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Zitierweise:
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\negative feedback mechanisms within the system.

Abstract: Biology has mastered energy transduction, converting energy between various forms, and employing it to drive
its vital processes. Central to this is the ability to use chemical energy for the active transport of substances, pumping
ions and molecules across hydrophobic lipid membranes between aqueous (sub)cellular compartments. Biology employs
information ratchet mechanisms, where kinetic asymmetry in the fuel-to-waste (i. e., substrate-to-product) conversion
results in catalysis-driven active transport. Here, we report an artificial system for catalysis-driven active transport across
a hydrophobic phase, pumping a maleic acid cargo between aqueous compartments. We employ two strategies to
differentiate the conditions in either compartment, showing that active transport can be driven either by adding fuel to a
single compartment, or by differentiating the rates of activation and/or hydrolysis when fuel is present in both
compartments. We characterize the nonequilibrium system through complete kinetic analysis. Finally, we quantify the
energy transduction achieved by the catalysis-driven active transport and establish the emergence of positive and
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Introduction

The conversion of chemical energy into transmembrane
gradients through catalysis is fundamental to life."! Mem-
brane proteins, such as Complex I, III and IV in the electron
transport chain, use high-energy substrates®? to generate
transmembrane (proton) gradients, which in turn are used
to drive adenosine triphosphate (ATP)P! synthesis or
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metabolite transport.[! Cells employ catalysis-driven infor-
mation ratchet mechanisms®® to transduce energy stored in
kinetically stable, yet thermodynamically activated,
substrates® (also called chemical fuels™), to pump concen-
tration gradients. Catalysis of fuel-to-waste (i. e., substrate-
to-product) reactions by membrane-spanning biomolecular
pumps actively enables the transport of a cargo across a
membrane.'> The rates of ATP binding and release
depend on the conformational state of the transmembrane
pump!'® and thus result in kinetic asymmetry in the reaction
CyCle.W’&”’lg]

Membrane transport can be divided into passive (Fig-
ure 1a) and active (Figure 1b,c) processes.” Passive trans-
port involves the thermodynamically downhill relaxation of
a cargo concentration towards equilibrium (Figure 1a).
Active transport requires an energy input to drive a cargo
concentration away from equilibrium. Active transport
processes can be further divided into primary and secondary
active transport.”” Secondary active transport does not
involve catalysis of a chemical reaction: the concentration of
a co-transported substance relaxes to equilibrium, driving
the cargo concentration away from equilibrium (Fig-
ure 1b).2">! In contrast, primary active transport relies on
an orthogonal energy-providing process, such as light
irradiation™” or a fuel-to-waste reaction (Figure 1c). The
nonequilibrium nature of active transport processes requires
a ratchet mechanism for the transduction of energy.’**

The very limited examples of transmembrane primary
active transport in artificial systems are dominated by light-
driven systems. Photoswitches illuminated with different
wavelengths on either side of a membrane can result in
active transport through selective uptake/release of a
cargo,®*! while anisotropic insertion of a chromophore into
a membrane allows spontaneous photoinduced transmem-
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Figure 1. Schematic representation of membrane transport processes.
(a) Passive transport, where a transmembrane concentration gradient
of the cargo is dissipated. (b) Secondary active transport, where the
transmembrane gradient of a co-transported species is dissipated,
providing the energy input for active transport of the cargo. (c) Primary
active transport, where cargo-mediated catalysis of an orthogonal fuel-
to-waste (i. e., substrate to product) reaction results in pumping of the
cargo across the membrane, transducing energy from the chemical
reaction to generate a concentration gradient.

brane charge separation, which can drive active transport
through charge recombination. !

In contrast to artificial systems, the majority of biology’s
active transport processes are chemically powered, often by
catalysis of ATP hydrolysis, which transduces chemical
energy into transmembrane gradients through catalysis.!”
Realizing this goal in artificial systems would necessitate
using catalysis-driven ratchet mechanisms to drive chemical
processes other than molecular-level motion.* So far,
catalysis-driven machines have been used to pump macro-
cycles onto a collecting chain in a pseudorotaxane,™ or
disequilibrate co-conformational populations in interlocked
molecules.” The conceptual advancement to transfer the
principles from small molecules to active transport between
macroscopic compartments has just been put forward,’*
yet realizing catalysis-driven active transport remains a
formidable challenge, explicitly identified by the
community.?

Here, we describe the catalysis-driven active transport
(Figure 1c) of dicarboxylic acid cargoes between aqueous
compartments separated by a liquid phase, fueled by the
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Figure 2. (a) Chemical reaction used to provide the energy that drives
active transport when catalyzed by maleic acid, i. e., the fuel-to-waste
reaction. (b) Schematic representation and picture of the experimental
setup employed herein: all three phases are stirred simultaneously
using mechanical stirrers (top phases) and a magnetic stirrer (bottom
phase). (c) Chemical reaction network investigated in this work,
showcasing the investigated compounds.

hydration of a carbodiimide (Figure 2a). Diacids are shown
to be efficient catalysts for the fuel-to-waste reaction.
Transient anhydride formation“#! allows passage of the
cargo through the hydrophobic layer. We show that
localized addition of fuel is sufficient to achieve kinetic
asymmetry in the pumping cycle. We further demonstrate
that active transport can be achieved through differentiating
the anhydride formation and hydrolysis steps, with equal
fuel addition in the two compartments. Finally, we offer
insights into the thermodynamic and kinetic properties of
the process.

Results and Discussion
Design of a Catalysis-Driven Active Transport System

We conducted our investigations in a U-tube set up (Fig-
ure 2b), with 2-(N-morpholino)ethanesulfonic acid (MES)
buffered aqueous compartments (denoted throughout the
manuscript as left (L), generally the feeding compartment,
and right (R), generally the receiving compartment) on
either side of a dichloromethane liquid phase, which acts as
a macroscopic liquid membrane. This set-up is particularly
advantageous, as it allows direct sampling of both the
aqueous phases and the organic phase by standard ensemble
characterization techniques, such as nuclear magnetic reso-
nance (NMR) spectroscopy and high-performance liquid
chromatography (HPLC). All three phases were stirred to

© 2025 The Author(s). Angewandte Chemie published by Wiley-VCH GmbH

95UB917 SUOLWLLOD aAITeaI) 9|aedljdde ay) Aq pauienob ale Sejoile YO ‘8sn Jo o Joj Aelg 1 8UIUO 43I UO (SUONIPUOD-pUe-SLLLB)W0Y" A3 | 1M Ale.q 1jputuo//sdny) SUORIPUOD pue sWwie | 8y} 8es *[5202/c0/0T] o Akeigiiauliuo Aim ‘Aisealun - AiseAlun weying Aq vEZTzyz0z 96Ue/z00T 0T/10p/wod Ao im Aeq1pul|uo//SAny wouy pepeojumod ‘0 '/GLETEST



GDCh
=

ensure efficient mixing of phase boundaries (see Supporting
Information, Figure S1 and related text for details).

Several features must be considered in designing an
active transport system. (1) How will the cargo be trans-
ported across the membrane? For transport between
aqueous compartments, the cargo is generally a charged
species. To allow passage across a hydrophobic membrane,
the charge of the cargo must be temporarily screened or
removed. This is a key consideration for both passive and
active transport (Figure 1).2%1 (2) What are the features of
the energy source that will drive the active transport? Since
active transport is an endergonic process (i. e., has AG>0),
it must be driven by an energy-providing process capable of
interacting with the cargo to alter its transport kinetics."*!
(3) How will anisotropy be provided in the system? The
rates of processes must be differentiated on either side of
the membrane to determine the direction of active transport
and its extent. This can be achieved by differentiating the
conditions within the aqueous compartments” or by desym-
metrizing the membrane itself.*”

To satisfy these criteria, we selected maleic acid (1) as a
cargo for active transport. Within a relevant pH range of
5.0-7.0, maleic acid exists predominantly in either the singly
or doubly deprotonated form (pK,=1.94 and 6.22), which
prevents passive transport through a hydrophobic phase. We
reasoned that the small diacid undergoes a large change in
hydrophobicity when converted to maleic anhydride (2),
since the charge is removed in the anhydride state. This
process can be promoted by carbodiimide activation, which
has previously proved effective in many systems, in the
context of self-assembly,***! autonomous molecular
machines,*54 and even endergonic synthesis.***! In turn,
carbodiimide hydration (Figure 2a) takes the role of the
“driving reaction”: the source of energy. Such a system is
mapped by the triphasic chemical reaction network in
Figure 2c. Differentiating the composition of the two
aqueous phases varies the rate constants for anhydride
formation (k,) or anhydride hydrolysis (k,),' thus introduc-
ing kinetic asymmetry to the reaction network, ultimately
driving active transport.

Quantification of Isolated Elements of the Reaction Network for
Active Transport

All rate constants that describe the reaction network (Fig-
ure 2¢) can be estimated from simpler experiments examin-
ing specific processes in isolation. We first confirmed that
maleic acid has a negligible rate of passive transport (i. e.,
that the pathway from 1, —1,,—1g via k;; and k_,y is slow).
Maleic acid was dissolved in compartment L (L: [1],=5 mM,
pHy,s 6.0, R: [1],=0mM, pH,, 6.0). We monitored the
system by measuring the time-dependent concentration of
maleic acid in both the feeding and receiving compartments
by HPLC (Figure3a). A very slight decrease in the

' For thermodynamic consistency the microscopic reverse constants, k_
, and k_,, are included in the reaction network. However, these values
are generally very small due to the large AG of these reactions.
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Figure 3. Key preliminary conditions. (a) Maleic acid evolution starting
from [1].0=5 mM, [1]z,=0 mM, monitored by HPLC. (b) EDC
evolution in time in MES buffer 250 mM, pD,, 6.0 in the presence
(purple) or in the absence (green) of 5 mM 1. The black full line is
obtained by fitting the hydration to a first-order process, see
Supporting Information, Section S5 for details. Conditions for both
panels: [MES]=250 mM, pH,, 6.0.

concentration of maleic acid in the feeding compartment
was observed, while no maleic acid was observed in the
receiving compartment over the 3h course of the experi-
ment. The results indicate that while maleic acid can
partially dissolve in the hydrophobic phase, it does not
significantly diffuse between the aqueous compartments on
the timescale of the experiment.

We next examined the rate of anhydride hydrolysis in
both the aqueous and organic phases. The conversion of
maleic anhydride to maleic acid was monitored by ultra-
violet-visible (UV/vis) spectroscopy in buffered aqueous
solution ([2]=5 mM, pH,,, 6.0), and was well-described by
pseudo-first-order kinetics with a half-life of 22s (corre-
sponding to k,=0.0319 s™', Figure S4). An analogous experi-
ment was performed in CH,Cl,, which had been saturated
with the aqueous buffer. In this wet CH,Cl, solution, no
appreciable hydrolysis of the anhydride was observed over
17 h ([2],=5 mM, Figure S6); thus the network in Figure 2¢
featuring a single cycle®™ is sufficient to describe the system.
These experiments suggest that in the triphasic U-tube set-
up, hydrolysis occurs either at the phase boundaries or in
the aqueous phase.

We investigated the competition between phase transfer
(k;) and hydrolysis (k,;) by adding maleic anhydride to
compartment L only (L: [2],=5 mM, 10 pmol, pH, 6.0, R:
[2l,=0mM, pH,, 6.0, Figure S7). We monitored the
appearance of maleic acid in both aqueous phases L and R
by HPLC. A consistent difference of 1.52 umol in the
amount of maleic acid in L and R phases in favor of 1; was
observed over the entire time-course of the experiment.
This difference arises from the competition between hydrol-
ysis (ky, known, see above) and phase transfer (k;), hence
allowing k; to be estimated as 0.018 s™!, corresponding to a
half-life of 3.8 s, thus faster than the hydrolysis process.

With this information at hand, we studied the partition-
ing behavior (ki/k_;) of maleic anhydride by adding it
(20 umol) to the organic phase and monitoring the increase
in maleic acid concentration in the aqueous phases following
phase transfer and hydrolysis (Figure S8). HPLC analysis
immediately after initiation of the experiment detected only
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negligible amounts of maleic acid.” Since the experiment is
performed under vigorous stirring, this observation suggests
that the anhydride partitions predominantly into the organic
phase. Continued monitoring of the experiment revealed
that the total amount of maleic acid in the aqueous phases
increased up to 17.8 uymol over time, indicating that about
2.2 umol, remained in the organic phase ([1],,, =180 uM, &/
k_,=0.040) consistent with the observed partitioning of the
maleic acid into the organic phase when dissolving it directly
in the aqueous phase (Figure 3a).

This experiment indicates that phase transfer from the
organic to the aqueous phase (k_;) happens on a suitable
timescale, but is not sufficient alone to distinguish between
two possible scenarios: either a rapid equilibration of maleic
anhydride between the two phases with slower hydrolysis
(k_5 > k,) or a rate-determining phase transfer followed by
rapid hydrolysis (k_; < k,). To discriminate between these
two cases, we built a kinetic model to fit the data obtained
in this experiment. Data fitting indicated that phase transfer
is rate-determining and followed by rapid hydrolysis (see
Supporting Information, Figure S25 and related text).

The remaining process involved in the reaction network
is maleic anhydride formation, which was examined first in
an isolated aqueous phase. 'H NMR spectroscopy allowed
quantification of the carbodiimide-driven conversion of
maleic acid to maleic anhydride under the buffered con-
ditions of the experiment ([1],=5 mM, pD,, 6.0, Figure S9).
Upon  addition of 100mM 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide (EDC) to the solution, the first
NMR spectrum (t=3.5 min) already showed maleic anhy-
dride formation, accompanied by conversion of the EDC
fuel to 1-ethyl-3-(3-dimethylaminopropyl)urea (EDU)
waste. The anhydride persisted until the concentration of
EDC was depleted, being hydrolyzed back to maleic acid
within ~50 min (Figure S9). Under these conditions, the
half-life of EDC is 16.5 min; this value is almost 90 times
shorter than the EDC half-life in the absence of maleic acid
(given by ks, 28 h at pD,,, 6.0, Figure 3b), indicating that
maleic acid is a good catalyst for EDC hydration, with most
of the EDC-to-EDU reactions proceeding via the maleic
acid-catalyzed pathway. To gain precise quantitative infor-
mation on the rate of EDC hydration, we monitored the
same experiment (albeit in H,O instead of D,0) by UV/vis
spectroscopy, which allows monitoring the first few seconds
after addition, when anhydride formation is the dominant
process (Figure S10). Fitting of the experimental data to a
kinetic model afforded k,=0.37 M~'s™!, which implies a
half-life of 11 min for EDC in the presence of maleic acid
catalyst, in agreement with NMR data.’

Together, the experiments examining aspects of the
chemical reaction network in isolation confirm (1) the
partitioning behavior of both the acid and the anhydride, (2)

*We note that maleic anhydride hydrolyzes to maleic acid before HPLC
analysis.

3The slight discrepancy in the rates determined by 'H NMR and UV/vis
spectroscopy may arise from the kinetic isotope affect as a conse-
quence of performing the experiments in D,O and H,O respectively, or
room temperature differences.
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suitable anhydride formation and hydrolysis rates, and (3)
catalysis of the fuel-to-waste reaction. Thus, the maleic acid
system fulfills the requirements necessary for performing
primary active transport across the macroscopic liquid
membrane.

Active Transport Driven by Localized Fuel Addition

To demonstrate active transport within the full system,
equimolar concentrations of maleic acid were dissolved in
both compartments (L=R: [1],=5mM, pH,, 6.0). EDC
(100 mM) was added only to L (Figure4a), and the
concentration of species in both aqueous compartments was
monitored over time by HPLC (see Supporting Information,
Section S2.1). The rapid and complete depletion of maleic
acid in compartment L was initially observed, confirming
the complete partitioning of maleic anhydride into the
organic phase. Subsequently, maleic acid concentration
gradually increased in compartment R, reaching a maximum
concentration of 8.9 mM after 4 h, consistent with ~180 uM
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Figure 4. Catalysis-driven active transport. (a) Species evolution moni-
tored by HPLC, starting from [1]_o=[1]zo=>5 mM, [MES]=250 mM
pH,ps 6.0, with addition of EDC to L at t=0; error bars represent the
standard deviation of three independent experiments. The black full
lines are obtained by modeling the system using the experimentally
determined rate constants. (b) The same active transport process as
describe in (a), with concentrations monitored by NMR and error bars
representing the standard deviation associated to the repeated
measure of the same sample. (c) Evolution of stored energy for the
active transport experiment described in panel (a). (d) Evolution of
thermodynamic efficiency, obtained using the NMR-determined con-
centrations observed in the experiment of panel (b). Data refer to the
experiment pictured within the box below all panels. See Supporting
Information, Sections S2.1, S4.1.3, and S5 for additional details.
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maleic acid remaining dissolved in the organic phase (c.f.
Figure 3a). The acidic HPLC analysis conditions employed
prevent the concentrations of fuel and waste from being
determined. Therefore, we also employed 'H NMR to
quantify the evolution of these species. Specifically, we used
capillaries to withdraw a few pL of solution for each data
point, and transferred the entire capillary to a standard
NMR tube for measurement (Figure 4b, see Supporting
Information, Section S4.1 for details).

Time-dependent '"H NMR data showed excellent agree-
ment with the HPLC data with respect to the maleic acid
concentrations (Figure 4a, c.f. Figure S19), but also showed
the maleic acid-catalyzed conversion of EDC-to-EDU as
maleic acid is actively transported from L to R. Specifically,
the conversion proceeds to 50% in ca. 6h, which is
intermediate between the 24 h of the uncatalyzed reaction
and the 11 min observed in a homogeneous aqueous phase
in the presence of maleic acid catalyst. This decreased rate
of hydration compared to the single-phase catalysis experi-
ment is explained by the presence of a negative feedback
loop®" associated with the transport: as the concentration of
maleic acid in L is depleted, EDC hydration can only occur
by the slower, uncatalyzed pathway (ks). Finally, NMR data
show that only a minimal amount of EDU is observed in
compartment R, which indicates a very limited amount of
passive diffusion of either EDC or EDU on the timescale of
the experiment, and excludes a role of co-transport phenom-
ena (Figure 1b).

Opverall, the results are fully consistent with primary
active transport of maleic acid: chemical energy from
carbodiimide hydration has been transduced and stored as
energy in a chemical gradient of maleic acid across a
macroscopic liquid membrane.

The experimentally determined transport data showed
excellent agreement with a kinetic model based on the
independently measured rate constants (Figure 4a, solid
lines, see Supporting Information, Section S5 for details).
Modeling reveals that the overall rate of transport is
predominantly controlled by the rate of maleic anhydride
transfer from the organic to the aqueous phase. Therefore,
the model predicts that transfer should be suppressed upon
increasing anhydride hydrophobicity. We tested this predic-
tion by performing an identical transport experiment while
replacing maleic acid with methylmaleic acid or phthalic
acid. In line with model predictions, with methylmaleic acid
the rate of active transport is reduced (5.5 mM methylmaleic
acid vs 85mM maleic acid observed in the receiving
compartment at 3 h), and becomes entirely kinetically sup-
pressed when using phthalic acid (Figure S20, S21). These
experiments also demonstrate the generality of the mecha-
nism, which is not solely limited to maleic acid. Further-
more, the generality can be demonstrated even beyond
transient anhydride formation. We investigated the chemi-
cally-fueled transport of N-acetyl-L-histidine, which forms a
transient hydrophobic oxazolone upon reaction with
EDC.P? Active transport was successfully achieved, with an
increase of [N-acetyl-L-histidine] in compartment R from
5.0 to 5.9 mM over 24 h, when fueling compartment L with
20 mM EDC (Figure S22).
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The uneven distribution of maleic acid obtained upon
fueling has a higher free-energy content than the initial
equilibrium state, which would dissipate if a pathway for
passive transport (Figure 1a) became available. The calcu-
lation of the free energy stored in chemical disequilibria
(chemical potential gradients) is well-established, and can be
performed using experimentally measured
concentrations.®#¥3*3 n the present system, the stored
energy increases rapidly above 8J L™' within 25 min,
leveling off around 14J L' (Figure 4c, see Supporting
Information, Section S6 for details). The rapid initial
increase is dictated by the fast depletion of maleic acid in L,
while the subsequent rise is associated with its increase in R
over time. In fact, these values are lower-bounds for the
energy stored, since in compartment L the concentration of
maleic acid remains below the limit of detection of our
analysis method (cf. Figure 4a). The same approach can be
used to quantify the input free energy provided to the
system by the EDC to EDU conversion.’®>! This allows
estimation of the thermodynamic efficiency of the active
transport process as the stored free energy divided by the
input free energy. In other words, at any point in time while
the transport occurs, the fraction of input free energy that
has been effectively stored in form of a concentration
gradient can be estimated. The efficiency of the active
transport reaches a maximum at ~0.35 % (Figure 4d).

We can appreciate the significance of a 0.35 % efficiency
by considering that an ideal mechanism with full direction-
ality would convert one molecule of EDC into EDU while
pumping one molecule of maleic acid from one compart-
ment to the other. Taking into account the energetics of
these two processes, one retrieves a maximum theoretical
efficiency of 3.8 % for pumping all the maleic acid from L to
R using EDC (see Supporting Information, Section S6.1).
This value reveals that the reason for a low efficiency lies
primarily in the highly exergonic hydration of EDC, which is
used to drive a purely entropic energy storage process.[*!
Moreover, this experiment is designed to have a statistical
50 % chance of anhydride transfer from the organic to the
target aqueous phase, which further lowers to <1.8% the
maximum theoretical efficiency of the process. The further
loss of efficiency is due to the slow rate of diffusion of
anhydride versus hydrolysis (k; vs k;). This results in
anhydride hydrolysis before it has diffused into the organic
phase, constituting a futile cycle within the reaction network.
While the measured efficiency is five times smaller than the
maximum theoretical value of 1.8 %, it nonetheless repre-
sents a significant increase in efficiency versus most other
systems driven by cabodiimide-hydration reported to
date.[*®¥! The evolution of efficiency during the course of
the experiment presents a bell-shaped profile, offering
experimental evidence coherent with a general theoretical
prediction on  non-equilibrium  chemical reaction
networks.®

Another general theoretical result that can be tested
with the present experimental system is the non-equilibrium
pumping equality.®™** This result predicts that the steady
state ratio of any two concentrations, e.g. [1]z/[1]., is equal
the corresponding equilibrium ratio ([1]g eq/[1]1, eq=1) multi-
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plied by a kinetic factor.” Based on the measured kinetic
rate constants in our active transport experiments, we can
analytically derive and numerically confirm this general
result (see Supporting Information, Section S7.2 for details).
The non-equilibrium pumping equality was recently used by
Astumian and Sen to describe theoretically a mechanism of
chemotaxis.” Specifically, they illustrated the case of a
catalyst diffusing in a gradient of substrate and product, a
situation which closely maps our approach, and inspired it.”

Active Transport with Equal Transmembrane Fuel Addition

While the system is directional due to the presence of fuel in
only one compartment, selective addition of fuel to a single
compartment may not always be possible, e. g., it is hard to
imagine fueling only the lumen of a liposome. Therefore, we
considered strategies to achieve active transport while
fueling both phases. We initially investigated the role of pH,
testing active transport at pH values of 5.5 and 6.5 in both
compartments, which allows using MES buffer at both pH
values, and avoid effects associated with large pH
differences. In these conditions, active transport proceeds
with a similar rate, extent of transport, and stored energy
(Figure S23, S28, S29). This confirms the robustness of the
transport mechanism, and further supports a rate-determin-
ing role for anhydride phase transfer into water.

Active transport between phases of different pH is also
possible. We performed transport experiments across a
transmembrane pH gradient, from L=pH 6.5 to R=pH 5.5
and vice versa. Notably, when driving active transport from
the pH 5.5 compartment to the pH 6.5 compartment, the
amount of maleic acid accumulated in the receiving
compartment is slightly higher than when transport is driven
in the opposite direction ([1]x=8.3 mM if R is at pH,,=6.5
vs [1][g=6.3 mM if R is at pH,,,=5.5, at 2.5 h, Figure S23).
Kinetic measurements allowed this observation to be
unraveled, revealing that while the half-life for anhydride
hydrolysis at pH 5.5 (28.0£0.5 s, Figure S3) is slightly longer
than at pH6.5 (24.5+1.65s, Figure S5), the activation by
EDC is also significantly faster at lower pH, being
0.68 M7 's7! at pDy, 5.5 vs 0.225M7's™' at pDg, 6.5,
Figure S11, S13). Combining these data, we can calculate an
upper limit for kinetic asymmetry of K,=3.9 (defined
counterclockwise with respect of Figure2c, at t=0, see
Supporting Information, Section S7.1) for the simultaneous
fueling of both phases, which indicates that we should
observe an accumulation of maleic acid in the compartment
at pH 6.5 when fueling both phases with equimolar fuel
concentrations. Thus, we performed this experiment, with
fuel addition to both L and R (L: [1],=5.3 mM, pH,, 5.5,
[EDC],=50 mM, R: [1],=5.3mM, pH,, 6.5, [EDC],=
50 mM). As predicted, accumulation of maleic acid was
observed in the higher pH compartment R (Figure 5a).
Given the relatively low kinetic asymmetry in this experi-
ment (K,=3.9 vs essentially unidirectional in localized
fueling experiments, c.f. Figure 3), the energy stored is also
much lower (0.065 J L™, see Supporting Information, Figure
S30 and related text for the assumptions considered).
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Figure 5. Transport under equal transmembrane fuel addition. (a)
Evolution of [maleic acid] when fueling compartments having different
pH, starting from [1] o=[1]go=5 MM, pH_ 45 =5.5, pHg s =6.5. and
adding simultaneously EDC (50 mM) to both L and R, at t=0. (b)
Simulation of the evolution of the difference in [maleic acid] between
compartments L and R, as a function of [EDC],, evaluated every 2 h,
obtained by fueling with equal EDC amounts on both sides a system
where the rate of hydrolysis in compartment R is 5% faster than the
same process in compartment L. (c) Evolution of the ratio of [EDC] in
compartments L and R, simulated under the conditions of (b) when
[EDCJo=75 mM. (d) Evolution of [maleic acid] when fueling compart-
ments featuring hydrolysis promoter NMe,l (50 mM) in R, and
catalytically inert NMe,Cl (50 mM) in L, starting from [1] =
[Mro=5.3 MM, pH ,,s=pPHgobs=6.0, and adding simultaneously EDC
(75 mM) to both L and R, at t=0. The black full lines are obtained by
modeling the system using the experimentally determined rate
constants, see Supporting Information, Section S5 for details. Con-
ditions for (a) and (d): [MES]=250 mM, species monitored by HPLC.
Experimental data refer to the experiment pictured within the box below
all panel.

Notably, however, much higher kinetic asymmetry and
effectively complete transport can be achieved by operating
across a larger pH difference. At pH 9.0 EDC activation is
inefficient,’*" ! anhydride hydrolysis is rapid (half-life <1 s),
and transmembrane addition of EDC leads to essentially
quantitative transport from pH 5.5 to 9.0 (Figure S24 and
related text).

An alternative strategy to impart kinetic asymmetry is to
catalytically promote anhydride hydrolysis in one of the
compartments. We screened hydrolysis promoters, monitor-
ing transient EDC-promoted maleic anhydride formation in
a single phase, in their presence ([1],=5 mM, [additive] =
50 mM, [EDC],=100 mM, pH,,, 6.0). We discovered that
both NMe,Cl and NMe, reduce the rate of anhydride
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formation (k,) by about 11 % (possibly due to ion-pair
formation between NMe," andmaleate), while the rate of
anhydride hydrolysis (k,) is ca. 12 % faster in the presence
of the iodide salt compared to the chloride (0.0199 s™* for I~
vs 0.0177 s™* for Cl-, Figure S14, S15).

Our kinetic model allowed us to assess if these small
differences are sufficient to provide the anisotropy required
to drive appreciable levels of active transport, and to
optimize the amount of EDC required. From the simula-
tions, substantial active transport was predicted (>1mM
difference between [1]; and [1]g), even when just a 5%
difference between the hydrolysis rates in the two compart-
ments is present (k,z = k4 x1.05), provided that enough fuel
is present. In particular, larger amounts of EDC extend the
lag phase (when maleic acid is mostly in the organic phase),
consequently promoting greater accumulation of maleic acid
in the receiving compartment R (Figure 5b, Figure S26). A
factor contributing to the amplification of small differences
is that the transport of maleic acid — a catalyst for EDC
hydration — simultaneously induces a positive feedback in
the compartment R (EDC is consumed faster with more
maleic acid present) and a negative feedback in compart-
ment L (EDC is consumedslower with less maleic acid
present), amplifying small imbalances over time. In line with
this interpretation, the relative amount of EDC in compart-
ment L (i. e., [EDC]/[EDC]r) becomes progressively larger,
increasing nonlinearly over time (Figure 5c). In turn, kinetic
asymmetry is increased favoring directional transport.

Building on these insights, we performed active transport
experiments adding hydrolysis promoter NMe,I (50 mM) in
compartment R, and inactive NMe,Cl (50 mM) to compart-
ment L to ensure a balance of salt concentration and
account for any thermodynamic effects. The conditions
across the two compartments were otherwise identical, with
the same pH and a substantial amount of fuel added (both L
and R: [1],=5 mM, pH,,, 6.0, [EDC],=75 mM, [NMe,X]=
50 mM, with X=Cl in L and X=T in R.). Active transport
was observed, with accumulation of a nonequilibrium
concentration of maleic acid in R, the compartment bearing
hydrolysis promoter NMe,I (Figure 5d), with the final
maleic acid concentrations determined as [1],=4.3 mM,
[1]x=5.8 mM. The kinetic asymmetry at t=0 under these
conditions is 1.17, though notably this value increases over
time due to feedback (see Supporting Information Section
S7), while the energy stored goes up to 0.4J L. While the
extent of transport is relatively small compared to those
obtained by localized fuel addition, the resulting gradient of
maleic acid is comparable or even greater with respect to
those achieved in the most advanced light-driven
systems.!

The two experiments employing either a transmembrane
pH gradient or addition of NMe,I as hydrolysis promoter
(Figure 5a,d) provide a crucial demonstration that active
transport can be achieved even when fuel is present in
equimolar concentrations on both sides of a macroscopic
membrane: selectivity can be obtained within the chemical
reaction network reported herein by differentiating the rate
of anhydride formation and/or hydrolysis between the two

Angew. Chem. 2025, €202421234 (7 of 9)

Forschungsartikel

Angewandte
Chemie

compartments, leveraging simultaneous autocatalysis and
negative feedback.

Conclusion

In summary, we have successfully achieved primary active
transport powered by chemical energy, transducing energy
through catalysis for the generation of a transmembrane
molecular gradient. Control of the relative rates of anhy-
dride formation and hydrolysis of a maleic acid cargo on
either side of a macroscopic liquid membrane provides
kinetic asymmetry,*'®*! driving active transport in a fully
artificial system. The anisotropy for determining the direc-
tion of transport is provided by differentiating the conditions
within the aqueous compartments. Most simply, this can be
provided by adding fuel to only one compartment. However,
we demonstrate that, even when equimolar fuel is present in
both aqueous compartments, pH differences or catalytic
acceleration of hydrolysis can afford the anisotropy required
to provide kinetic asymmetry and drive the formation of a
concentration gradient. In the terminology proper of
artificial molecular machines, the system can be doubly
kinetically gated.F®]

Most notably, this research leverages the principles of
molecular ratchets, translating concepts from small molecule
machines to a transmembrane setting.”**! While the mole-
cules and mechanism appear very different to their small
molecule counterparts, the active transport we have demon-
strated is driven by fundamentally the same type of
catalysis-driven information ratchet as has been demon-
strated for small molecule motors and pumps, underpinning
most biomolecular machines,"” and more broadly disequi-
libria conversion. This is further supported by kinetic
modelling, where rate constants measured in isolated
systems can be combined to fully model the reaction
network — with predictive ability. Remarkably, we demon-
strated the emergence of nonlinear phenomena such as
autocatalysis and negative feedback in a simple kinetically
asymmetric network, connecting ratchet mechanisms with
nonlinear systems.[ Here, active transport of maleic acid
catalyzes EDC hydration in the receiving compartment,
while simultaneously producing a negative feedback in the
feeding compartment: a dual nonlinear effect reminiscent of
the mechanism at the basis of Soai reaction.*®] Key
challenges still need to be addressed to translate this
mechanism to lipid membranes (See Supporting Informa-
tion, Section 8); however, the extension of active transport
to pump an amino acid such as N-acetyl-L-histidine,
achieved by leveraging a different reaction cycle®™ indicates
that our approach is suitable to further extension. By
offering a first example of bioinspired catalysis-driven active
transport in artificial systems, our work offers a new
approach to the design and development of life-inspired
nanotechnologies.
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Supporting Information

The Supporting Information is available free of charge:
experimental methods and setup, additional data discussed
in the main text, details of theoretical analysis.
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We describe how a small-molecule cata-
lyst can be transported against its con-
centration gradient, thanks to the energy
provided by the chemical reaction it
catalyzes. This non-equilibrium process
builds macroscopic concentration gra-
dients and can be triggered by the
localized presence of co-catalysts. Spa-
tial separation leads to simultaneous
autocatalysis and negative feedback,
connecting the worlds of molecular
ratchets and nonlinear phenomena.
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