream of nitrogen and then in vacuo (6 h), and then hydrated with 1 mL buffer A, followed by
vortex treatment (4 times). The resulting suspension was subjected to > 5 freeze-thaw cycles
(using liquid N> to freeze and a warm water bath to thaw), and 19 times extruded using a Mini-
Extruder through a 100 nm polycarbonate membrane (Avanti). External ANTS/DPX was
removed by gel filtration (Sephadex G-50) using buffer B and diluted with the same buffer to 3
mL to give EYPC-LUVs> ANTS/DPX stock solution.

ANTS/DPX assay: In a clean and dry fluorescence cuvette, 50 puL of the above lipid solution
and 1950 pL buffer B were added. The compound 1 or 2 were added at 50 s and kept in a slowly

stirring condition by a magnetic stirrer equipped with the fluorescence instrument (at # = 0 s).
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The time course of fluorescence emission intensity, /i was monitored at Aem = 520 nm (Aex = 353

nm).

Finally, at # = 300 s, 25 pL of 10% Triton X—100 was added to lyse all vesicles for 100% dye

efflux. Fluorescence intensities (£i) were normalized to fractional emission intensity /r using

Equation S2.
A B (o]
100 100
s 2 _ u . _ n
RIH3SO3 5 c=10"M 5 c=22 M
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Fig. S13 Representation of ANTS-DPX assay (A) and ANTS-DPX leakage assay in presence of compound 1 (B)
and compound 2 (C).

VI. Planar Bilayer Conductance Measurements>*!

Bilayer membrane (BLM) was formed across an aperture of 150 uM diameter in a polystyrene
cup (Warner Instrument, USA) with lipid diphytanoylphosphatidylcholine (Avanti Polar Lipids),
dissolved in n-decane (18 mg/mL). Both chambers (cis and trans) were filled with symmetrical
solution, containing 1 M KCl. The trans compartment was held at virtual ground and the cis
chamber was connected to the BC 535 head-stage (Warner Instrument, USA) via matched
Ag—AgCl electrodes. Compound 2 (10 uM) was added to the trans chamber and the solution
was stirred with a magnetic stirrer for 30 min. Channel formation was confirmed by the
distinctive channel opening and closing events after applying voltages. Currents were low pass
filtered at 1 kHz using pClamp9 software (Molecular Probes, USA) and an analog-to-digital
converter (Digidata 1440, Molecular Probes). All data were analyzed by the software pClamp 9.

The complete data trace observed for 10 min contained a series of opening and closing events at
some indefinite intervals. From a large and complete trace, a small portion is presented in the
manuscript (Fig. 4A, B). The average current was calculated from this trace and then

conductance and other calculations were made accordingly.
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Calculation of ion channel diameter: Diameter of artificial ion channel was calculated
according to Hille’s equation,

/g = (I + nd/4) x (4p/md®) (Equation S5)
Where, g = corrected conductance (obtained by multiplying measured conductance with the
Sansom’s correction factor) = 3.37 x 107!° S, / = length of the ion channel = 34 A, and p =
resistivity of the 1 M KCl solution = 9.47 Q-cm).
Anion selectivity by Planar Bilayer Conductance Measurements:
The cis and trans chambers were filled with unsymmetric solutions of KCI. The cis chamber was
filled with 0.5 M KCI solution and the frans chamber was filled with 1 M KCIl. The compound
2 (10 uM) was added to the trans chamber and stirred for 20 min. The reversal potential was

calculated to be =20 =2 mV.

A | (£ B
| )
/\Sample saltbriade \ |- :
Ground - Input !
Electrode Electrode |

Fig. S14 Systematic representation of black lipid membrane experiment (A) and Single-channel conductance of 2
(10 uM) recorded (A) at +150 mV (B).

VII. Theoretical Studies

System Preparation: Single channel-membrane system is constructed by embedding the
quantum mechanically optimized synthetic ion channel in the DPHPC membrane and solvated
it by 10586 water molecules, 63 Na* and 63 Cl ions (corresponding to 200 mM concentration).
To solvate the system, ~11000 SPC model®??> water molecules were added to the system. The
pre-equilibrated structure and parameters for DPHPC (1,2-diphytanoyl-sn-glycero-3-
phosphocholine) obtained from Lipidbook 52*. The optimized channel was placed in the box of
128 DPHPC molecules using inflategro methodology 5**. The automated topology builder 5%
created by Malde, et al. was used to develop the all-atom topology parameters of the channel
with GROMOS-53a6 force field 52°. Molecular dynamics simulation was carried out using

GROMACS 2019.6 5" package.

Molecular Dynamics simulation details: The system was minimized using the steepest descent

method for 50000 steps. This was followed by equilibration for 10 ns at constant temperature for
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323 K temperature and 1 bar pressure using Nosé-Hoover thermostat 52® and Parrinello-Rahman

t 52 with a coupling constant of 0.5 ps and 5 ps, respectively. The time step of each

barosta
simulation was taken as 2 fs. PME electrostatics 3*° was used for electrostatic interactions using
a 12A cut-off with the van der Waals (vdW) cut-off set at 12 A. Position restraints of 500 kJ/mol
nm? were applied to the heavy atoms of the channel molecules. The simulation box was found
to be approximately 7.0X7.4X10.0 nm? for the system. A final 50 ns molecular dynamics
simulation at constant 323 K temperature and 1 bar pressure was carried out using Nosé-Hoover

thermostat 52® and Parrinello-Rahman barostat 5> with a coupling constant of 0.5 ps and 2 ps

respectively with similar electrostatics and vdW as in equilibration process.

Free energy calculations for permeation events: we used state-of-the-art multiple walker

! simulations by positioning a reference chloride ion at various parts of the

metadynamics®
channel. The initial configurations for constructing the multiple walker metadynamics
simulation setup is obtained from the permeation event captured from the unbiased MD
simulation trajectory. In this enhanced sampling approach, independent biased simulations are
considered in parallel, and the bias contribution from each walker are considered for constructing
the final free energy surface for the permeation process, till the last ion is out from the channel.
A total of 8 walkers were constructed (each sampling different independent trajectory) and a total
of 160 ns simulations (20 ns each) were performed using the Z-Coordinate (displacement of CI°
ion along Z-coordinate, hereafter referred as permeation distance) between the channel and
reference chloride ion as a collective variable (CV) to study the permeation events. This CV
quantitatively describe the position of ion inside and outside the channel in the simulation
system. Near the centre the channel, the permeation distance have the value of 0 nm and when it
reaches the bulk water it has a value greater than 2.5 nm. We considered a hill height of 0.2

kJ/mol, a bias factor of 10, and hills deposition rate of 1 ps and Gaussian widths of 0.05 nm for

the metadynamics simulation.

Calculation of coordination number: The coordination number between the CI ion and water
molecules is calculated using the switching function described as follows Group A contains the
reference chloride ion and Group B contains the oxygen atoms of the water molecules present in

the system.

Coord. Number = ZZS”
i€A i€B
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r;j describes the distance between the reference chloride ion and the neighbouring oxygen atoms

of the water molecules. 7, and d, values set to 0.35 nm and 0 nm respectively.

20



90 120
Angle (°) 0

60

T L I Y I

L I
10 20 30
Time (ps) (10%) 0

A 1000 e B
800 |
375
Water
o 600 -___prHPC g
g Channel R 250
O
2
N 400 |
2
8 125
200 ¢
0 1 ANV VT 1
-6 -4 -2 0 4 6 0 30
Z - Coordinate (nm)
C 2 S e e A | | — D 360
B = 355}~
- 23— — £ 350}
g g
> >
§ 22 - & 340
L - 335}
21 1 . 1 1 1 . 330
0 10 20 30 40 50 0
Time (ps) (10%)
E T T T
0.6 I —With Position Restraints.
: — Without Position Restraints

Fig. S15 Partial density profile of water, DPHPC, and channel present in the system with respect to Z — coordinate
(A), Distribution of angle formed by channel axis (Z — direction) and a vector connecting the head group to the long
tail end of the alkyl group of the DPHPC. The figure shows two clear peaks near 20° to 32° and 150° to 160°,
corresponding to two oppositely oriented molecules in two layers (B), time evolution of the density of channel
present in the system (C), time evolution of the density of DPHPC present in the system (D). Comparison of mean
square displacement (MSD) profiles of the channel with and without position restraints in the initial 20 ns
simulations of the production run. It is found that the channel atoms move in the absence of position restraints.

Hence, we have used the trajectory of the system with position restraints applied to the channel for all analysis and

free energy calculations (E).
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Time = 25.8 ns - Time = 26.0 n:

Fig. S16 A closer view of channel in black (lipid molecules omitted for clarity), water molecules (red), sodium ion

(purple), and chloride ions (green; permeating ion is encircled in blue) at different timepoint.

A7 o~ FvdionjTH T B 2 - PhenyiH 1 ¢ ! !
- — Hydroxyl H (Average) « -~ — Phenyl H (Average)
6l —¢ —cCl
1.5 &
3 38 <
5 5 5
< < S
s s <
s ] k)
I} S T
3 3 £
> > e
T T S
S
o

0 10 20 30 40 0 0 10
Time (ns) Time (ns)

- H
—Cl ) 20 (Averageﬂ

20 30 40 50
Time (ns)

Fig. S17 Evolution of closest chloride ion (with respect to virtual centre of the channel) permeated through the
channel. Variation of Hydrogen bonds between Hydroxyl group and chloride ion with respect to time (A), the
variation of hydrogen bonds between phenyl hydrogens and the chloride ion with respect to time (B) and the

variation in the coordination number between chloride ion and water molecules with respect to time (C).
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Fig. S18 Variation of hydrogen bonds between the permeated chloride ions with hydroxyl groups of channel and
phenyl hydrogens. The starting and ending residues of the channel have the values —2.2 nm and 2.2 nm respectively

(A) and variation of coordination number between chloride ion and water molecule in the system during the
permeation pathway (B).
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Fig. S19 Structure of CI~ and channel in the system used as initial configuration for multiple-walker metadynamics
simulation. The starting geometry with reference Cl™ ion (green) of each of these walkers is shown. (A). Variation

of permeation distance with respect to time for each of the walker used for the simulation. The colour code for each

of the walker is shown in the inset (B).
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Fig. S20 Structural representation of minima states, corresponding to the permeation of chloride ion from free
energy plots shown in Fig. 4c. Cl™ ion is shown green colour with surrounded water molecules (red colour). minima

state “A” (permeated state) (A), minima state “B” (Transition state) (B), and minima state “C” (Free state) (C).
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VIII. NMR Spectra
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Fig. S21 'H NMR (400 MHz) spectrum of 4 in CDCls.
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