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Reversible photo-control over transmembrane anion transport
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lon transport across lipid bilayer membranes in biology is controlled by membrane proteins, which in turn are regulated in
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response to chemical-, physical- and photo-stimuli. The design of synthetic supramolecular ion transporters able to be

precisely controlled by external signals, in particular bio-compatible wavelengths of visible light, is key for achieving spatio-

temporal control over function. Here we report two-colour responsive molecular photo-switches that act as supramolecular

transmembrane anion carriers. Reversible switching of the photo-switch within the lipid bilayer membrane is achieved using

biocompatible visible wavelengths of light, such that temporal control over transmembrane anion transport is achieved

through alternating irradiation with red and blue light.

Introduction

lon transport across lipid bilayer membranes in biology is
regulated by membrane proteins, which are themselves
regulated by external stimuli such as small molecules,
membrane potential and light. Protein ion channels and their
modified analogues find applications in diverse fields ranging
optogentics,! photopharmacology,? and
biology.3 Supramolecular anionophores that act as mobile ion

from synthetic
carriers have also attracted significant interest; driven by
potential
diseases arising from mis-regulated ion channels including

uses as therapeutics for cancer treatment and

cystic fibrosis, or as tools for studying ion transport processes.*
Significant effort has been devoted to designing mobile carrier
systems with high anion transport activity in vesicles and, more
recently, in cells.>

Whilst the activity of natural ion channels and transporters
can be precisely controlled by external stimuli, stimuli-
responsive supramolecular ion channels® and mobile ion
carriers’ are rare, and achieving high levels of control (to switch
between inactive “OFF” states and ion transporting “ON”
states) is particularly challenging. Photo-regulated transporters
are particularly attractive targets, because of the possibility of
achieving both spatial and temporal control over ion transport
in a readily adaptable synthetic system. Since the pioneering
work of Shinkai and co-workers on photo-controlled cation
transport in liquid membranes,® the large amplitude
conformational change afforded by E-Z photo-isomerisation has
been a key component of many light-activated molecular
machines, receptors and catalysts.? However, light-activated
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mobile ion carriers that function in lipid bilayers are extremely
rare, and precise, reversible control over activity is particularly
challenging to achieve. Furthermore, the photo-responsive ion
carriers reported to date employ almost exclusively UV light-
triggered transport mechanisms.”’¢8 UV-light is generally
unsuitable for biological applications due to poor tissue
penetration and collateral cell damage.?2 Because of this
limitation, long wavelength visible light photo-switches are
attracting significant interest as tools for chemical biology
report a photo-
switchable carrier able to regulate transmembrane anion

applications.1® Here we supramolecular
transport using visible light. The system is reversibly controlled
by alternate irradiation with red and blue light, with a high level
of discrimination between the OFF and ON states.

Results and discussion
Approach

Synthetic mobile ion carriers facilitate ion transport down a
concentration gradient by lowering the kinetic barrier to
transmembrane transport. This is achieved through binding of
the ion within a hydrophobic receptor, which diffuses across the
bilayer to release the ion on the opposite side. For the
development of reversible photo-controlled anion carriers, we
identified two key requirements: (i) excellent discrimination
between the inactive “OFF” state (with negligible background
transport) and photo-activated “ON” state and (ii) photo-
switching with visible light for improved biocompatibility.
Efficient anion transporters require sufficient lipophilicity to
ensure optimum partitioning into the membrane, excellent
anion binding affinity,1! and also benefit from encapsulation of
the hydrophilic anion within a hydrophobic receptor.1?
Conversely, carriers with weak anion binding affinity, poor
encapsulation and extended conformations typically exhibit low
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activity; the latter attributed to reduced mobility and high
reorganization penalties within the membrane.13

We identified red-shifted azobenzenes bearing anion
binding groups of the general structure 1 (Figure 1) as a possible
scaffold that fulfils these requirements, where E-Z photo-
isomerization of azobenzenes is exploited to enhance anion
recognition by cooperative binding between two appended
receptors. A greater degree of anion encapsulation and
increased mobility of the less extended Z isomer relative to the
E isomer enhances the anion transport capability further.

Design and Synthesis

The E-Z photo-isomerisation of azobenzenes is achieved using
UV light and reversed with visible light or by thermal relaxation;
the rate of which depends on the substituents but can often be
fast (ti2 milliseconds to minutes).’* To address the key
challenge of achieving reversible, visible light mediated control
over ion transport, we designed molecular photo-switches
incorporating ortho-chloro-substituted azobenzene derivatives.
Recent work by a number of groups including those of Hecht
and Woolley have demonstrated that heteroatom ortho-
substitution of azobenzenes leads to significant red shifting of
the n-nt* band of the E isomer, separating it from the Z n-nt*
transition.?> This allows for bi-directional photo-switching with
orthogonal wavelengths of visible light, and significantly
enhanced Z isomer lifetimes. Remarkably, ortho-chloro-
derivatives have been shown to allow photo-switching with red
light, which is highly beneficial for biological applications.5d
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Fig. 2 Calculated structure of the chloride complex 1a?-Cl (MM+ force field,
HyperChem)
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Fig. 1 Schematic representation of two-colour photo-switching of a

supramolecular ion carrier 1.

2| J. Name., 2012, 00, 1-3

NHBoc
NH, NH, cl
(.6 i o

CN NHBoc cl
BocHN

2TFA- “NH3

_ o c N

axXx=H cX=0Me
bX=Et dX=CFs

eX=CN CF,
cl
H H fR=
_N
R N cl
gR = -CH,CH; CF3
o 0 1 a-i hR = -(CH,)sCH3

i R = -(CHp);CH,

Scheme 1. Synthesis of squaramide-functionalized azobenzene anion carriers.
Conditions: (i) LiAlH,, THF, 3h, rt; (ii) Boc,0, THF, 3h, rt, 59% over two steps; (iii) NCS,
DBU, CH,Cl,, 10 min, -78°C, 43%; (iv) TFA, CH,Cl,, 4h, quant.; (v) 6a-i; DIPEA, MeOH, 16
hr, 55°C, 49 — 83%

Direct conjugation of anion binding motifs to the azobenzene
core is known to significantly decrease the lifetime of the Z
isomer (such as in azobenzene-urea derivatives).1® Molecular
mechanics calculations indicated that incorporation of
methylene spacers between the photo-switch and the anion
binding squaramides allows for cooperative chloride anion
binding between both squaramide motifs in the Zisomer (Figure
2). Squaramides are potent halide ion binders, and highly
effective anion transporters.1’

Red-shifted azobenzene derivatives 1a-i were prepared as
shown in Scheme 1. Reduction and immediate protection of 4-
cyano-2,6-dichloroaniline 2 afforded 3, which was subjected to
oxidative coupling conditions!® to afford red-shifted
azobenzene 4 in good yields. Quantitative Boc-deprotection
gave rise to 5, which was subsequently reacted with

This journal is © The Royal Society of Chemistry 20xx
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Carriers
Entry Characteristic la 1b 1c 1d le 1f 1g 1h 11
1 Kif (M2)? 90+2 72+3 773 126 1 137 +10 139+10 47+1 655 -
2 K2 (M2)? 26725 201+25 231+12 3462 358 +12 402+6 142 +7 204 £ 21 -
3 ECsof (nM)P 181+ 16 591 +341 | 1020477 146 + 40 232+143 | 246121 >5000f 204 +42 >20,000f
4 ECs0%"* (nM)P< 22+2 101 + 18 218+ 54 42 +12 64+ 13 90 £ 55 432 £41 28+2 >20,000f
5 nfd 2.6+0.5 0.63+0.1 | 0.62%0.1 1.0+0.2 0.62+0.1 0.58+0.1 - 0.8+0.1 -
6 n? d 1.1+0.1 1.0+0.2 0.640.1 | 0.76 £0.1 0.74+0.1 0.67+0.1 | 1.41+0.1 1.2+0.1 -
7 Ki#/ Kif 3.1 2.8 3.0 2.7 2.6 2.9 3.0 3.1 -
8 ECs0%P55/ ECsof 8.2 5.9 4.7 3.5 3.6 2.7 >10f 7.3 -

a1:1 association constant for chloride binding in de-DMSO. Kif is statistically corrected to account for affinity to one squaramide, where Kif = Kobs / 2. Errors at the 95%
confidence limit. PEffective concentration to reach 50% of maximal activity in the HPTS assay, in LUVs of POPC (mean diameter 200 nm, lipid concentration 31 uM) loaded
with 1 mM HPTS, NaCl (100 mM) and buffered at pH 7.0 with 10 mM HEPES. For compounds of low activity, estimated lower bounds for the ECso value are given. For
the Z isomer, ECs¢?PSS indicates apparent value achieved by addition of the 77:23 Z/E PSS mixture. Hill coefficient. eNot determined. fPoor solubility in DMSO prevented

full Hill analysis.

mono-squaramide derivatives (6a-i, prepared from dimethyl
squarate and the corresponding amine derivative), to afford the
anion carriers 1la-i. For full experimental procedures and
characterization see the ESI.

We first examined the photo-switching properties of the
parent azobenzene 4. Irradiation of 4f with red light from an LED
(625 nm, ~0.9 W) allowed for high conversion to the Zisomer in
the photo-stationary state (PSS) (80% 4Z as determined by NMR
integration). The UV-vis spectra of 4f and 4% are shown in Figure
3. As with similar ortho-chloro-substituted azobenzenes,!5d
significant red-shifting of the n—-mt* transition is observed, and
separation of the E n—it* from the Z n—nt* transitions allows for
efficient switching (Figure 2). Irradiation with blue light (LED,
455 nm, ~1.1 W) was effective at triggering the reverse Z > E
photo-isomerisation (86% Z —> E). The Z isomer exhibited
excellent thermal stability, with a half-life for the thermally
promoted Z - E isomerization of ~7 days at 298 K (Figure S78).

12000, 2000
480001
£
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i
S
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40004 400 500 600
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- - 4Z
o L T T T T
300 400 500 600 700
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Fig. 3 Absorption spectra of 4 as the E and Z isomer, as well as the PSS mixture in
DMSO at 25 °C. Inset: n->m1t* bands and composition of the PSS mixtures upon
irradiation with red light (625 nm, determined by NMR integration). Pure Z-isomer
spectrum was calculated from the spectra of pure 4f and the PSS mixture of known
composition.

NMR anion binding titrations

With the library of squaramide-functionalized bistable switches
in hand, we examined their chloride binding capability by
conducting H NMR titration experiments in ds-DMSO by
addition of aliquots of tetrabutylammonium chloride, and
monitoring the binding induced chemical shift perturbations.
Data were fitted to the appropriate binding isotherms using the
Dynafit software package,!® and the association constants are
shown in Table 1. K;fis the 1:1 binding constant for chloride
recognition by one squaramide motif of the bi-functional E-
isomer, weighted by the appropriate statistical factor, and KiZ is
the corresponding 1:1 binding constant for chloride recognition
by the Z isomer. The latter were determined by repeating the
titration with the PSS mixture formed by irradiating the sample
in the NMR tube with 625 nm light (77% Z for 1a-i), and
accounting for the binding competition to the minor population
of Eisomer in the analysis (see ESI for data and binding models).
The affinity of 1f for chloride was relatively weak in this
competitive polar solvent, and binding of a second equivalent
of anion was too weak to be determined, presumably due to

400 1

300 4

Ka(M™)

200

Fig. 4 Plot of K vs Hammett parameter o for aryl derivatives of 1f and 12. Values taken
from reference 20.
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Fig. 5 (A) Change in ratiometric emission (Aem = 510 NM; Ay = 405 NM, Aeyo = 460 nm) upon addition of 62.5 nM 1af (black) and 1a?(red) in DMSO to POPC LUVs (31
uM) containing 1 mM HPTS, 100 mM internal and external NaCl, buffered with 10 mM HEPES at pH 7.0. A pH gradient is generated by addition of a NaOH base pulse
(5 mM), followed by 1a in DMSO. Lysis by Triton X-100 calibrates the assay. (B) Dependence on I immediately prior to lysis on concentration of 1af (A ) and 1aZ(m),
and fit to the Hill equation (solid line). (C) Dependence of the activity of 1aZ(62.5 nM) on extra-vesicular ions (100 mM MCI or NaX; inside 100 mM NaCl). Error bars
represent standard deviations. Original data for all other compounds is available in the ESI.

unfavourable anion-anion repulsion. The affinity of 17
derivatives for chloride were higher than the analogous 1f
isomers, with a ratio of K12/K1£ ~ 3, indicating cooperative anion
binding by both squaramide motifs in the Z isomer, consistent
with the calculated structure. Varying the electron donating or
withdrawing nature of the squaramide translated into changes
in the binding affinity for chloride in both E and Z isomers, and
for the aryl substituents this showed good correlation with

Hammett constant20 (Figure 4).

Anion transport studies

The anion transport activities of the derivatives of 1 were
determined in 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine large unilamellar vesicles (POPC LUVs, lipid
concentration 31 pM), loaded with 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS) buffered to pH 7.0 in NaCl solution. A pH
gradient was applied across the membrane by addition of a base
pulse, followed by addition of the carrier as a DMSO solution
(<0.5% v/v). The ability of the anionophore to dissipate the pH
gradient by transmembrane ion transport was determined by
recording the change in the HPTS emission, /el (Aem = 510 nm),
with time following excitation at Aex=405/465 nm (Figure 5A).
Detergent (Triton X-100) was added at the end of each
experiment to lyse the vesicles for calibration. For the Zisomers,
the experiment was run using the 77:23 Z/E PSS mixture formed
by irradiating the sample with 625 nm light.

The concentration dependence of the activity of the Eand Z
isomers of each anion carrier was determined by adding
increasing concentrations of the transporter in DMSO. The
fractional activities (relative intensity just prior to lysis) were
plotted as a function of concentration (Figure 5B) and the dose-
response curves fitted to the Hill equation. This is used to
describe the dependence of the anion transport activity
(reported by /re1) on the n-th power of the carrier concentration,
and facilitates comparison of the relative activities of carriers
through an effective concentration value (ECsq) required to
reach 50% activity.

Quantifying anion transport activity
The ECsp and n values for the analogues of 1f, and for the 17
enriched PSS (Z:E 77:23) are given in Table 1, entries 3-6; and
the corresponding ECs50%PSS / ECsof ratios (entry 8). A significant
enhancement of activity, up to a maximum of 8-fold for
compound 1a, was observed for the Z isomers.2! In general,
squaramides with electron withdrawing aryl substituents
resulted in efficient transport. The optimal chain length of alkyl
derivatives was six carbons, with both ethyl and octyl chains
proving detrimental to transport efficiency. The difference in
activity between both photo-isomers could be estimated by the
ratio ECso%PS$ / ECsof, which was found to be generally higher for
the less active compounds, presumably arising from a
decreased ability of the E isomer to bind and transport anions.
In contrast, the ratio of 1:1 binding constants, K1%/K:£, remains
consistent at ~3 across the whole family of compounds. We
hypothesise that the larger increase in transporter efficiency for
the 1Z derivatives, compared to that predicted by the ratio of
binding constants alone, arises in part from reduced mobility of
the linear E isomer-anion complex in the membrane, and
diminished ability to fully encapsulate the anion compared to
the Zisomer. It has been previously shown that the relationship
between anion binding affinity and ECsq is complex, often
without direct correlation, because transport efficiency is also
strongly dependent on other factors including molecular size
and hydrophobicity.11b The important role of encapsulation in
increasing transport affinity has also previously been
demonstrated.12

Hill coefficients of ~1 for 17 analogues suggests ion
complexation with a likely 1:1 stoichiometry (1%-Cl-) in the
transport complex, consistent with results from titration
experiments and calculation. Enhanced binding interactions in
membranes, arising from two-dimensional confinement and
the hydrophobic, low polarity environment,?2 may also allow for
competing formation of the E isomer 2:1 transporter-anion
complex (1£,-ClI-), as well as hydrogen bonding aggregates of 1¢
in the membrane. Hill coefficients ranging between ~0.6-2.6
are indicative of a range of competing equilibria in the

Page 4 of 9
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Fig. 6 (A) HPTS assay with DPPC LUVs: 200 nM 1af (dashed lines) and 62.5 nM 1a?
(solid lines) at 25°C (black data) and 45°C (red data). (B) Calcein release assay with
5 uM 1af (dashed line) and 1aZ (solid line) in POPC LUVs.

membrane for the 1f isomer derivatives, with n<1 arising from

competing formation of inactive complexes and/or

precipitation at high concentrations.22 Compound 1a provides a
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balance between good ECso? / ECsof discrimination and overall
high activity as the Z isomer (ECso of 22 nM, 0.07 mol% relative
to the lipids), and was used for analysis in subsequent
experiments.

lon selectivity and mechanistic studies

The activity of transporter 1aZ was unaffected by iso-osmolar
replacement?* of the external Na* cation with Li*, K*, Rb* or Cs*,
but was sensitive to replacement of the external Cl~ anion with
Br, I~ or NOs~ (Figure 5C). No observable transport was
detected when chloride was replaced with gluconate, a large
hydrophilic anion,2 suggesting that 1aZ is unable to overcome
the large dehydration penalty required for OH-/ gluconate
antiport (Figure S138). Diminished activity with anionic lipids
(egg yolk phosphatidylglycerol) was also consistent with the
requirement for formation of an anionic complex 12-Cl-, due to
charge repulsion with the membrane (Figure S139). Together,
these results demonstrate that the dissipation of the pH
gradient reported in the HPTS assay must arise from
transmembrane anion transport (OH-/ CI- antiport, or H*/ CI-
symport), and not from H* / M* cation antiport, in agreement
with the mode of action of previously reported squaramide
anion carriers.t’

This journal is © The Royal Society of Chemistry 20xx
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Anion transport by 1af and 1aZ in the lipid gel, phass.of
dipalmitoylphosphatidylcholine (DPPC) Rpids0 B¥399805¢02ixak
inhibited and restored at 45 °C, above the gel-liquid phase
transition temperature (7. = 41 °C) (Figure 6A). This behaviour
is consistent with the proposed mobile carrier mechanism, in
which mobility is significantly reduced in the gel phase, and
rules out alternative formation of a membrane spanning
channel structure whose activity would be independent of the
lipid phase. Inactivity in the calcein release assays further rules
out carrier-induced non-specific leakage (Figure 6B).

Reversible photo-switching of anion transport.
To investigate in-situ, reversible photo-switching of
transport in vesicles, we measured the transporter-induced
chloride efflux from POPC vesicles containing buffered NacCl,
suspended in NaNOs in real time using a chloride ion selective
electrode (ISE). Sample illumination was achieved using high
powered LEDs (see ESI for details). Initial studies confirmed that
the system could facilitate CI- / NOs~ antiport in this assay,
following external addition of the 1aZ-rich PSS, with minimal
background transport by 1afin this assay (Figure S145).
Reversible control over ion transport by in-situ photo-
switching of 1ain the vesicle membrane was achieved by adding
1af as a DMSO solution (0.5 mol% relative to lipid) to the gently
stirred vesicle suspension. Irradiation with red light (625 nm)
was used to photo-isomerise the transporter within the lipid
bilayer membrane, and turn-on the CI-/NOs~ transmembrane
transport process, which could be turned off by subsequent
irradiation with blue light (455 nm) (Figure 7). The rate of ion
transport following in-situ photo-isomerisation in the vesicles
was ~50% of that achieved by direct addition of 1a%Pss25
Alternating between 625 and 455 nm light allowed for
reversible switching between the transporting “ON” and
inactive states “OFF” states, directly coupling photo-
isomerisation with ion transport. Inactivity under alternating
red and blue light irradiation in the absence of 1a; and the lack
of switching behaviour when 1a was replaced with a simple

ion

0.08 - P On off ’On &orr
l-l---'-“-.:n"".
=
1S
g oos- I
=
0.00 4ot : . .
0 10 20 30

t/ min

Fig. 7 Photo-triggered ion transport by 1a (0.5 mol% relative to lipid) from POPC
vesicles containing 489 mM NaCl, suspended in 489 mM NaNO3, and buffered with
phosphate salts at pH 7.0. Chloride efflux from POPC vesicles monitored by a
chloride-selective ISE. Colours indicate commencement of sample irradiation
using 625 nM (0.9 W, red) or 455 nm (1.1 W, blue) LEDs. Black squares: vesicle
exterior CI- concentration; lines: linear fit.

J. Name., 2013, 00, 1-3 | 5


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc02745f

Open Access Article. Published on 04 June 2020. Downloaded on 6/4/2020 4:19:58 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(ec)

Chemicat Science

non-photo-responsive squaramide derivative (ESI), confirmed
the role of photo-switch 1a in the photo-switchable transport
behaviour (Figure S147).

Conclusions

We have demonstrated reversible, visible light control over
transmembrane anion transport using a synthetic photo-
switchable anion carrier. Fluorescence anion transport assays in
combination with ISE experiments demonstrate the ability of
the squaramide-substituted azobenzenes to act as mobile anion
carriers. Switching between the less active E isomer and more
active Z isomer can be achieved with red light, whilst back-
switching takes place using blue light; allowing for in-situ,
temporal control over transmembrane ion transport in lipid
bilayer vesicles. We anticipate that these results will provide the
foundation for developing sophisticated photo-controlled
membrane transport systems, with potential longer term
impact in targeted therapeutics and synthetic biology.
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