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A homologous series of azobenzene-derived photo-switchable ion
relay transporters is reported. We reveal that both the length and
geometry of the relay strongly affect transport rate, allowing the
relative activity of the E and Z isomers to be reversed and hence the
wavelengths of light used for on and off switching to be exchanged.

Ion transport processes in nature are regulated by sophisticated
protein channels which themselves respond to external stimuli
including ligand binding, membrane potential and light." To gain
a better understanding of ion transport processes across lipid
bilayers, numerous synthetic ion transport systems have been
developed.>™ Such systems may also hold potential as future
therapeutics.*” Stimuli-responsive activity has been engineered into
synthetic transporters, mimicking biological transport systems.®™°
Synthetic transporters operating via a mobile carrier mechanism
have been reported which respond to redox,""* pH,"*'* membrane
potential,'® enzymes'®"” and light."”*® Generally, a blocking group
is appended to the receptor unit of the transporter which is cleaved
in response to stimulation, irreversibly turning on transport.**>*?>
Reversible switching of mobile carrier activity is rarer, however
examples of redox'" as well as light responsive systems have been
reported which display temporal control of transport activity within
the lipid membrane environment.'®2%%%

Anchored carriers represent an emerging class of transporters
which operate via an abiotic mechanism.>””*® The first example of
an anchored carrier was reported by Smith et al. in 2008, where a
lipid-anchored urea-based transporter facilitated anion transport
via a relay mechanism.”> We have since demonstrated that
halogen bonding iodotriazole-based relay transporters signifi-
cantly improve transport activity, as well as displaying high
Cl~ > OH’ ion transport selectivity.*® Through the incorporation
of a tetra-ortho-fluoroazobenzene photoswitch within the relay, we
have also developed a photo-responsive system in which in sity,
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visible light mediated photo-isomerisation enabled reversible
control of transport activity.! The isomeric state of the photo-
switch served to control the length of the telescopic carrier arm,
whereby transport activity was observed to be greater for the
longer E-isomer compared to the shorter Z-isomer.

The control of relay transporters relies on precise geometric
control of the receptors in opposite leaflets of the bilayer. How-
ever, there is little understanding as to what molecular features
lead to efficient relay transport, or effective photo-switching of
activity. Herein, we explore the visible light regulated anion
transport capability of a homologous series of photo-switchable
relay transporters 1-3 of varying carrier arm length (Fig. 1). We
show that the dramatic changes in transport activity with increas-
ing relay length can be exploited to completely reverse the switch-
ing sense of the relay, such that the Z-isomer is more active that
the E-isomer in the longer derivatives, and that off-on switching
can be controlled using the opposite combination of wavelengths
to the previously reported shorter relay transporters.*

Relay transport proceeds via the mechanism shown in
Fig. 1A.”” A membrane-anchored receptor in the outer leaflet
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Fig. 1 (A) Schematic representation of the relay transport mechanism. (B)
Photo-switchable relay transporters (1-3) of varying relay carrier arm length.
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binds to an ion at the outer water-membrane interface bringing
it into the membrane. The ion is exchanged with a partner
receptor, anchored in the opposite leaflet of the bilayer, which
can release the ion to the inner aqueous environment. Relay
transporters are unable to span the length of the bilayer to
facilitate transport of the ion viea a unimolecular “fishing”
mechanism.’***> We sought to explore the effect of varying
the length of the relay transporter on the photo-switching of
transport activity in a homologous series 1-3 (Fig. 1B).

The photo-switchable relay transporters 1 and 2 were prepared
as previously described,’® from the corresponding amino-
functionalised phospholipid via coupling to an activated ester of
the azobenzene relay arm and subsequent thiourea formation.
The novel extended relay transporter 3 was synthesised following
a similar strategy (see ESIt for full synthetic details). The photo-
physical properties of 3 were first investigated in CDCl;: CD;0D
(2:1) using "H NMR experiments following irradiation with an
LED (405 nm or 530 nm) to generate the photo-stationary state
(PSS) distribution (Fig. S16, ESIT). Efficient bidirectional switching
was observed, with the PSS distributions for both the E-isomer
rich (PSSys E:Z 96:4) and Z-isomer rich (PSSs3y E:Z 10:90)
populations matching those previously reported for 1 and 2.*" The
photostability of 3 after prolonged irradiation in solution was
evaluated by "H NMR, which displayed no observable degradation
after irradiation with 405 nm (1000 mW) or 530 nm (370 nm) light
for up to 20 minutes (Fig. S17 and 18, ESIt). The UV-vis absor-
bance spectrum of 3 in DMSO following irradiation of the sample
with light (405 nm or 530 nm) displayed a red-shift of the n — ©*
absorption band of 3* relative to 3%, characteristic of the tetra-
ortho-fluoroazobenzene core which enables photo-switching with
visible light (Fig. $20, ESI).**%”

The transport activity of 3, in comparison to the shorter
derivatives 1 and 2, was investigated in large unilamellar
vesicles (LUVs) using fluorescence assays. The pH-sensitive
fluorescent probe 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS)
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was encapsulated within 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine vesicles (POPC LUVs, 200 nm diameter), which were
suspended in NaCl (100 mM) solution, buffered to pH 7.0 with
HEPES (10 mM). A base pulse of NaOH (5 mM) was added to
generate a pH gradient, while measuring the ratiometric
fluorescence of HPTS (Zep, = 510 nm, Ao, = 405/460 nm) allowed
the internal pH of the LUVs to be monitored. Transport activity
was first evaluated by external addition of the lipid anchored
transporters to pre-formed POPC LUVs, such that the transpor-
ters are added solely to the outer leaflet. The change in internal
pH of the vesicles was minimal when either isomer of the three
transporters was added externally (Fig. 2A and B, dashed lines),
demonstrating the requirement for relays to be present in both
leaflets of the membrane, and revealing the inability of phos-
pholipid anchored relays to translocate across the lipid bilayer
from the outer leaflet to the inner leaflet. This data also reveals
that the longer derivative is not of sufficient length to facilitate
transport vig a fishing mechanism,** in which an anchored
carrier can individually mediate anion transport across the
entire membrane, without requiring a receiving relay in the
opposite leaflet.>” This was also true in LUVs composed of
lipids of varying acyl chain lengths (14:0%, 16:1, 18:1 and
20:1 cis-phosphatidylcholine) - no activity was observed in
these lipids following external relay addition (Fig. S23, ESIt).
Next, the activity of 3 in comparison to 1 and 2 was evaluated
by pre-incorporation of the lipid anchored transporters in
various concentrations in POPC LUVs during vesicle prepara-
tion, in order to generate an equal distribution of relay trans-
porters in both leaflets of the membrane. The LUVs were pre-
irradiated to establish the PSS within the bilayer®' (405/530 nm,
2 min), before addition of the base pulse to start the assay.
The thermal half-lives of these photoswitches is known to be in
the order of months®**” and we have previously shown that in the
bilayer environment the long thermal half-lives of the photo-
switchable relay transporters are maintained, such that negligible

3 3Z embedded 0.5 mol%
o 28 —— 2% embedded 1 mol%
1€ 1Z embedded 1 mol%

3% external
— — 2%external
12 external

Relay length

0.0

1E-40.0010.01 01 1

100 150

t(s)

50

10 0

ransporter]? / (mol%)>?
P

Fig. 2 The effect of carrier arm length on relay transport activity. (A) Anion transport data for E-isomers. Data shows change in ratiometric emission, /e
(Aem = 510 NM; Aey1 = 405 NM, Jeyo = 460 Nm), upon addition of a NaOH base pulse (5 mM) to POPC LUVs (31 uM) containing 1 mM HPTS, 100 mM internal
and external NaCl, buffered with 10 mM HEPES at pH 7.0. Concentrations given as mol% with respect to lipid. Data for relay transporters pre-incorporated
during LUV preparation (solid lines, following in situ irradiation with 405 nm light to generate E-rich PSS) or added externally to pre-formed vesicles
(dashed lines, in 5 uL DMSO following irradiation, 1 mol%). The shaded area represents the standard error of three runs. (B) Initial rates of transport for the
E-isomers, and fit to a 2nd order rate equation. (C) Data for the corresponding Z-isomers (following irradiation with 530 nm light, conditions as in (A)).

Data for 1 and 2 from ref. 31.
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change in isomer distribution occurs over the course of the
transport assay.>’ The anion transport activity of the E-rich PSS
distributions of relays 1-3 are shown in Fig. 2A (solid lines).
A dependence on the initial transport rate with the square
of the transporter concentration for 3% reveals a bimolecular
rate-limiting step, as previously observed with shorter relay
derivatives®>" (Fig. 2B). This is consistent with the breaking of
a membrane spanning relay transporter-ion complex in the rate-
limiting step (Fig. 1(iii)). The same rate dependence observed
across 1-3 suggests that the three extended derivatives all operate
via the same relay mechanism. Analysis of the transport rates of
1-3 indicates that the observed transport activity increases with
the length of the relay arm (Fig. 2). By preparing asymmetric
membrane distributions of relay transporters, we have previously
shown that dissociation of a transient 2:1 transmembrane
complex is rate limiting,***' presumably due to the low dielectric
in the membrane interior enhancing binding anion affinity.**>°
Across the homologous series of 1°-3F, the anion binding
thiourea is identical, and so all other factors being equal, the
rates of binding, exchange and release steps should be identical.
However, anion affinity is also a function of local dielectric.’®*!
We therefore suggest that the different lengths of the relay
transporters vary the position within the bilayer at which the
transient 2:1 transporter-ion complex dissociation occurs
(Fig. 1A). For the shortest derivative 1%, dissociation will occur
closest to the centre of the bilayer where the dielectric constant is
lowest, and the affinity of the receptor to the anion is highest.
With increasing relay transporter carrier arm length, the increased
transport activity suggests that dissociation becomes more favour-
able, likely resulting from the ability to break the transporter-ion
complex further from the centre of the bilayer, in a region of the
membrane in which the dielectric constant is higher and the
complex is less stable.

We next compared the activity of the Z-isomers of the relay
transporters of differing lengths by generating the corres-
ponding Z-rich PSS by irradiation with 530 nm light. As with
the E-isomers, external addition to the outer leaflet did not
result in transport (Fig. 2C, dashed lines). When incorporated
into both leaflets, the same trend of increasing activity with
lengthening of the carrier arm was observed (Fig. 2C, solid
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lines). Analysis of the initial rates of transport also revealed a
dependence on the square of the relay concentration (Fig. S25,
ESIT), suggesting that, as with the E-isomers, the rate limiting
step is dissociation of a membrane-spanning 2:1 relay-anion
complex. As shown previously, for the shorter derivative 1, the
contracted Z-isomer displayed a reduction in transport activity
relative to the extended E-configuration (Fig. 3A), due to the
inability of the contracted relay to form the required transient
membrane-spanning 2:1 relay-anion complex.?! Interestingly,
however, with the longer derivatives 2 and 3, the Z-isomers
display improved transport activity relative to the E-isomers
(Fig. 3B), implying that for these longer derivatives the con-
tracted Z-isomer is of sufficient length to reach the relay
transporter in the opposite leaflet to exchange the ion and
mediate relay transport. The enhanced activity for Z over E for 2
and 3 suggests that the dissociation of the 2: 1 transmembrane
complex is more facile for the Z-configuration, highlighting the
role of molecular shape as well as length of the carrier arm in
determining the rate of relay ion transport. Azobenzene-
containing photo-lipids have previously been shown to mod-
ulate the order and dynamics of lipid bilayers,*>** and so we
tentatively speculate that the Z-isomers promote faster trans-
port kinetics by decreasing local order.

The kini(Z) > kini(E) activity relationship in the longer
derivative 3, which is reversed, kini(E) > kini(2), for the shorter
relay 1, provides a novel means with which to control relay
activity with light: varying the relay arm length switches
between the E and Z isomers being more active, and hence
the wavelength with which transport is enhanced. For 1, off-on
activation (Z — E) is achieved with blue light, and reversed with
green, whereas for 3, off-on activation (E — Z) is achieved with
green light, and reversed with blue.

In conclusion, we have explored the transport activity of a
homologous series of photo-switchable relay transporters,
revealing that increasing the carrier arm length enhances
transport kinetics. Notably, for the longer derivatives 2 and 3
the contracted Z-isomer displays increased transport activity
relative to the extended E-isomer, whilst the reverse is true for
the shorter derivative 1. This provides a mechanism by which to
vary the off-on switching direction and excitation wavelength.
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Fig. 3 Modulating the direction and wavelength of off—on switching by tuning the length of the photo-switchable relay transporters. (A) Off(2)-on(E)
switching facilitated by blue light, and reversed with green light for compound 1. (B) Off(E)-on(2) switching facilitated by green light, and reversed with
blue light for compound 3. Data shown at 5 mol% for 1 and 0.25 mol% for 3, conditions as in Fig. 2. Data for 1 from ref. 31.
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Relay transporters provide a means of probing supramolecular
interactions within the complex lipid bilayer environment.

T. G. J. and A. S.-K. synthesised the compounds and con-
ducted the ion transport assays. M. J. L. conceived and super-
vised the project. T. G. J. wrote the first draft of the manuscript.
All authors contributed to data analysis and reviewing and
editing of the manuscript.

T. G. J. and M. J. L. thank the Royal Society for funding.
T. G. J. thanks Exeter College Oxford for a scholarship. M. J. L.
is a Royal Society University Research Fellow.

Data availability

The data supporting this article have been included as part of
the ESL.¥

Conflicts of interest

There are no conflicts to declare.

Notes and references
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