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ABSTRACT: A hydrophobic light-driven rotary motor is functionalized with two 18-crown-6 macrocycles and incorporated into
phospholipid bilayers. In the presence of this molecular construct, fluorescence assays and patch clamp experiments show the for-
mation of selective alkali ion channels through the membrane. Further, they reveal a strongly accelerated ion transport mechanism
under light irradiation. This increase of the fractional ion transport activity (up to 400%) is attributed to the out-of-equilibrium actu-
ation dynamics of the light-driven rotary motors that helps overcoming the activation energy necessary to achieve translocation of

alkali ions between macrocycles along the artificial channels.

INTRODUCTION

The selective transport of ions across lipid bilayers is a key
process to ensure integrity of living cells and to provide them
with advanced functionalities.’ If simple biomolecular carriers
process by a passive mode of transport, more sophisticated pro-
tein channels can involve channel-based regulation mechanisms
(or even active transport) by using external effectors (or a
source of energy). Beyond natural ion channels, synthetic arti-
ficial pores, with a few of them including shuttling molecular
machines,*” have demonstrated remarkable applicative inter-
ests for sensing, separation, and delivery processes.®° In par-
ticular, light-controlled molecular systems offer the opportunity
to govern, under temporal and spatial control, a large number of
ionic translocation processes through bilayer membranes.!2
Light-gated photochromic ligands have been designed to
change the pore diameter or the ion—dipole action of protein?®
and artificial®* channels. Light-regulated carriers®® or chan-
nels!®18 with individual ion-conduction states in bilayer mem-
branes can be optically switched between different states via
photo-isomerization of their former components. The opera-
tional range of photo-switches can also be used to create local
molecular motions inside the pores of mesoporous silica and to
facilitate the release of pore-confined molecules.’® Interest-
ingly, following different approaches and objectives, hydropho-
bic high-frequency (MHz) light-driven rotary motors were re-
cently integrated in the membrane of living cells, leading to
their death by drilling of the membrane and subsequent leakage
of their cytoplasm content.’ The rotation of such motors was
also demonstrated in the phospholipid bilayers of artificial lip-
osomes or within other amphiphilic structures leading also to
their drilling or to their morphological change at mesoscale.?-??
However, to the best of our knowledge, the implementation of
light-driven molecular motors?*-2® has not been yet envisioned
for regulating selective ion-transport processes across lipid
membranes. Now we report that light-driven rotary motors con-
jugated with crown ethers can self-assemble in ion channels

within phospholipid bilayers, and further boost their selective
ion transport activity when actuating their motor part under UV
irradiation.

RESULTS AND DISCUSSION

This work started with the synthesis of molecular motor A
(Scheme 1), which integrates a urea motif to favor its supramo-
lecular self-assembly by hydrogen bonds within the phospho-
lipid bilayer. Besides, it includes an 18-crown-6 ether as mac-
rocyclic unit, which is well known to perfectly accommodate
potassium cations in its center and to form sandwich-type com-
plexes with rubidium cations.?®?” Motor A was prepared in
three steps from molecular motor 1222 and crown ether deriva-
tive 4, as shown in Scheme 1. To access derivative 4 (Scheme
1b), compound 5 was first synthesized from commercially
available 4-nitrocatechol and pentaethylene glycol di(p-tol-
uenesulfonate) in the presence of templating potassium cations
to favor macrocyclisation. Further reduction of the nitro group
with palladium on charcoal and hydrazine afford compound 6,
followed by condensation of the resulting amine with 2-chloro-
ethyl isocyanate, afforded crown ether macrocycle 7 in reason-
able yields. Subsequent nucleophilic substitution with sodium
azide, and reduction of the azide to the amine using the
Staudinger reaction, afforded compound 4 in good yields. On
the other hand (Scheme 1a), free phenol groups of already re-
ported molecular motor 122° were protected by nucleophilic
substitutions with bromoethane. Subsequent saponification of
the two ethyl esters using sodium hydroxide in a mixture of
THF and methanol afforded molecular motor 3. Finally, com-
pound A was obtained by an amide coupling reaction between
amine 4 and bis-acid 3 using 1-Ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide (EDC) and HOB as reagents. This key com-
pound was purified by preparative reverse-phase high-perfor-
mance liquid chromatography (HPLC).
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Scheme 1. Synthetic routes for a) molecular motor A and b) crown ether derivative 4, c) chemical structure of episulfide B.

In addition, to better probe the influence of the rotation of mo-
lecular motor A on the ion transport properties upon light irra-
diation, we also synthesized episulfide B as a “control” mole-
cule in which the central photoactuating double bond of the mo-
tor is replaced by an episulfide moiety, thereby precluding any
rotation upon light irradiation (Scheme 1c). Starting from epi-
sulfide 9,%° compound B was synthesized in three steps accord-
ing to the same synthetic pathway as for compound A (Scheme
S2). The expected chemical structure and purity of all synthetic
products were confirmed by NMR spectroscopy and ESI anal-
ysis (see Sl for detailed synthetic protocols and characteriza-
tions).

The transport of alkali metal ions through lipid bilayers in the
presence of molecular motor A was monitored by a HPTS flu-
orescence assay on Large Unilamellar Vesicles (LUVs) of
phosphatidylcholine.* In this assay (Figure 1a), the fluorescent
probe HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid, pKa =
7.2), which in its protonated and deprotonated states exhibits
two different absorption wavelengths (450 and 405 nm respec-
tively), is used as a pH probe inside the LUVs in order to indi-
rectly measure the transport of alkali cations M*. After intro-
duction of A within the bilayer, the addition of sodium hydrox-
ide solution to the extravesicular medium creates a pH gradient
of approximately one unit compared to the intravesicular me-
dium. Because of the presence of A, this gradient can then be
compensated by cation/proton antiport or by metal-cation/hy-
droxide co-transport.*>3! By monitoring the relative fluores-
cence intensity (lsso/ls0s) of the HPTS probe, one can measure
an increase of the intravesicular pH which reflects the alkali cat-
ion transport across the membrane.

Preliminary to this experiment, we probed the solubility of
molecular motor A into Egg yolk L-o-phosphatidylcholine
(EYPC) LUVs by UV-Vis spectroscopy. The linearity of the
Beer-Lambert law was verified in the presence of the LUVs,
and we determined an extinction coefficient £ = 1.44 10* L.mol-

L.em™ in the conditions of the assay (see Sl section S4 and Fig-
ures S2 for details). Figure 1b shows that for a same concentra-
tion of A (33 uM) in a KCI / Phosphate-buffered saline (PBS)
solution, the absorption spectrum of the motor increases its in-
tensity by more than 4 times in the presence of LUVs, indicating
that, as expected, most of the hydrophobic motor is present
within the phospholipid bilayers during the HPTS fluorescence
assay. In addition, we measured by dynamic light scattering
(DLS) the size of the vesicles, which show similar diameters of
100 nm with and without molecular motors (Figure S4).
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Figure 1. a) Schematic representation of the HPTS fluorescence
assay implemented here to study the transport of alkali metal cati-
ons through phospholipid bilayer membranes incorporating molec-
ular motor A. b) UV-Vis spectra of motor A (¢ = 33 uM) in a KClI
/ PBS medium, in the presence (blue) or the absence (black) of
LUVs (see Sl, section S4 for details).
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We also probed as a control experiment that the typical UV
irradiation used in this entire study (365 nm, 7.5 mW.cm2, for



10 min) of the vesicles loaded with motors does not alter their
integrity neither their size (see Sl section 5). With this prelimi-
nary information, we evaluated the transport activities of Na*,
K* and Rb* cations with increasing concentrations of compound
A within bilayer membranes and in the presence of continuous,
partial and no UV light irradiation at 365 nm. EYPC LUVs (100
nm diameter) were filled with HPTS and 100 mM NaCl in a
phosphate buffer solution (10 mM, pH 6.4). The liposomes
were then suspended in an external phosphate buffer solution
(10 mM, pH 6.4) containing 100 mM of either NaCl, KCI or
RbCI. After addition of 20 pL of a stock solution of molecular
motor A in DMSO (2-10 mM), the effective concentration of A
was in the range of 20-100 uM. A pH gradient was then gener-
ated upon external addition of NaOH, and the internal pH
change (i.e. inside the liposome) was monitored by the change
in fluorescence of HPTS. For each batch of experiments, con-
trol experiments were recorded in the absence of A (with and
without UV irradiation), to evaluate if ionic diffusion through
the lipids bilayer might be affected by UV irradiation, that is by
rotation of the molecular motor (Figure 2).

In all the experiments performed, we confirmed the negligible
transport of alkali ions in the absence of A, independently of the
UV irradiation of the vesicles. Importantly, without UV irradi-
ation and in the presence of A, a strong increase of transport
activity was measured compared to the control experiment
without A (Figures 2a-c, blue and black curves, respectively).
Variations of the fractional ion transport profiles were also
shown to depend on the nature of the alkali cation present on
the outer shell of the vesicle (see for instance at a concentration
of 80 uM in A, the effect on the transport of NaCl (Figure 2a),

KCI (Figure 2b) and RbCI (Figure 2c), with the following rela-
tive rates of transport Rb*>K*>Na*). In addition, when evaluat-
ing the transport activity in the dark with increasing concentra-
tion of A (Figure 2d-f, blue bars), one can evidence that com-
pound A forms aggregated ion-channels towards cations, and
Hill coefficients were determined for these three metal ions (see
Sl section S2.2 and Figure S1). The Hill coefficients are n>1 for
all cations, meaning that more than one active molecule of A is
used to generate channels with a high degree of cooperativity
for the selective transport of cations. The use of benzo-18-
crown-6 as a cationic recognition site in the bilayer membrane
induces adaptive transport behaviors for compound A with a se-
lectivity for K* at low and medium concentrations (0-40 pM),
which then evolves for Rb* cations at high concentrations (60-
100 uM). Although the exact translocation mechanism of the
cations remains difficult to describe precisely at this stage, we
know from previous studies?® that macrocyclic compounds rec-
ognize the fittest cations via an equatorial binding, whereas a
selective sandwich macrocyclic recognition occurs to com-
pletely surround the bigger cations. This has been systemati-
cally rationalized for ion-specific chromatographic,® mem-
brane® and sensing®* polymeric materials. Such a behavior is
also reminiscent with the spatial positioning of the carbonyl
moieties, perfectly replacing the hydration sphere of K* cations
within active gate of KcsA K* natural channel.® In the present
case, it is therefore highly possible that the cations translocate
through self-assembled macrocyclic cation-binding aggregates
involving proximal macrocycles that may create dynamic pores
within the membrane environment.
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Figure 2. a-c) Evolution of the fractional cation transport activity as a function of time for a) Na*, b) K* and c) Rb* cations in the absence
of molecular motor A and without (black) or with (red) UV irradiation (365 nm, 7.5 mW.cm2, for 330 s); and in the presence of a 80 uM of
molecular motor A and without (blue) or with (green) UV irradiation (365 nm for 330 s); d-f) Evolution of the fractional cation transport
activity as a function of the concentration of molecular motor A in the bilayer membrane at 300 s for d) Na*, ) K* and f) Rb* without (blue)
and with (green) UV irradiation. Internal composition of LUV is 100 mM NaCl, 10 mM phosphate buffer at pH 6.4 and HPTS 10 uM.
External compositions are 100 mM of a,d) NaCl, b,e) KCI or c,f) RbClI in 10 mM phosphate buffer at pH 6.4.
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Figure 3. a) Sequential UV irradiation protocol over 360 s for ion transport experiments: at 20 s, addition of compound A; no UV irradiation
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to 120 s (T2), 150 to 200 s (T4), and 230 to 320 s (T6); b-d) Evolution of the fractional ion transport activity (Ca= 40 uM) as a function
of time for b) Na*, ¢) K* and d) Rb* in the absence of UV light (black), upon continuous UV irradiation (red) and according to the sequential
UV irradiation process (blue); e-g) Evolution of the fractional ion transport activity (Ca= 40 uM) as a function of time for ) Na*, f) K* and
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function of time for h) Na*, i) K* and j) Rb* in the absence of UV light and of episulfide (black), in the presence of UV light but without
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ation (green), with Cs = 100 uM.

We then probed with the same HPTS assay the effect of UV ir-
radiation, and therefore indirectly the effect of molecular motor ro-
tation, on the transport activity of Na*, K*, and Rb* (Figure 2a-c,
green curves). Satisfyingly, experiments under UV light revealed a
very different picture from the results obtained in the dark. Frac-
tional activity increases in all cases in the presence of UV light, and
with the strongest improvement of 400% observed for Na* in the
presence of A at a concentration of 60 uM. Because, in all cases,
the fractional activity is at least one order of magnitude higher than
the one observed under UV irradiation but in the absence of A, one
can postulate that this increase is the result of a mechanically acti-
vated transport mechanism. Selectivity of transport is also observed

under light irradiation, with for instance Sk+na+= 1.8 at a concen-
tration of 40 uM in A. This preference for K* cations decreases in
favor of Rb* cations at higher concentrations and Sro+k+= 2, fol-
lowing the same trend already observed without light irradiation.
Overall, the general trend observed in these experiments corre-
spond to a strong acceleration of the transport process in the pres-
ence of light irradiation, while preserving selectivity aspects be-
tween the different ions as a function of the concentration in A.

We also studied if this intriguing light-activated transport is
the result of an irreversible triggered process, or of a reversible
process requiring a continuous irradiation to function. To probe
this behavior, we performed sequential irradiation experiments
(see protocol of irradiation described in Figure 3a) with the



same HPTS assay and with a 40 uM concentration in A. For the
3 metal ions, the alternation of UV irradiation and of dark peri-
ods shows that the overall intensity of the transport is reduced
by the presence of light-off periods (Figure 3b-d). One can even
notice that by just lighting the system at the beginning of the
transport for only 70 s (Figures 3e-g) or 40s (Figure 3f), the ac-
celerated transport rate drops immediately when switching off
the light, and reaches a transport regime which is comparable
with the “no light” reference experiment (Figure 2a-c). In addi-
tion, both continuous and sequential UV experiments lead to a
final saturation transport behavior, due to the decrease of the M*
concentration gradient between the intra- and extra-vesicular
media, and the increase of the M* concentration in the intra-
vesicular medium. Therefore, the main driving force that gen-
erates the cation influx is the transmembrane concentration po-
tential, but this is supplemented by a specific UV activation of
molecular motors. In addition, the boosted transport of the metal
ions under UV irradiation is a reversible process which imme-
diately stops when the light is switched off.

To clarify whether the mechanism involved in the accelera-
tion of the ion transport was related to a configurational or con-
formational switch of molecule A, or rather to its out-of-equi-
librium rotational motion, we performed a series of 4 control
experiments (i-iv). i) We first studied the influence of UV irra-
diation on control episulfide B (Scheme 1) in which the central
photo-actuating double bond of the motor is replaced by an epi-
sulfide moiety, thereby precluding any rotation upon light irra-
diation. Figures 3h-j show the results for Na*, K*, and Rb* cat-
ions respectively, and unambiguously indicate that there is no
enhancement of transport generated by locked motor B, thereby
strongly suggesting that the rotation motion of A is essential to
boost the ion transport. ii) To verify this rotation hypothesis, we
recorded UV and CD spectra of motor A in the precise condi-
tions of the fluorescent assay (that is in the presence of the
LUVs and K* ions). As shown in Figure S3, no change was ob-
served after 5 or 10 minutes of UV irradiation, indicating the
absence of another isomer of A in the system. In particular, the
presence of the unstable helix form of A should be visible if its
lifetime was long enough. This control experiment therefore

shows that either the motor is not turning, or that it is turning
too fast to detect the unstable helix (as it is the case for this type
of second generation rotary motors with MHz frequencies due
to a low activation energy of thermal helix inversion in solu-
tion).2>%8 i) To probe whether the rotation indeed takes place
in the phospholipid membrane, we synthesized a dissymmetric
motor C, having in its bottom part a phenol group and a ethoxy
group (instead of two ethoxy groups in A). This structure allows
to differentiate between the E/Z isomers by 'H NMR, and even
to separate them by preparative HPLC (see Sl section S6). By
isolating one isomer of C and by irradiating it in the LUVs and
in the presence of K* ions, we proved the formation of the other
configurational isomer resulting from E/Z photoisomerization,
and therefore the rotation of the motor (see Figure S5). iv) As a
last control experiment, we performed the HPTS assay with var-
iable intensities of UV light, showing that the rate of the
transport increases with more powerful irradiations (with a sat-
uration effect above 7.5 mw.cm?), thus strongly suggesting
that the speed of the rotation is related to the transport efficiency
(Figure 4a-b).

To understand the importance of the chemical structure of A
in boosting the ion transport, we performed a second set of 3
control experiments (i-iii). i) First of all, we probed the im-
portance of the macrocycle in channeling potassium ions by
performing the fluorescent assay with motor 2 alone (which not
contain crown ethers). No transport was observed both in the
dark and under UV irradiation, which indicates in addition that
no drilling of the phospholipid membrane by the motor takes
place in these conditions (Figure S6). ii) Then, we performed
the same experiment but with adding crown ether 4’ 2 in addi-
tion of motor 2 (Figure 4c). In that case, a modest transport of
K* ions was measured in the dark, and with no acceleration un-
der UV irradiation, which indicates the necessity to link cova-
lently the crown part and the motor part to benefit from its me-
chanical actuations. iii) We also performed an experiment with
motor D containing 4 macrocycles (see Sl section S8). No
transport was observed in the dark or with light irradiation, pos-
sibly because of a too high steric hindrance of the molecular
structure avoiding the formation of ion channels (Figure S7).
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Finally, to obtain supplementary evidences on the ion translo-
cation mechanism through macrocyclic superstructures, we per-
formed a set of conductance experiments with potassium cati-
ons. For that, we used the planar lipid bilayer clamp technique®
in a symmetrical 1M KCI bath solution as electrolyte, with or
without UV irradiation (see Sl for detailed procedures). After
addition of compound A, the transport activity is rather slow to
initiate, often requiring 20 min before detecting any onset of
activity, which suggests that time is required to self-assemble
the channel structure (Figure 5a). When active, at a concentra-
tion of 80 uM in A, transitions between closed and opened
states are observed, describing long events (1-2 s) without UV
irradiation. These events become shorter (<0.5 s) with UV irra-
diation, and with an average opened state conductance around
200 pS (multi-level conductance type).
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Figure 5. Typical evolution of the membrane activity measured
by a single channel planar bilayer experiments involving motor A
a) without UV and b) under UV irradiation (Cis/trans 1M KClI,
diphytanoylphosphatidylcholine (diPhyPC), 80 uM A, +100 mV).
¢) 1-V plots for channels made of compound A recorded with UV
(red) and without UV (blue) irradiation.

The activity without UV irradiation (Figure 5a) suggests the
formation of unstable single channels with an erratic activity
produced as periodic and occasional bursts and possibly arising
from unstable pores.*” In the present case, evaluation of the
overall conductance of the open states is more likely related to
dynamic exchanges between channel components rather than
copies of a single channel.® These open states events are highly
amplified under UV irradiation (Figure 5b), and therefore sup-
posing by the mechanical rotation of molecular motor A. Their
orderly flow toward one direction creates a dynamic charge dis-
tribution along the channel, which can certainly be stimulated
if a strong electric field is applied. Thus, this multiple conduct-
ance behavior is intrinsically related to a type of ‘supramolecu-
lar polymorphism’ while the cation translocation is related to
the dynamics of the crown-ether aggregates within bilayers. In

addition, despite the presence of local signal variability due to
dynamic behaviors of the lipid bilayers under combined UV ir-
radiation/mechanical motor motions, the presence of open and
close states under light irradiation in the patch clamp experi-
ment — together with the ion selectivity revealed by the HPTS
assay as well as the absence of transport with motor 2 alone —,
strongly discard the possibility of a transport mechanism result-
ing from the drilling of the membrane.?°2! |-V plots in Figure
4b also show a linear variation (i.e., ohmic behavior) at low po-
tential, while at higher potential they become asymmetric, sug-
gesting that channels of A can be triggered at high positive volt-
age. The ionic conductance values (yx.) are 0.45 + 0.04 nS
(without UV irradiation, blue data) and 0.95 + 0.1 nS (with UV
irradiation, red data) for the positive currents and 0.24 + 0.02
nS (without UV irradiation) and 0.35 £ 0.05 nS (with UV irra-
diation) for the negative current. The ion transport conduct-
ances present a 100% increase upon UV irradiation compared
to the same experiment in the dark, a value similar to the one
previously observed with HPTS assays (Figure 2e). Further
comparison of the two sets of perfectly fitted current versus
voltage curves indicate that channels of A present an interesting
rectification behavior, as confirmed by the different conduct-
ance values determined at negative and positive potentials.
Such rectification behaviours® are reminiscent with a specific
dipolar orientation of the asymmetric superstructures of com-
pound A within the membrane bilayer (see also CD spectra in
Figure S3b).

CONCLUSION

In summary, we have designed intriguing ion channels con-
structs based on 18-crown-6 macrocycles conjugated with light-
driven rotary molecular motors. Such channels show selective
transport of alkali cations through phospholipid bilayers in the
dark. Further, their transport activity strongly increases — up to
400% — under UV irradiation. To rationalize this effect, one can
propose that the actuation dynamics of the molecular motor pro-
vides energy to the ion channel in the form of mechanical de-
formations and vibrations,*’ or in the form of local heating by
energy dissipation. This adds to the surrounding thermal energy
and helps crossing the activation barrier necessary to translocate
ions between macrocycles along the artificial pore. This first
observation of a selective and accelerated cation transport pro-
vided by an artificial molecular motor is of importance for the
field of molecular machines where such applications are highly
expected. The experiments performed in this study strongly
suggest that the continuous out-of-equilibrium* rotation of mo-
lecular motor A is responsible for boosting the ion transport ac-
tivity, which is a fundamentally different functioning principle
when compared to molecular switches which can change ion
conductivity by adopting different configurations/confor-
mations as a function of their states. These results are also of
particular interest for the development of new regulated
transport mechanisms making use of responsive artificial chan-
nels. This motional activation gives to the channels an increase
in performance from the point of view of mass transfer. They
can adapt dynamic transient superstructures which are ion se-
lective and permeable. In addition, for the particular case of the
patch clamp experiment, this study demonstrates the intriguing
coupling between mechanical forces with electrical signaling, a
phenomenon at the core of very important pathogenic mecha-
nisms in biology, such as those involved in neurodegenerative
diseases.*2
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