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ABSTRACT: To control proton delivery across biological
membranes, we synthesized a photoresponsive molecular
switch and incorporated it in a lipid layer. This proton gate
was reversibly activated with 390 nm light (Z-isomer) and
then deactivated by 360 nm irradiation (E-isomer). In a
lipid layer this stimuli responsive proton gate allowed the
regulation of proton flux with irradiation to a lipid-buried
O, reduction electrocatalyst. Thus, the catalyst was turned
on and off with the E-to-Z interconversion. This light-
induced membrane proton delivery system may be useful
in developing any functional device that performs proton-
coupled electron-transfer reactions.

recisely regulated proton transfer is essential to many

biological reactions and alternative energy schemes that
involve redox reactions with one or more proton-coupled
electron-transfer (PCET) steps.'~* As one example, the oxygen
reduction reaction to form water (ORR: O, + 4~ + 4H" —
2H,0) is critical to sustaining life on earth.”® Cytochrome ¢
oxidase (CcO) and laccase are two enzymes that evolved to
develop intricate proton transport chains which provide
exquisite control over the kinetics of proton delivery to the
ORR active site.” "

The mechanisms associated with multi-step PCET reactions
are difficult to decipher because of the intricate interplay
between the thermodynamics and kinetics of electron and
proton transfer.”~*'* The use of a self-assembled monolayer
(SAM) can decouple the kinetics and thermodynamics of
electron transfer, the latter dictated by the electrode
potential.">'* We recently developed a new experimental
framework using a hybrid bilayer membrane (HBM) to
delineate the relative importance of the kinetics and
thermodynamics of groton transfer to a system that catalyzes
PCET reactions.'”® A HBM consists of a SAM with a
monolayer of lipid appended on top.'” In one embodiment, a
dinuclear Cu molecular ORR catalyst (CuBTT: Cu complex of
6-((3-(benzylamino)-1,2,4-triazol-5-yl)amino ) hexane-1-thiol )
forms the SAM.'© We previously demonstrated that the
spontaneous flip-flop diffusion of lipid-bound aliphatic acids
function as a pH-sensitive switch turning on and off
transmembrane proton delivery to the catalyst."”” The proton
delivery via this flip-flop diffusion of the proton carriers occurs
spontaneously in the presence of a pH gradient."®'” It can be
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advantageous to regulate the proton-transfer kinetics more
precisely without the associated perturbation in proton
thermodynamics that arises with a pH change.

To avoid concomitant changes in proton thermodynamics
while modulating the proton kinetics, natural systems utilize
light to execute an additional level of control over proton and
electron-transfer steps by having specific functional groups that
adopt precise photoinduced conformational changes. For
example, a 5 A movement of an ubiquinone moiety
accompanied by a 180° propeller twist of an isoprene chain
upon illumination in the photosynthetic reaction center of
Rhodobacter sphaeroides is a necessary prerequisite to proton
uptake for photosynthesis that involves PCET steps.”” The
intricate photoregulation of proton transport in nature has
inspired a tremendous amount of effort toward mimicking
these natural systems on the macromolecular level.”' Although
artificial photosynthetic reaction centers have been developed
in the past decades,””** the photoregulation of transmembrane
proton kinetics without involving fluctuations in electron
transfer or proton thermodynamics to our best knowledge
has not been achieved with a single-component small molecular
system.

A HBM with a photoresponsive proton carrier could mimic
the light-induced conformational gating found in nature and
afford a new approach to tune transmembrane proton-transfer
kinetics with temporal and spatial control. Further, such a
system could eliminate the need for chemical inputs that
invariably generates waste products. In this report, we develop a
simple, artificial, membrane-bound, photoresponsive proton
carrier that regulates proton kinetics across a lipid membrane.
The new proton carrier (BA) features a boronic acid headgroup
for proton transfer, a stiff stilbene body for photoresponsive-
ness, and an alkyl tail for lipid incorporation. Boronic acids
typically exhibit pK, values of ca. 9,”* a feature that ensures the
proton carrier to be mostly in the neutral form in pH 7
solution. The ability of BA to cycle between two photo-
distinguishable states allows us to construct a proof-of-concept,
light-addressable transmembrane proton kinetics regulator in a
HBM platform without perturbing the proton thermodynamics
in the bulk solution.
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Like many other photoresponsive chromophores,”*° a stiff

stilbene moiety (1,1’-biindane) has either a Z or E
configuration with respect to its central double bond upon
photoisomerization.”’ >’ This chromophore has garnered
increasing attention because of its scalable synthesis, easy
derivatization, lack of thermal relaxation at room temperature,
high quantum yield (50%) for E-to-Z photoisomerization, and
quantitative Z-to-E reversion.”” >> The stiff stilbene moiety has
been alpsplied as a light driven internal molecular force
probe.’** Nevertheless, the proton-gating ability of functional
materials based on stiff stilbene remains largely unexplored.
We first prepared both the Z- and E-forms of the protected
photoresponsive switch, the synthesis beginning from the
photoreactive core, followed by the sequential installation of
the alkyl tail and the protected acid headgroup (see Scheme 1

Scheme 1. Preparation of the Protected Photoswitch
Molecules: Z-1 and E-1

Toluene

(o] [o]
AN Aoy + g~Begy DMSO

\Nl
gl
Br " 8 OO

HO

reflux

_B
CgHy3Br — 4:R=H
3 67113 JO N- 24
K,CO3, ACN I:‘ 5:R =CgHy3 Sl

AcOH
m EDC g;@ o 2Zn, TiCly /.O Oi 5M NaOH
N oH DMAP J YO e X° CO EtOH, DCM
DMF ] .

N\
" OOH K2CO3, 2 /‘O O/V\,B'%;l%)o
2 0.

CeHiaBr g Rp=H E-1
K,CO3
DME 9: Rz = CGH13

and Supporting Information for details). The trivalent N-
methyliminodiacetic acid (MIDA) ligand, developed by Burke
and co-workers,>** was used to avoid decomposition of the
boronic acid group during the synthesis. Indeed, the MIDA
boronate ester was simply prepared from commercially
available starting materials, survived the harsh reaction
conditions, and allowed purification by chromatography. The
deprotection of Z-1 and E-1 was easily achieved at room
temperature with concentrated aqueous NaOH solution to
afford the two isomers Z-BA and E-BA, respectively.

The light-induced E-Z isomerization of BA was first
demonstrated in solution and followed by 'H NMR spectros-
copy. Figure la displays the structures of E-BA and Z-BA, and
highlights the protons whose resonances were followed in the
'"H NMR study. Figure 1b shows an overlay of truncated 'H
NMR spectra: Z-BA, E-BA, and one cycle of the E-Z-E
conversion. The protons H, and H,, in Z-BA (Figure 1b, black
line) appeared at 2.88 and 2.79 ppm, respectively. Their
equivalent protons H, and Hy in E-BA (red line) shifted
downfield to 3.15 ppm (AS [H,] = 0.27 ppm) and 3.0S ppm
(A8 [Hy] = 0.26 ppm), correspondingly. Upon UV irradiation
at 360 nm, about 40% of E-BA was converted into Z-BA
according to the '"H NMR integration (green line). The mixture
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Figure 1. (a) Structures of E-BA and Z-BA with the protons of interest
labeled. (b) Stacked truncated NMR spectra of BA (Z- and E-isomers)
in CD,Cl,, indicating the corresponding proton signal shifts according
to the irradiation cycles. * = 'H resonance of the methyl group from
MIDA after the deprotection step. (c) Repeated cycles of E-BA to Z-
BA conversion. See Supporting Information for additional information
(e.g., irradiation times).

was exposed to UV irradiation at 390 nm and the Z-isomer was
almost quantitatively converted back to the E-isomer (blue
line). The complete Z-to-E and partial E-to-Z stilbene
photoisomerization is consistent with reported systems.”””"
The full isomerization cycle was repeated two more times, and
similar results were obtained. Figure 1c shows the percentage of
E-BA versus the total BA plotted across sequential photo-
irradiation events. Despite these observable changes in the 'H
NMR spectra, no significant changes are notable in the ''B
NMR spectra (Figure S1), suggesting that the boronic acid
group remains intact.

Having demonstrated in solution the reversible photo-
responsiveness of E-BA and Z-BA, we probed their ability to
act as proton carriers in a HBM. Figure 2a displays the
architecture of the three HBMs with and without BA
incorporated in the lipid layer. Figure 2b shows linear sweep
voltammograms (LSVs) of O, reduction by a SAM of CuBTT
covered by a DMPC monolayer with and without the proton
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Figure 2. (a) Schematic of the HBMs studied: (i) DMPC only, (ii)
DMPC with Z-BA incorporated, and (iii) DMPC with E-BA
incorporated. (b) Linear sweep voltammograms, recorded at a scan
rate of 10 mV/s, of O, reduction in O,-saturated pH 7 buffer,
catalyzed by CuBTT covered by a monolayer of DMPC (black) with
Z-BA (blue) or E-BA (red) incorporated in the lipid layer.
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carriers added. In the absence of the proton carriers, the lipid
layer blocks access of protons in the bulk solution to CuBTT
inside a HBM, resulting in a background O, reduction current
density of about 40 yA cm™* at —450 mV vs Ag/AgCl (Figure
2b, black line).

Upon incorporation of Z-BA, the O, reduction current
density at —450 mV increases by about 60% (blue line),
indicating that Z-BA delivers protons from the bulk solution
across the lipid layer to the CuBTT catalyst for O, reduction as
has been demonstrated previously for other proton carriers in
HBM systems.ls’16 However, the O, reduction current density
with E-BA added to the lipid layer (red line) is the same as the
lipid-only case, signifying that E-BA is unable to transport
protons across the hydrophobic lipid layer. The different
behavior of E-BA and Z-BA is likely not a result from a change
in pK, because analogous carboxylic acids exhibit similar pK,
values (Figure S2). We propose that the effect originates from
the different lengths of the two isomers in the phospholipid.
When the proton carrier isomerizes from E to Z, it decreases in
length by ~10 A and reduces the van der Waals interactions
between the proton carrier and the phospholipids.*>*® Thus,
we suggest that, relative to the E-isomer, the Z-isomer has a
lower energy barrier for transmembrane flip-flop diffusion and
thus induces proton delivery.

We next explore the photoswitching behavior of E-BA and Z-
BA in a HBM. Figure 3a displays a set of LSVs of O, reduction
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Figure 3. LSVs, recorded at a scan rate of 10 mV/s, of O, reduction in
O,-saturated pH 7 phosphate buffer, catalyzed by CuBTT covered by a
monolayer of DMPC with (a) Z-BA incorporated in the lipid layer,
irradiated with 390 nm light for 0 min (black), 1 min (red), and S min
(blue), and (b) E-BA incorporated in the lipid layer, irradiated with
360 nm light for 0 s (black), 10 s (red), and 60 s (blue).

by CuBTT covered by a DMPC monolayer with Z-BA added
to the lipid layer with various irradiation periods. Upon
irradiation at 390 nm for 1 and S min, the O, reduction current
density at —450 mV drops by about 60% and 95%, respectively
(Figure 3a, red and blue lines). As the irradiation time
increases, the O, reduction current decreases until it reaches
nearly the same value as the lipid-only case or the case with E-
BA added to the DMPC layer. These findings indicate that as
more of the proton carrier is converted to its inactive form (E-
BA), fewer protons are delivered across the lipid membrane,
thus resulting in less catalytic O, reduction current.

Figure 3b shows O, reduction LSVs by CuBTT covered by a
DMPC monolayer with E-BA added to the lipid layer with
various irradiation periods. Upon irradiation with 360 nm for
10 s, the O, reduction current density increases by about 65%
(Figure 3b, red line). The O, reduction current reaches a value
similar to the case with Z-BA added to the DMPC layer by
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irradiating for 1 min (blue line). Although the solution studies
(Figure 1) indicated that E-Z isomerization is nonquantitative,
the results shown here suggest that a sufficient amount of Z-
isomer is generated in the lipid layer to achieve saturation in the
transmembrane proton flux. We note that the E-to-Z switching
time is shorter than the Z-to-E switching time, an observation
consistent with the isomerization kinetics of other stiff
stilbenes.”” Control experiments demonstrate that the integrity
of the CuBTT SAM and the lipid layer is not compromised by
irradiating with light at 360 and 390 nm (Figure S3a—c). For
example, the possibility of pore formation or another defect is
ruled out using K;Fe(CN)¢ as a probe (Figure S3d).
Furthermore, we interrogate the content of the lipid layer
using ESI-MS, which confirms the presence of proton carrier in
the lipid layer (Figure S4). Taken together, these results
represent the first example of using a molecular switch and light
to gate proton delivery across a phospholipid membrane.

We further examined light-induced proton delivery in a
HBM after a complete on-off-on cycle. Figure 4 displays LSVs
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Figure 4. O, reduction LSVs in O,-saturated pH 7 phosphate buffer at
a scan rate of 10 mV/s by CuBTT covered by a monolayer of DMPC
with Z-BA incorporated in the lipid layer (black) irradiated with 390
nm light for 5 min (red) followed by 360 nm light for 1 min (blue).

of O, reduction by CuBTT covered by a DMPC monolayer
with Z-BA incorporated after sequential irradiation. Upon
irradiation at 390 nm for S min and then at 360 nm for 1 min,
the O, reduction current density is revived to within 10% of the
current density of the initial on-state (Figure 4, blue line),
showing the reversibility of the system. 'H NMR spectra
demonstrate that the slight decrease in O, reduction current
density stems from leaching of the proton carrier from the lipid
layer of the HBM into the bulk solution (Figure SS).

In summary, we have developed the first photoresponsive
proton gate in a HBM and demonstrated its application by
successively turning oft and back on proton transfer for use in a
PCET reaction without concomitant changes in solution pH.
The photoswitch uses the interconversion of the Z- and E-
isomer, which allows a flipping mechanism that, in turn,
facilitates transmembrane proton delivery. This matching of
molecular to lipid structure by modulating proton flux directly
leads to the on-and-off switching of the lipid-covered O,
reduction catalyst. We envision that by delineating the effects
of proton-transfer thermodynamics and kinetics, we can further
elucidate the reaction mechanism of PCET processes. Further
spatial regulation of this photoresponsive proton gate in the
bio-inspired HBM platform could permit the development of
more complex hybrid models for future biophotonics,
optoelectronics, molecular switches, and memory elements.
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