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Chemiosmotic nutrient transport in
synthetic cells powered by electrogenic
antiport coupled to decarboxylation

Miyer F. Patiño-Ruiz 1,2, Zaid Ramdhan Anshari 1,2, Bauke Gaastra1,
Dirk J. Slotboom 1 & Bert Poolman 1

Cellular homeostasis dependson the supply ofmetabolic energy in the formof
ATP and electrochemical ion gradients. The construction of synthetic cells
requires a constant supply of energy to drive membrane transport and
metabolism. Here, we provide synthetic cells with long-lasting metabolic
energy in the form of an electrochemical proton gradient. Leveraging the
L-malate decarboxylation pathway we generate a stable proton gradient and
electrical potential in lipid vesicles by electrogenic L-malate/L-lactate
exchange coupled to L-malate decarboxylation. By co-reconstitution with the
transporters GltP and LacY, the synthetic cells maintain accumulation of
L-glutamate and lactose over periods of hours, mimicking nutrient feeding in
living cells. We couple the accumulation of lactose to a metabolic network for
the generation of intermediates of the glycolytic and pentose phosphate
pathways. This study underscores the potential of harnessing a protonmotive
force via a simple metabolic network, paving the way for the development of
more complex synthetic systems.

Living cells require energy to fuel essential biosynthetic processes, to
grow and divide, and to maintain homeostasis and an out-of-
equilibrium metabolic state. The two main metabolic energy curren-
ciesof a cell areATPandH+ (orNa+) electrochemical gradients; the latter
are referred to as proton and sodiummotive force (SMF), respectively.
A proton motive force (PMF) can be generated by respiration, light-
driven electron transfer reactions, or ATP hydrolysis1,2. The PMF is
composedof aH+ chemical gradient,ΔpH (typically alkaline inside), and
an electrical potential, ΔΨ (typically negative inside):

PMF=ΔΨ� 2:303
RT
F

ΔpH ð1Þ

where R, T, and F correspond to the gas constant, temperature, and
Faraday constant, respectively, and ΔpH=pHi–pHo.

Fermentative bacteria are unable to form a PMF by respiration or
photosynthetic reactions, and the PMF canbe formed via ATP hydrolysis

by F1F0-ATPase
3,4. However, it is also possible to generate a PMF without

involvement of high-energy intermediates like ATP, using electrogenic
uniport or electrogenic precursor-product exchange in combination
withmetabolic breakdown of the substrate inside the cell3,5. An example
is the internal decarboxylation of substrate (precursor), catalyzed by a
soluble decarboxylase, coupled to the uptake of precursor and extru-
sion of product, mediated by a specific transport protein6.

Bacteria of the genera Lactobacillus, Lactococcus, Leuconostoc,
and Pedicoccus possess an L-malate decarboxylation pathway, also
known as malolactic fermentation, which generates a PMF and coun-
terbalances intracellular acidification7,8. In Lactococcus lactis, the
cytosolic L-malate decarboxylase (malolactic enzyme, MleS) catalyzes
the decarboxylation of L-malate to L-lactate plus CO2, while a
membrane-embedded secondary transporter, MleP, exchanges di-
anionic L-malate for L-lactate or mono-anionic L-malate for L-lactic
acid. The decarboxylation reaction results in an inward gradient for
L-malate and anoutward gradient for L-lactate, establishing the driving

Received: 17 April 2024

Accepted: 27 August 2024

Check for updates

1Department of Biochemistry, Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Nijenborgh 4, 9747AGGroningen, The
Netherlands. 2These authors contributed equally: Miyer F. Patiño-Ruiz, Zaid Ramdhan Anshari. e-mail: b.poolman@rug.nl

Nature Communications |         (2024) 15:7976 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-0607-4281
http://orcid.org/0000-0003-0607-4281
http://orcid.org/0000-0003-0607-4281
http://orcid.org/0000-0003-0607-4281
http://orcid.org/0000-0003-0607-4281
http://orcid.org/0000-0002-9559-3093
http://orcid.org/0000-0002-9559-3093
http://orcid.org/0000-0002-9559-3093
http://orcid.org/0000-0002-9559-3093
http://orcid.org/0000-0002-9559-3093
http://orcid.org/0000-0002-5804-9689
http://orcid.org/0000-0002-5804-9689
http://orcid.org/0000-0002-5804-9689
http://orcid.org/0000-0002-5804-9689
http://orcid.org/0000-0002-5804-9689
http://orcid.org/0000-0002-1455-531X
http://orcid.org/0000-0002-1455-531X
http://orcid.org/0000-0002-1455-531X
http://orcid.org/0000-0002-1455-531X
http://orcid.org/0000-0002-1455-531X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52085-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52085-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52085-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-52085-z&domain=pdf
mailto:b.poolman@rug.nl
www.nature.com/naturecommunications


forces for the L-malate/L-lactate exchange5. The CO2may leave the cell
by passive diffusion without affecting pH7. Consumption of scalar
protons during the decarboxylation reaction leads to an intracellular
alkalinization and, therefore, generates a ΔpH across the plasma
membrane. The gradual decrease in external L-malate and increase in
L-lactate can rise the external pH, because the molecules have a dif-
ferent acidity (L-malate: pKa1 = 3.4, pKa2 = 5.1; and L-lactate:
pKa = 3.8)7,9, but generally the impact of L-malate decarboxylation will
be highest for the internal pH.

The exchange of di-anionic L-malate for L-lactate ormono-anionic
L-malate for L-lactic acid is electrogenic and thus generates a mem-
branepotential (ΔΨ, inside negative). Both components of the PMF are
generated in different but coupled steps, which ismechanistically very
different from how the PMF is generated in respiration or photo-
synthesis or upon ATP hydrolysis by F1F0-ATPase. We refer to the
combined action of MleP and MleS as the L-malate decarboxylation
pathway. The compartmentalization of the L-malate decarboxylation
pathway makes it possible to conserve the low amount of free energy
from the decarboxylation reaction (−17 to −25 kJ mol−1)6, chemiosmo-
tically into a PMF10. The free energy change of a carboxylation reaction
is too small for the synthesis of ATP from ADP plus Pi, but the formed
PMF can be used to supply the cell with ATP and fuel other essential
functions like the transport of nutrients. The PMF can also facilitate
processes like cell division11, (membrane) protein insertion/secretion12

and intercellular communication13,14. Various other PMF-generating
precursor-product exchange–decarboxylation pathways have been
described (oxalate2−/formate−, citrate2−/L-lactate−, arginine+/
agmatine2+, ornithine+/putrescine2+, glutamate−/γ-aminobutyrate, his-
tidine/histamine+, tyrosine/tyramine+, aspartate−/alanine)15–22.

In this work, we explore the potential of the L-malate decarbox-
ylation pathway for the generation of a PMF in submicrometer-size
lipid vesicles. We co-reconstituted the pathway with Escherichia coli
glutamate transporter GltP23,24 and lactose transporter LacY25, and we
show long-lasting transport and high steady-state levels of these
solutes. We also demonstrate the utilization of L-malate-dependent
lactose accumulation in downstream metabolic reactions. The sus-
tainable energy conversion by the L-malate decarboxylation pathway
enables more complex cell-like metabolic functions and sets the
foundations for further out-of-equilibrium networks in synthetic cells.

Results
The L-malate decarboxylation pathway generates a proton motive
force by the action of two proteins: the integral membrane L-malate/L-
lactate exchanger (MleP) and the soluble, luminal, L-malate dec-
arboxylase (MleS). To guide the reconstitution of this system in lipid
vesicles we characterized both proteins. A summary of the data
obtained and in literature is presented in Table 1.

MleP mediates electrogenic L-malate/L-lactate exchange and
L-malate uniport
MleP belongs to the 2-hydroxycarboxylate transporter family (2HCT),
which function as symporters or exchangers26. MleP has been descri-
bed as a L-malate/L-lactate exchanger7 with a molecular weight of
47.9 kDa and 9–14 predicted TMS26,27. We overexpressed the 10× His-
tagged MleP in L. lactis, purified the protein via immobilized metal-
affinity chromatography (IMAC) and incorporated the protein in lipid
vesicles composed of dioleoyl-phospholipids DOPE:DOPG:DOPC 1:1:2
(mol ratio) or E. coli polar lipids: egg PC 3:1 (mol ratio). Figure 1a shows
thatMleP is reconstitutedwith an efficiency of 51 ± 9% (Supplementary
Fig. 1); the double band is assigned to different structural conforma-
tions and incomplete denaturation by SDS. We also observe some
dimeric MleP, similar to what has been reported for other members of
the 2HCT family26.

We determined the electrogenic nature of L-malate/L-lactate
exchange by solid-supported membrane (SSM)-based electro-
physiological measurements (Fig. 1). The net transfer of charge by
the exchange of divalent L-malate for monovalent L-lactate is
detected as a transient current via the capacitive coupling between
the supported membrane and the vesicles28. A negative current is
observed when external L-lactate (non-activating solution) is
replaced with L-malate (activating solution) with L-lactate-loaded
MleP-vesicles adsorbed to the supporting membrane (Fig. 1b, c). A
positive peak current is obtained when a L-lactate jump is triggered
on L-malate-loaded MleP vesicles, because the charge transport is
now in the opposite direction (Fig. 1b, c). There is no substantial
current when the same solution exchange is performed in liposomes
without MleP (empty liposomes) (Fig. 1c). We reduced the possibility
of obtaining electrical artifacts from differences in ionic strength
between the activating and non-activating solutions by replacing
lactate and malate with acetate and sulfate, respectively, which carry
the same charge but are not recognized as substrates by MleP. These
results confirm the electrogenic character of the L-malate/L-lactate
exchange.

We found that MleP reconstituted at a lipid-to-protein (LPR) ratio
of 100 was able to exchange L-malate for L-lactate in the chemically
defined synthetic lipidmixtureDOPE:DOPG:DOPC 1:1:2 (mol ratio), but
the activity was 7 times higher in liposomes composed of E. coli polar
lipids: egg PC 3:1 (Supplementary Table 1, Supplementary Fig. 2).
Therefore, we used the E. coli polar lipid/egg PC mixture for the
majority of the reconstitutions at LPR 100 and further SSM measure-
ments. The amplitude of the peak current (Ip) is proportional to the
steady state L-malate/L-lactate exchange activity29. The peak current
amplitude increases in a hyperbolic manner with the increment in the
outside concentration of L-malate or L-lactate, while keeping the
internal concentration of L-lactate or L-malate at 30mM (Fig. 1d and

Table 1 | Kinetic parameters of MleP, MleS, GltP, and LacY

MlePi MleSv GltPvii LacY

Km
app L-malate

0.42 ± 0.11mM (n = 3)
L-lactate
2.9mM (n = 2)

L-malate
1.4 ± 0.4mM (n = 3)
NAD+ 0.042mM
Mn2+ 5–10µMvi

L-glutamate 5.5 ± 0.8 µM D-lactose
0.5mMviii

pHopt 6ii 6 6 8.5–9ix

Imax or Vmax −21 ± 5 nA (n = 5)iii 257 ± 13µmol H+min−1 mg−1 (n = 3) 115 nmol L-glutamatemin−1 mg−1 35 µmol lactosemin−1 mg−1 viii

Turnover or kcat (s
−1) ≈25iv 266 ± 14 (n = 3) ≈0.1 16–21viii

iElectrogenic L-malate/L-lactate exchangewasmeasured in vesicles composed of E. colipolar lipids:egg PC 3:1 lipids at lipid-to-MleP ratio of 100 (w/w) for L-malate and L-lactate dependence (pH 7)
and250 (w/w) for pHdependence, usingSSM-based electrophysiologicalmeasurements at room temperature (Fig. 1). iipHatwhich thehighest peak current amplitudewas obtained for the L-malate
jump in L-lactate-loaded MleP vesicles in the pH range 6–8.5. iiiPeak current amplitude for the L-malate concentration jump in L-lactate-loadedMleP vesicles at pH 7 (Fig. 1b, c). ivAssumptions made
for the estimation of the turnover: (1) The area of the SSMsensor chip (3mmdiameter) is completely covered by one layer of large-unilamellar vesicleswith a diameter of 200 nmcontainingMleP. (2)
50% reconstitution efficiency of MleP (Supplementary Fig. 1). (3) The amplitude of the peak current represents steady-state charge transfer across the membrane. vThe activity of MleS at pH 7 was
measured in low concentration of K-phosphate buffer at 30 °C using a pHmicroelectrode (Fig. 2). viTaken from30,31. viiKinetic parameters obtained fromPMF-driven influx in proteoliposomes at 30 °C
(pHo 5.5, pHi 7.5), taken from24 viiiΔΨ-driven influx in proteoliposomes at pH 7.5 and 25 °C, taken from ref. 42. ixSSM-based measurements, taken from ref. 92. Parameters obtained in this study are
indicated as mean ±SD from n different preparations.
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Supplementary Fig. 3a–c). We find that the Km
app for L-lactate is 7-fold

higher than for L-malate (Table 1 and Fig. 1d).
Since the L-malate decarboxylation leads to an internal as well as

external pH change, (see Introduction and7), we performed L-malate

jumps on L-lactate-loaded vesicles at pH values between 6 and 8.5
(Supplementary Fig. 3d). Here, we usedMleP LPR 250vesicles to have a
similar number of transporters per vesicle as in the experiments with
the L-malate decarboxylation pathway. The L-malate/L-lactate activity

a. b. c.

d. e. f.

Non-activating (NA) Non-activating (NA)Activating (A)

g. h.
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Fig. 1 | Electrogenic transport activity ofMleP. a SDS-polyacrylamide gel of MleP
in E. coli polar lipids:egg PC 3:1 (mol ratio). (Uncropped gel in Supplementary
Fig. 1a). b Cartoon of MleP-liposomes loaded onto SSM, indicating the direction of
charge transfer during the L-malateinflux/L-lactateefflux (violet box) and
L-lactateinflux/L-malateefflux exchange (orange box). c Current traces recorded by
SSM-based electrophysiology of MleP LPR 100 proteoliposomes (n = 3) or empty
liposomes (n = 2) for L-malateinflux/L-lactateefflux (violet, L-malate jump) and
exchange in the opposite direction (orange, L-lactate jump). d Normalized peak
currents obtained from ON signals for different concentrations of L-malate (black,
n = 3) and L-lactate (blue, n = 2) jumps on L-lactate- and L-malate-loaded MleP
liposomes, respectively. Data of peak currents represent the mean from indepen-
dent experiments with n different preparations of proteoliposomes. Error bars
represent ± SD. Solid lines correspond to a Michaelis–Menten fit (black R2 = 0.971,
blue R2 = 0.985). e pH dependence of peak currents obtained from L-malate jumps
at the indicated external pHs on MleP LPR 250 liposomes loaded with L-lactate at

pH 7. Data are normalized to the value at pH 6 and correspond to the average from
n independent experiments with different preparations of proteoliposomes (n = 2).
Solid line represents a sigmoidal function fit of the data (R2 = 0.999). f 14C-L-malate
efflux measurements performed on MleP-liposomes (LPR 200 in DOPE:-
DOPG:DOPC 1:1:2 (mol ratio)) diluted in buffer containing L-lactate (violet,
exchange Malout/Lacin), L-malate (red, homologous exchange Malout/Malin) or
without counter substrate (black, Mal efflux). Val indicates valinomycin addition
and the generation of a −100mV K+ diffusion potential. g Cartoon of half turnover
transport in MleP-liposomes. h Current traces recorded upon a L-malate (blue,
n = 3) or L-lactate (red, n = 3) jump on MleP LPR 100 or empty liposomes loaded
with sulfate or acetate, respectively. Current traces in c, h. are presented as the
average from independent experiments with different preteoliposome prepara-
tions and different SSM sensor chips. Shaded areas = ± SD. Mal = L-malate, Lac = L-
lactate. b, gwere created with Biorender.com released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license.
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is highest at pH 6 and decreased at more alkaline pHs (Fig. 1e). The pH
dependence most likely reflects the activity of MleP and not the
availability of substrate, because the change in concentration of di-
anionic L-malate is only 4%between pH6 andpH8.5. Besides L-malate/
L-lactate exchange, MleP facilitates uniport of L-malate27, which would
also be electrogenic and enable L-malate decarboxylation because
L-lactate can leave the vesicles in the protonated form (L-lactic acid) by
passive diffusion. Indeed, transport assays with vesicles loaded with
radiolabelled L-malate (Fig. 1f) showeffluxof L-malate butwith a rate at
least one-order ofmagnitude slower than L-malate/L-lactate exchange.
The electrogenic nature of both the uniport and exchange is shown by
the increase of activity in the presence of the K+ ionophore valino-
mycin, which dissipates the membrane potential. Thus, two different
methodologies (SSM-based electrophysiology and efflux of radi-
olabelled substrate) confirm that MleP is an electrogenic secondary
antiporter/uniporter.

The slow kinetics of the uniport reaction complicates the SSM
measurements, but we recorded small peak currents when L-malate or
L-lactate jumps were applied on MleP vesicles without counter-
substrate (Fig. 1g, h). These peak currents can be interpreted as pre-
steady state currents that originate from a half turnover, i.e. L-malate
or L-lactate influx, which is followed by a slow return of the empty

carrier. Interestingly, the peak current from the L-lactate jump is not
only 5-fold larger in magnitude but also has a positive direction, indi-
cative of movement of positive charge in or negative charge out of the
vesicles.

L-malate decarboxylation catalyzed by MleS
L-malate decarboxylase MleS catalyzes the decarboxylation of
L-malate to L-lactate, releasing carbon dioxide and consuming a pro-
ton (Fig. 2a). Protons are used to compensate for the free electron pair
remaining in the organic intermediate after the heterolytic cleavage
that releases CO2 (Supplementary Fig. 4)6. MleS is a homodimeric
protein with a molecular weight of 60–65 kDa per subunit and has
NAD+ and Mn2+ as bound cofactors30–32. The decarboxylation reaction
proceeds in three consecutive steps without detectable accumulation
of intermediates: (i) L-malate oxidation to oxaloacetate; (ii) dec-
arboxylation of oxaloacetate to pyruvate; and (iii) pyruvate reduction
to L-lactate (Supplementary Fig. 4)26. The NAD+ consumed in the first
step is recycled in the third step. The proton consumption leads to
alkalinization of the cytoplasm.

We overexpressed L. lactis MleS and purified the protein by
IMAC and size-exclusion chromatography (SEC). A single and sym-
metrical peak in the SEC and SDS-polyacrylamide gel confirms the

a. b. c.

d. e. f.
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Fig. 2 | L-malate decarboxylation activity of MleS. a L-malate decarboxylation
reaction catalyzedbyMleS.bRepresentative size-exclusion chromatogramofMleS
and SDS-polyacylamide gel showing purified MleS. Similar results were obtained
from three independent purification trials. (Uncropped gel in Supplementary
Fig. 27). c pH traces were recorded with a pH microelectrode for the L-malate
decarboxylation reaction at 30 °C and pH 7. The reaction started with the addition
of 5mM Na-L-malate at t = 0. pH traces in the absence of Mn2+ and NAD+ and in the
presence of 5mM and 25mM of Na-L-lactate are indicated. pH was recorded at
intervals of 1 s. d pH curves obtained for the decarboxylation reaction at different
concentrations of Na-L-malate using 150nMMleS and pH 7. pH curves correspond
to the mean from independent experiments with different enzyme preparations
(n = 3). Shaded regions correspond to ± SD. e L-malate dependence of MleS cal-
culated from the initial rates of alkalinization (first 10 seconds) obtained from pH
curves in d, and using a titration curve (Supplementary Fig. 5) to convert pH

changes into µmol of H+. Solid line corresponds to a Michaelis-Menten fit of the
experimental data (R2 = 0.987). f pH dependence of the initial rates of H+ con-
sumption obtained for the decarboxylation of 5mM Na-L-malate in low buffered
solution at 30 °C and using 150 nM of enzyme. For pHs 4–5 the buffer solution was
2mM of K-acetate, while for pHs 6–8 the buffer consisted of 2mM K-phosphate.
Initial rates of H+ consumption were calculated as indicated in e, using distinct
titration curves for every pH. The solid line corresponds to the fitting of experi-
mental data to a logistic peak function (R2 = 0.992). Data points in e represent the
mean of the H+ consumption rate ± SD (n = 3) from independent experiments with
different enzyme preparations. Data points in f represent the mean of the H+

consumption rate ± SD (n = 3) from independent experiments with the same
enzyme preparation. a was created with Biorender.com released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license.
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production of a monodisperse protein (Fig. 2b). The L-malate dec-
arboxylation activity of MleS was determined by pH measurements
in 2mM of potassium phosphate and is presented as H+ consump-
tion rate (µmol H+ consumedmin−1 mgMleS−1) (Fig. 2c–f). The H+

consumption was calibrated by titration of the reaction buffer with
NaOH (Supplementary Fig. 5). We noticed that on longer timescales
the amount of consumed H+ was lower than expected for a reaction
with a Keq of 5.5 × 102, calculated by eQuilibrator33 (Supplementary
Fig. 6d). To verify if the enzymatic reaction was not running to
completeness, we followed the production of L-lactate by HPLC
after derivatization with 9-chloromethyl anthracene (Supplemen-
tary Fig. 6). Virtually complete decarboxylation of 5mM L-malate
was confirmed by the production of approximately 5mMof L-lactate
(Supplementary Fig. 6 d).We explain the leveling off of the pHby the
dissolution of CO2 and the formation of bicarbonate plus a proton,
which opposes the alkalinization of the decarboxylation reaction.
The pH recordings and L-lactate measurements show excellent
correspondence for the initial 30 s of the reaction (Supplementary
Fig. 6d, inset), and therefore, the initial rates of H+ consumption

were used to determine the kinetic parameters of MleS (Table 1 and
Fig. 2c–f). There is no deleterious effect of L-lactate up to 5mM
(Fig. 2c and Supplementary Fig. 7), but the initial rate of H+ con-
sumption was reduced by 50% in 25mM L-lactate (Fig. 2c). The Km

app

for L-malate is 1.4 ± 0.4mM and Km
app for NAD+ is 42 µM (Supple-

mentary Fig. 8) at pH 7. In summary, we show that MleS is a relatively
fast enzyme with a kcat of 266 ± 14 s−1 around pH 7.

L-malate decarboxylation pathway generates PMF in vesicles
Quantification of theH+ gradient (ΔpH).We determined the coupled
activities ofMleP andMleS in vesicles in which we first reconstituted
MleP and then encapsulated MleS, along with NAD+ plus MnCl2
(Fig. 3a). We used MleS concentrations and MleP LPRs that would
yield at least one dimer, even in the smallest vesicles (~100 nm); the
other components were encapsulated in a large excess (Table 2). We
encapsulated the hydrophilic fluorescent probe pyranine (8-
hydroxypyrene-1,3,6-trisulfonic acid or HPTS) for ratiometric
quantification of the intravesicular pH (Supplementary Fig. 10).
Preliminary experiments with liposomes showed that a small

←MleS
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d. e. f.

L-malate2-

L-lactate-
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No ionophores
Nigericin 1 μM
Valinomycin 1 μM

Fig. 3 | Internal alkalinization by the L-malate decarboxylation pathway.
aCartoonof the L-malate decarboxylationpathway in liposomes. The consumption
of H+ leads to an internal alkalinization and thus a ΔpH (alkaline inside) across the
membrane (violet). The electrogenic exchange of internal L-lactate by external
L-malate mediated by MleP generates a ΔΨ (negative inside) (green). b SDS-
polyacrylamide gel of MleP LPR 250 (w/w) proteoliposomes in E. coli polar lipid-
s:egg PC 3:1 (mol ratio) with 2.5 µM MleS encapsulated. (Uncropped gel in Sup-
plementary Fig. 9). c Internal pH of full system (MleP+MleS) reported by pyranine
(n = 5) or only MleS (No MleP, n = 2) or only MleP (NoMleS, n = 2). Na-L-malate was
added at t =0 to start the decarboxylation pathway (downward arrow). d Effect of
pH on the ΔpH formed by the L-malate decarboxylation pathway reconstituted in
liposomes. e Effect of dissipation of ΔΨ (red, n = 3) and ΔpH (dark yellow) on the

internal pH (as indicated in c) with valinomycin or nigericin, respectively. Valino-
mycin was present before addition of L-malate and nigericin addition is indicated
by an upward arrow. f Total L-lactate produced from the L-malate decarboxylation
pathway (as in c), quantified by RP-HPLC after 9-CMA derivatization. Data points
correspond to the mean of L-lactate concentration from independent replicates
with different sample preparations (n = 2). Internal pH curves in c–e correspond to
the mean of pH from n independent experiments with different preparations of
proteoliposomes. pH curves were calculated from the ratio of the pyranine fluor-
escence intensities at the excitation wavelengths 450 nm and 405 nm, using the
calibration curve in Supplementary Fig. 10. Shaded areas represent ± SD. a was
created with Biorender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license.
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fraction of pyranine is retained at the outer surface of the vesicles,
even after extensive washing (two cycles of ultracentrifugation and
resuspension, and a final gel filtration step) (Supplementary Fig. 11).
Therefore, we included the collisional quencher DPX (p-xylene-bis-
pyridinium bromide) in the external medium for every
measurement34. Additionally, we inhibited any MleS, possibly
adsorbed to the outer surface of the vesicles, by using EDTA to
chelate Mn2+ ions that are required for activity (Supplementary
Fig. 12a). Due to the low rate of L-malate uniport byMleP (Fig. 1f), we
included 2mM of L-lactate inside the vesicles to enable rapid L-
malate/L-lactate exchange. We kept the same concentration in the
external medium, because L-lactic acid (in fast equilibrium with L-
lactate) rapidly permeates the membrane (Supplementary Fig. 18a).
Indeed, when L-lactate is not initially present in the external med-
ium, the alkalinization is slower because initially, only L-malate
uniport is possible, but the internal pH reaches a higher point than
in the presence of external L-lactate (Supplementary Fig. 13).

Upon addition of 10mM L-malate to the MleP-MleS containing
vesicles, the internal pH increased from 7.0 to 7.50±0.03 (Fig. 3c) and
then over a period of 10 h gradually decreased to 7.34 ±0.07 (Sup-
plementary Fig. 14). Thedrop in internalpHwasnot observed atpH6.0
(Fig. 3d). No alkalinization was observed when either MleP or MleS
were absent (Fig. 3c), indicating that the formation of a pH gradient
(ΔpH) requires the coupled activities of MleP and MleS. The rate of
alkalinization increases with lower LPR (more MleP per vesicle) and
higher amounts of encapsulated MleS (Supplementary Fig. 15).
Although the kcat of the enzymatic reaction is ≈10× higher than the
estimated turnover number ofMleP, theMleP/MleS ratio (inmolecules
per vesicle) was always higher than 1 (range 2–13), explaining the
increase in activity with MleS concentration (Supplementary Fig. 15).
However, the rate of acidification shows a stronger dependence on the
MleP than MleS concentration. A slight decrease in internal pH was
observed upon addition of L-malate to vesicles lacking MleS (Fig. 3c),
whichmay reflect uniport of L-malateH− and dissociation of the proton
in the vesicle lumen.

To demonstrate that the internal alkalinization results in a H+

gradient across the membrane we used the ionophore nigericin,
which exchanges K+ for H+. Indeed, nigericin collapses the H+ gra-
dient (Fig. 3e). The formation of a membrane potential by L-malate
decarboxylation is evident from the accelerated alkalinization
in the presence of the K+-selective ionophore valinomycin,
which dissipates the membrane potential ΔΨ (Fig. 3e). The ΔΨ

(inside negative) slows down the L-malate/L-lactate exchange
decreasing thereby the activity of the L-malate decarboxylation
pathway.

Interestingly, when the L-malate decarboxylation pathway runs at
pH6,which is the optimalpH forMleS andMleP (Figs. 1e and 2f), theH+

gradient is maintained constant for longer periods of time (Fig. 3d).
Finally, CO2 can leave the vesicles by passive diffusion but it can also be
converted into bicarbonate plus a proton and thus contribute to
acidification of the vesicle lumen.

Quantificationofmembranepotential (ΔΨ). Next, wemonitored the
formation of the ΔΨ, using the fluorescent probe DiSC3(5) (3,3’-
dipropylthiadicarbocyanine iodide)35,36. This carbocyanine dis-
tributes uniformly over the inner and outer leaflet when ΔΨ = 0
(Fig. 4a). ΔΨ <0 leads to accumulation of the probe in the inner
leaflet and quenching of fluorescence (Fig. 4a, b). After equilibration
of DiSC3(5) in the membrane of L-lactate-loaded MleP vesicles, the
addition of 10mM L-malate results in a fast quenching of fluores-
cence (Fig. 4b). This indicates the generation of ΔΨ <0 as a con-
sequence of the L-malate/L-lactate exchange. The exchange rapidly
reaches electrochemical equilibrium, in which the L-malate gradient
is opposed by the ΔΨ, after which the membrane potential slowly
decreasing (Fig. 4b). When the same experiment is performed with
MleP vesicles containing MleS, a larger quenching is observed
(Fig. 4b). The internal conversion of L-malate into L-lactate, cata-
lyzed byMleS, maintains the inward gradient of L-malate and hence,
the membrane potential is larger and sustained for a longer period
of time (Fig. 4b). Competition between L-malate and L-lactate leads
to a gradual decrease in ΔΨ, because fewer molecules of L-malate
are transported per unit of time when the L-lactate concentration in
the external medium increases. The dissipation of ΔΨ starts earlier
than the dissipation of ΔpH, which reflects the low capacitance of
the lipid bilayer as the translocation of a few charges is sufficient to
reduce ΔΨ substantially.

The dequenching of DiSC3(5) fluorescence upon addition of vali-
nomycin confirms that the L-malate-induced quenching corresponds
to the formation of a ΔΨ across the membrane. We calibrated the
fluorescence quenching by comparison of the signal generated with K+

diffusion potentials of varying magnitudes (Supplementary Fig. 16).
We find ΔΨ = −79 ± 9mV threemin after addition of L-malate when the
decarboxylation reaction is done at pH 7 (Fig. 4b, d). Similar as seen
with the ΔpH, the build-up of ΔΨ is faster and subsequent dissipation

Table 2 | Approximate number of components of the L-malate decarboxylation pathway (MleP and MleS), co-reconstituted
solute transporters (GltP and LacY) and enzymes of the lactosemetabolism pathway (β-galactosidase (LacZ), hexokinase (HK)
and glucose-6-phosphate dehydrogenase (G6P-DH)) in vesicles composed of E. coli polar lipids:egg PC 3:1 (mol ratio)

Component Molecular weight Oligomeric unit Internal concentration Molecules per vesicle

100nm 200nm 400nm

MleP 47.9 kDa Dimeri LPR 250 (w/w) 6 (3) 25 (12) 100 (50)

MleS 62.1 kDa Dimerii 2.5 µM 2 8 48

NAD+ 1mM 246 2230 19000

Mn2+ 0.5mM 125 1125 9500

L-lactate− 2mM 500 4500 38000

Pyranine 0.1mM 25 223 1900

GltP 48.8 kDaiii Trimeriv LPR 250 (w/w) 6 25 100

LacY 46.5 kDa Monomerv LPR 200 (w/w) 6 25 100

LacZ 116.3 kDa Tetramervi 7 µM 2 16 130

HK 53.7 kDa Monomer-Dimervii 7 µM 2 16 130

G6P-DH 57.4 kDa Dimer-Tetramerviii 4 µM 1 10 80

Molecular weight indicated for subunits. The number of molecules per vesicle is calculated from the internal concentration and volume of the vesicle or lipid-to-protein ratios (for the membrane
proteins); we assume a homogeneous distribution of the components over the large-unilamellar vesicles; the enzyme concentrations/numbers reflect those of the subunits and not the structural
complexes. The number ofmolecules ofMleP in parenthesis is basedon the 50% reconstitution efficiency. iAs determined for homologs of 2HCT family26. iiDetermined for homologs30,31. iiiTaken from
ref. 24. ivTaken from ref. 93. vTaken from ref. 25. viTaken from ref. 94. viiTaken from ref. 95. viiiTaken from ref. 96.
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occurs at a lower rate when the pathway is operated at pH 6 (Fig. 4c, e),
which is in line with the activity of MleP and MleS.

The dynamics of the PMF generated by the L-malate decarbox-
ylation at pH 7 and 6 follows from the corresponding ΔpH and ΔΨ
curves, using Eq. 1 (Fig. 4d, e, orange curves). The PMF shows similar
dynamics as the membrane potential and is maintained at a higher
level at pH 6 than pH 7. In line with the low electrical capacitance of
lipid bilayers and the relatively high buffer capacity of the internal
medium the ΔΨ is formed faster than the ΔpH and is initially the main
component of the PMF at pH 7.

PMF from L-malate decarboxylation fuels the transport of
glutamate
Next, we used theΔΨ andΔpH formed by L-malate decarboxylation to
drive the accumulation of L-glutamate and D-lactose. We over-
expressed and purified GltP of E. coli and co-reconstituted the protein
with MleP in vesicles composed of E. coli polar lipids:egg PC 3:1
(Fig. 5a). Both proteins were co-reconstituted at relatively high LPR
(250 each) to assure a high reconstitution efficiency37,38. Cryo-TEM
shows the size-distribution and the predominantly unilamellar nature
of the vesicles (Supplementary Fig. 17a). Estimation of the

DiSC3(5)

ΔΨ = 0
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b. c.

pH 7 pH 6 
d. e.

ΔΨ < 0
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MleS 2.5 μM
No MleS

pH 7
pH 6

-ZΔpH -ZΔpH
ΔΨ
PMF

ΔΨ
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N+

S

N
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Fig. 4 | Dynamics of the membrane potential and PMF. a The fluorescent probe
3,3’-dipropylthiadicarbocyanine iodide (DiSC3(5)) distributes in response to a
membrane potential (ΔΨ). b DiSC3(5) fluorescence curves generated for MleP LPR
250 proteoliposomes containingMleS (n = 3) or noMleS (n = 2). After equilibration
of DiSC3(5), L-malate was added at t =0 and the fluorescence quenching effect was
recorded. At the end valinomycin was added to dissipate the ΔΨ. c Effect of pH on
the DiSC3(5) fluorescence curve for the L-malate decarboxylation pathway (n = 1).
Conditions of the measurements at pH 6 are the same as those at pH 7, but the
internal and external buffer was K phosphate pH6. Measurements were performed
at 30 °C. Solid lines correspond to the fluorescence data normalized to the point
immediately before L-malate addition and are presented in arbitrary units (arb. u.).
Data in green curves represent the mean of fluorescence from independent
experiments with n different preparations of proteoliposomes. Shaded areas in
(b, c). indicate ± SD. Membrane potential was calculated from calibration data

(Supplementary Fig. 16) and is presented in the right axis. d Gradient forces cal-
culated from the pH gradient and membrane potential data at pH 7. e Gradient
forces calculated from the ΔpH and membrane potential data at pH 6. pH curves
after addition of 10mM L-malate (violet) were taken from Fig. 3d and the driving
forces were calculated from ZΔpH=2:303ðRT=FÞΔpH, where R is the gas constant
(8.31 Jmol−1 K−1), T is temperature in Kelvin (303K) and F is the Faraday constant
(96485 Cmol−1).ΔpHwas determined assuming that at t =0 pHi = pHo, and that the
external pHdoes not change substantially. SinceΔpH is a positive value (pHi –pHo),
the plotted curve corresponds to −ZΔpH. Membrane potential (ΔΨ) data (green)
were calculated by interpolation of the fluorescence quenching from panel c and
Supplementary Fig. 18b, using the calibration curve from Supplementary Fig. 16b.
Proton motive force (PMF) curves were calculated from −ZΔpH plus ΔΨ. a was
created with Biorender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license.
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incorporation efficiency of GltP and MleP in the same vesicles was not
possible by SDS-PAGE, because both proteins migrate similarly. Indi-
vidually, they were reconstituted with an efficiency of 60 and 50%,
respectively (Fig. 5b & Supplementary Fig. 1a, b). MleS, NAD+, Mn2+,
sodium-L-lactate plus pyranine were encapsulated in the MleP-GltP
vesicles. Co-incorporation of GltP did not significantly affect the per-
formance of the L-malate decarboxylation pathway (Supplementary
Fig. 19a). Addition of L-glutamate leads to a small drop in the pH gra-
dient, which is in agreement with 3H+ symported with L-glutamate by
GltP (Supplementary Fig. 19b).

Figure 5c shows the uptake of L-glutamate, driven by the PMF that
is generated by L-malate decarboxylation. After 40–50min a steady
state is reached, which lasts at least 4 hours; the accumulation level
([Glu]IN/[Glu]OUT) is ~140 (based on a specific internal volume of 3 µL/
mg of lipid39) (Fig. 5c & Supplementary Fig. 20). The uptake of
L-glutamate is sigmoidal, because it takes some time to generate the
PMF. When the transport reaction is initiated 30min after the start of
the L-malate decarboxylation (i.e., pre-formed PMF), there is no delay
and the initial glutamate uptake increases linearly with time (compare
blue and orange lines, Fig. 5c). There is no transport of L-glutamate
when succinate instead of L-malate is used (Fig. 5c, inset). The rate of
L-glutamate uptake depends on the L-glutamate concentration with a
Km

app = 33μM (Supplementary Fig. 20). In line with the effect on the
PMF (Figs. 3d and 4c), the rate of glutamate transport driven by the

L-malate decarboxylation at pH 6 is not substantially different from
that at pH 7 but the accumulation level is higher at pH 6 (Supple-
mentary Fig. 21), which is in agreement with the higher driving force.
The accumulation level of ~140matches theΔpH (0.5 pH units) andΔΨ
(−20mV) at pH 7 obtained 50min after L-malate addition (Fig. 4d) and
the H+/glutamate¯ stoichiometry of 3. Equation 2 yields a [Glu]IN/
[Glu]OUT of ~150-fold for the PMF generated by L-malate decarbox-
ylation, indicating a good correspondence between the generated
driving force and the formed glutamate gradient via GltP.

2ΔΨ� 3
RT
F

2:3ΔpH=
RT
F

2:3log
Glu�� �

IN

Glu�� �
OUT

 !
ð2Þ

Accumulated L-glutamate leaves the vesicles when ΔΨ and ΔpH
are dissipated by the action of the ionophores valinomycin and
nigericin (Fig. 5d). Addition of valinomycin (a highly selective K+

ionophore) leads to a transient pH increment and dissipation of the
membrane potential, which results in a small efflux of glutamate. The
total PMF is dissipated upon subsequent addition of nigericin (an
ionophore that exchanges K+ for H+), and efflux of glutamate to equi-
libration levels is observed. Since the ΔpH acts three times as driving
force, whereas the ΔΨ acts twice (See Eq. 2), the dissipation of ΔΨ has
less effect on the steady state levels of glutamate thanΔpHdissipation.
In line with this, lower but sustained levels of glutamate are observed
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Fig. 5 | L-glutamate transport driven by the PMF from the L-malate dec-
arboxylation pathway. a Cartoon of the co-reconstituted L-malate decarboxyla-
tionpathway andGltP in liposomes. The coupled transportof 3H+ and 1 L-glutamate
by GltP is driven by the PMF from the L-malate decarboxylation pathway. b SDS-
polyacrylamide gel of purifiedGltP in DDM (Lane 1), reconstituted at LPR 100 (w/w)
(Lane 2), and co-reconstituted with MleP at LPR 100 (w/w) (Lane 3) in E. coli polar
lipids:egg PC 3:1 (mol ratio) liposomes. MleS was encapsulated in the vesicles of
Lane 2 and 3. (Uncropped gel in Supplementary Fig. 1b). c Glutamate transport
upon addition of 10mM L-malate in MleP LPR 250 - GltP LPR 250 proteoliposomes
containing L-malate decarboxylation components. In curves blue and black, pro-
teoliposomes were pre-incubated for 5minwith external 20 µMNa-L-14C-glutamate
before addition of 10mM of L-malate (blue) or succinate (black) (Glu→Mal and
Glu→Succ). In the orange curve, 10mM L-malate was added at t =0, and, after
30min of incubation, the uptake was started by addition of 20 µM Na-

L-14C-glutamate (Mal→Glu). d Dissipation of ΔΨ and ΔpH by 1 µM valinomycin and
1 µMnigericin, respectively, at t = 3 h. Data correspond to an individual experiment
with a single preparation of proteoliposomes. e Cartoon of the L-glutamate trans-
port (in symport with H+) driven byΔΨ andΔpH, which are formedby valinomycin-
mediated K+ diffusion (ΔΨ) and acetate (AcO−)/acetic acid (AcOH) diffusion (ΔpH)
potentials in GltP liposomes. f Comparison of the L-glutamate transport driven by
the PMF from the L-malate decarboxylation pathway (blue) with that from K+ and
acetate diffusion potentials in MleP-GltP proteoliposomes (n = 1). All the experi-
mentswereperformedat 30 °CandpH7.Data for theblue curves in (c,d, and f). are
presented as themean of L-glutamate uptake (nmol of internalized L-glutamate per
mg of GltP) ± SD from independent replicates (n = 5) with different preparations of
proteoliposomes. a, e were created with Biorender.com released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license.
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when valinomycin was present from the beginning of the experiment
(Supplementary Fig. 22b).

The power of the L-malate decarboxylation pathway is not only
demonstrated by the high levels of L-glutamate uptake, but also by the
maintenance of large solute gradients for hours. This is especially clear
when L-glutamate accumulation driven by the L-malate decarboxyla-
tion is compared with the transport driven by a K+ diffusion potential
together with an acetic acid diffusion potential, which is the generic
approach to study PMF-dependent transport processes40,41 (Fig. 5e).
Dilution of MleP-GltP vesicles, containing Na-acetate, into a solution
with a lower concentration of Na-acetate establishes an inward H+

gradient as a consequence of the outward passive diffusion of acetic
acid (Fig. 5e). The ΔpH is proportional to the in/out ratio of the acetate
concentration (See Methods). Along with a negative-inside ΔΨ, gen-
erated by valinomycin-mediated outward K+ diffusion, the two gra-
dients yield a transient PMF (Fig. 5e) thatweused as benchmark for the
PMF from the L-malate decarboxylation pathway. With an artificially-
imposed pH gradient of 0.5 (alkaline inside) and ΔΨ varying from 0 to
−100mV, we determined the dependence of L-glutamate transport on
the driving force (Supplementary Fig. 23b, c). The maximal rate is
higher than with L-malate decarboxylation but L-glutamate leaks out
after 10min, because the ΔΨ and ΔpH are transient (Fig. 5f and Sup-
plementary Fig. 23b).Moreover, the acetate gradient yields aΔpH≈0.4
that decreases slowly in the absence and rapidly in the presence of ΔΨ
(inside negative) (Supplementary Fig. 23d). Thus, the transient nature
of diffusionpotentials and the interdependenceofΔΨonΔpHandvice
versa prohibit thermodynamic analyzes of transport reactions as
exemplified here by Eq. 2. By contrast, the L-malate decarboxylation
pathway yields smaller gradients but they can be kept constant for
hours (Figs. 3 and 4).

By comparing the initial rate of L-glutamate uptake driven by the
L-malate decarboxylation with the initial rates of glutamate uptake
driven by diffusion potentials (Supplementary Fig. 23b–c), we estimate
that the driving force from the L-malate decarboxylation is compar-
able to aΔpHof 0.5 (by acetate diffusion) and amembrane potential of
~−40mV (by valinomycin-mediated potassium diffusion) and thus a
PMF of −70mV, which is in line with direct measurements of ΔpH and
ΔΨ by the fluorometric probes pyranine and DiSC3(5) (Fig. 4d).

PMF from L-malate decarboxylation fuels the transport of
lactose
We also co-reconstituted the L-malate decarboxylation pathway with
E. coli lactose permease, LacY25, which functions as a H+/galactoside
symporter (Fig. 6a). The (co-)reconstitution protocol for LacY-MleP42–44

differs from the one we used for GltP-MleP, but we obtained mostly
unilamellar vesicles as shown by cryo-TEM (Supplementary Fig. 17b).We
find that co-reconstitution mediated by octyl-β-D-galactopyranoside
(OG), and detergent removal via rapid dilution, generated the largest
L-malate dependent D-lactose uptake (Supplementary Fig. 24). The
ΔpH formed by L-malate decarboxylation was comparable with and
without LacY in the vesicles (see Supplementary Fig. 25 and Fig. 3d).
D-lactose uptake reached its maximal level after 2 hours (Fig. 6c);
[lactose]IN/[lactose]OUT ~ 20 (or 75mV). A slight reduction in accumula-
tion level was observed at later times, presumably due to a decrease in
PMF or as a result of an uncoupled lactose efflux. Since lactose is taken
up with 1 proton the accumulation is much lower than for glutamate,
which is symported with 3 protons; the [lactose]IN/[lactose]OUT gradient
of 75mV is in line with a PMF of −70mV (see Eq. 3).

ΔΨ� RT
F

2:3ΔpH=
RT
F

2:3log
Lactose½ �IN
Lactose½ �OUT

� �
ð3Þ

Thus, the L-malate decarboxylation pathway forms a PMF that is
stable on the timescale ofhours and allows the accumulation of lactose

and L-glutamate to a point of good correspondence between the
generated PMF and the established solute gradient from the active
transport.

Coupling of L-malate-dependent lactose transport to carbohy-
drate metabolism
Next, we encapsulated β-galactosidase (LacZ), hexokinase (HK) plus
glucose-6-phosphate dehydrogenase (G6P-DH) in MleP-LacY vesicles
with L-malate decarboxylation pathway. These enzymes catalyze the
hydrolysis of D-lactose into galactose and glucose, phosphorylation of
glucose to glucose-6-phosphate (G6P, entry point for glycolytic path-
way) and formation of 6-phosphoglucono-δ-lactone (pentose phos-
phate pathway) plus NADPH (Fig. 6d). The reduction of NADP+ to
NADPHwas used tomonitor the activity of the overall pathway (Fig. 6e).
We ran the L-malate decarboxylation for 30min to pre-form a PMF and
then added D-lactose, which elicits an increase in NADPH fluorescence
that is not observed in vesicles without LacY (Fig. 6e). The NADPH
fluorescence is reduced in the presence non-hydrolysable substrates
methyl-β-D-thiogalactoside (TMG) and thiodigalactoside (TDG)
(Fig. 6e, f), which act as low (KD ≈ 1mM) and high (KD= 30–50 µM)
affinity competitive inhibitors of lactose transport, respectively45–47.
NADPH production is dependent on the D-lactose concentration with a
half saturation constant (Km

app) of ~0.2mM), which is close to the
apparent Km for LacY (Fig. 6g, h and Table 1). In our design of the
reaction network, themaximal levels of NADPH formed are determined
by the amount NADP+ encapsulated in the vesicles; additional control
experiments are shown in Supplementary Fig. 26a. Finally, NADPH was
also formed in the absence of L-malate decarboxylation albeit at a lower
rate. Since lactose is internally hydrolyzed, an out-to-in lactose gradient
is maintained to facilitate the uptake of lactose. Furthermore, the
galactose formed upon hydrolysis of lactose by LacZ is a substrate of
LacY and enables lactose/galactose exchange, which is even faster than
lactose-H+ symport driven by the PMF (Supplementary Fig. 26b)45,48. Yet,
the fastest metabolism of lactose is observed when a PMF is formed by
the L-malate decarboxylation pathway and used to drive the uptake of
lactose. We thus show full functionality of a reaction network involving
(i) PMF generation by electrogenic transport and decarboxylation of
L-malate; (ii) PMF consumption by lactose-H+ symport; (iii) metabolism
of lactose to galactose plus 6-phosphoglucono-δ-lactone; and (iv)
reduction of NADP+ to NADPH.

Discussion
We have developed a minimal PMF-generating system in lipid vesicles
that enables the efficient uptake of nutrients via secondary active
transporters. We show that transport of the amino acid L-glutamate
and the sugar lactose, mediated by GltP and LacY, respectively, reach
maximal accumulation levels in good agreement with the generated
driving force. Furthermore, we have shown coupling of this che-
miosmotic system to the initial steps of lactose metabolism and the
formation of NADPH. This work is part of our efforts to construct
synthetic cells from molecular components and the development of
pathways for long-term fueling of energy requiring processes. In
comparison to strategies to feed synthetic cells with building blocks by
diffusion via pore-forming toxins49, nanopores50,51 or low-selectivity
channels52, the L-malate decarboxylation pathway and ion-linked
transporters allow the accumulation of nutrients against their con-
centration gradient. This is an essential feature of living cells, not only
to transport molecules in but also to pump metabolic end products
out. Additionally, the components of the system presented here are
proteins that can be expressed and regenerated from their genetic
units by an encapsulated transcription-translation machinery, con-
tributing to the construction of an autonomous synthetic cell53,54.

Besides the sustained chemiosmotic transport of nutrients, our
study offers kinetic and mechanistic insights into the two protein
components of the L-malate decarboxylation pathway (Figs. 1 and 2).
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Particularly, the association of the half turnover electrical signals
(Fig. 1g, h) with the presence of a highly conserved positively charged
residue in the binding pocket of 2HCT family members55,56 suggests
that the preferred species transported by MleP are the mono-
protonated forms of L-malate (HMal−) and L-lactate (L-lactic acid).
Thus, we conclude that MleP generates a membrane potential by
mono-anionic L-malate/L-lactic acid antiport or at amuch lower rate by
mono-anionic L-malate uniport.

The L-malate decarboxylation pathway is a particularly useful
and robust system for the provision of metabolic energy in the form
of a PMF, because: (i) The L-malate decarboxylation pathway is
constituted of only two proteins: an integral membrane protein that
works as an electrogenic MleP and a soluble enzyme that catalyzes
the decarboxylation of L-malate to L-lactate (MleS). Decarboxyla-
tion pathways involving an electrogenic exchange or antiport
reaction are arguably the simplest mechanisms to generate an
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Data in the red curve represent the mean of D-lactose uptake (nmol of D-
lactosemg−1 LacY) from n = 2 independent replicates with different preparations of
proteoliposomes. d Cartoon of vesicles with L-malate decarboxylation pathway
plus reaction for hydrolysis of lactose (LacZ), phosphorylation of glucose by hex-
okinase (HK), using Mg-ATP, and oxidation of glucose-6-phosphate (G6P-DH),

using NADP+. e NADPH production in vesicles with MleP-LacY (black and blue) or
only MleP (green) plus MleS, LacZ, HK, and G6P-DH. L-malate decarboxylation was
started by addition of 10mM Na-L-malate 30min before D-lactose (100 µM) addi-
tion at t =0 in absence (black and green) or presence (blue) of 20mM of non-
hydrolysable thiodigalactoside (TDG). Data correspond to the mean of fluores-
cence from 5 (black), 3 (blue) and 2 (green) technical replicates. f Effect of 20mM
methyl-β-D-thiogalactoside (TMG) or TDG on the lactose metabolism. Error bars
indicate ± SD from 5 (gray) and 3 (blue) technical replicates. g D-lactose depen-
dence of NADPH production in MleP-LacY vesicles. h D-lactose dependence of
NADPH production presented as the initial rate of NADPH fluorescence change.
Solid line represents a Michaelis-Menten fit to experimental data (R2 = 0.991). The
half saturation constant = ~0.2mM. NADPH fluorescencewas followed at excitation
of 350 nm and emission of 460 nm (slit width of 5 nm). a, d were created with
Biorender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license.
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electrochemical proton gradient across the membrane. (ii) MleP
exchanges structurally related substrates, L-malate and L-lactic
acid, which have in common the 2-hydoxycarboxylate unit. The
direction of transport is determined by the substrate concentration
gradients and not by the orientation of MleP in the membrane57,58.
Indeed, we show that an inside negative potential is formed when
L-malate is taken up in exchange for internal L-lactate, whereas a
positive potential is formed for L-malate exit in exchange for
external L-lactate (Fig. 1). This is a technical advantage over primary
transporters that facilitate H+ translocation in a light-dependent
process59,60, a redox reaction61 or ATP hydrolysis62. (iii) MleP and
MleS are more active at pH 6 (Figs. 1 and 2) than at pH 7 or higher,
implying a built-in mechanism for pH homeostasis. Thus, more
protons are taken up by the decarboxylation pathway when the
internal pH decreases, e.g. as a result of a lower external pH or
import of protons via secondary active transporters such as GltP
and LacY. The relative simplicity and versatility of the pathway to
generate a PMF and tomaintain the internal pH relatively constant is
an advantage for the further integration of metabolic modules in
synthetic cells. Indeed, we show successful integration of the
L-malate decarboxylation pathway with a metabolic network for the
formation of precursors of the glycolytic (glucose-6P) and pentose
phosphate pathway (6-phosphoglucono-δ-lactone) from the inter-
nalized lactose. The main function of the pentose phosphate path-
way is to provide the cell with precursors for nucleotide synthesis
and reducing power (NADPH)63. Hence, the here presented system
constitutes a platform for the integration of other essential func-
tions like redox or ATP/ADP homeostasis64,65.

What are the limitations of the L-malate decarboxylation path-
way? First, L-lactic acid (present in low amounts at pH 7 but in rapid
equilibrium with L-lactate) is highly membrane permeable66–68, which
in our system results in competitionbetween external L-lactic acidwith
L-malate. This reduces the exchange rate and, hence, limits the gen-
eration of PMF. Second, the decrease in activity in MleP and MleS at
pH> 6 may impose a limit on the capacity of the L-malate decarbox-
ylation pathway to generate a PMF at alkaline pH values.

The PMF in living cells fluctuates and responds to changes in the
external medium69,70. PMF values in cells have been reported to fall
within the range −100 to −270mV, depending on the specific organism
and conditions71. The PMF from the L-malate decarboxylation pathway
in liposomes at pH 7 was maximally ≈ −100mV, i.e., 8min after
L-malate addition and reached ≈ −120mV after 12min at pH 6
(Fig. 4d, e). Subsequently, the PMF decreased to ~−70mV at pH 7,
mostly as a consequence of the partial dissipation of the membrane
potential (Fig. 4d). Hence, at longer times, the contribution of ΔpH to
the PMF increased relative to that of the ΔΨ. We used in most of our
studies a pHof 7; the PMF is higher at lower pHvalues reflecting the pH
regulation of MleP and MleS.

The accumulation of L-glutamate and D-lactose nicely follows the
transients in the PMF, suggesting the energy from the PMF is actively
transformed into a substrate gradient by the symporters and,
remarkably, we obtain H+/solute stoichiometries of ~3 for GltP and ~1
for LacY. These values nicelymatch themechanistic stoichiometries of
these proteins. In older literature, the relationship between the mag-
nitude of the PMFand lactose accumulation has been found condition-
dependent, which has led to the suggestion that the mechanistic
stoichiometry of LacY (and other transporters) may vary. Our esti-
mates match the mechanistic stoichiometry, which may be due to the
fact that we work at relatively low PMF and close to pH 7, where leak
pathways may be less prominent72,73.

The internal L-glutamate concentration reaches 1mM, when the
external concentration is only 20 µM. For biosynthesis, the cellular
amino acid concentrations are typically in the low millimolar range;
the glutamate concentrations are typically higher because this
amino acid also serves a role as compatible solute, and its oxidation

can feed oxidative phosphorylation with reducing equivalents
for in vitro protein synthesis74–78. Reaching intravesicular con-
centrations in the GltP vesicles similar to those in E. coli would
require an external concentration of L-glutamate of 0.6–0.8mM. We
also note that, at 20 µM of L-glutamate, GltP operates at <40% of its
maximal rate.

A reference value for the intracellular concentration of lactose is
not available, because in cells the disaccharide is quickly broken down
to galactose plus glucose, which are further metabolized via the Leloir
and glycolytic pathway79, respectively.We have determined the uptake
of lactose at an external concentration of 50μM, which is well below
the Km of LacY (0.5mM, Table 1). Hence, a much faster uptake is fea-
sible at higher substrate concentration. We also notice slow lactose
efflux at higher internal lactose concentrations (at t > 2 h, Fig. 6c),
which is possibly linked with H+:lactose uncoupling events that are
more prominent at alkaline pH values73,80. Indeed, uncoupling of
solute-H+ symport has been reported as strategy to prevent uncon-
strained accumulation of solutes81,82.

In summary: we show sustainable and long-term accumulation of
an amino acid and metabolism of a sugar, driven by a PMF-generating
pathway that could be implemented in various types of synthetic cells
and used to sustain far-from-equilibrium metabolism. A synthetic cell
requires 20 amino acids (but also other nutrients), which could be
taken up by separate amino acid transporters. To limit the number of
transporters to be reconstituted and later on to be produced by in-
vesicle synthesis and membrane insertion, we envisage the use of a
broad specificity di-/tripeptide transporter such as DtpT together with
luminal peptidases to supply the cell with all amino acids41,83,84. Simi-
larly, the integration of H+:ribonucleoside symporters along with
ribonucleoside kinases or H+:nucleotide symporters can provide
building blocks for the synthesis of DNA and RNA85,86. Co-
reconstitution of the L-malate decarboxylation pathway along with
Na+/H+ antiporters is a strategy to fine-tune the pH homeostasis or
convert the PMF into a SMF. This would extend the possibilities of
building block carriers to symporters driven by a Na+ electrochemical
gradient, e.g., as present in mammalian cells. Given the importance of
the PMF (and SMF) as energy carrier in all organisms fromall kingdoms
of life, the here-developed chemiosmotic network may inspire other
studies of molecular and cellular processes that require electro-
chemical ion gradients.

Methods
Plasmid construction for the expression of MleP and MleS
The plasmids bearing the mleP and mleS genes were constructed fol-
lowing the method from87 as follows: The mleP and mleS genes were
amplified from the genome of L. lactis IL1403 by PCR with primers
mleP_clic_fw and mleP_clic_rev for MleP, and mleS_clic_fw and mle-
S_clic_rev for MleS (Supplementary Table 2), using Phusion HF DNA
polymerase (Thermo Fisher Scientific, Inc.). This yielded plasmids
pNZ_clic_MleP and pNZ_clic_MleS. Both genes are under the nisin
A-inducible Pnis promoter, and the proteins have a TEV cleavable 10
His-tag at the C-terminus. Both pNZ_clic_MleP and pNZ_clic_MleS were
transformed into L. lactis NZ9000.

Expression of L. lactis MleP and MleS
Expression of L. lactisMleP andMleS was performed in a batch culture
as follows: L. lactis NZ9000 cells transformed with pNZ_clic_MleP or
pNZ_clic_MleS were grown in 3 L of richmedia (2% (w/v) Gistex, 65mM
sodium phosphate pH 7, 1% (w/v) glucose) supplemented with
5 µgmL−1 chloramphenicol at 30 °C (without stirring) after inoculation
with 50mLof anovernight pre-culture. At an optical density (OD600) of
0.5, the expression was induced with 0.05% (v/v) of culture super-
natant from a nisin A-producing strain. The strains were grown for an
additional 2 hours and then harvested by centrifugation (6000× g,
4 °C, 15minutes), washed once, resuspended in ice-cold 100mM
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potassium phosphate pH 7 to an OD600 ≈ 100, frozen in liquid nitro-
gen, and stored at −80 °C.

Expression of E. coli GltP
GltP was produced from plasmid pBad24‐GltP. Expression was per-
formed in Escherichia coliMC1061 cells, grown in LB broth at 37 °C and
shaken at 200 rpm. Ampicillin was added to the cultures to a final
concentration of 100 µgmL−1. At an optical density at 600 nm of
0.8–1.0, L‐arabinose was added to a final concentration of 0.01% (w/v)
and the temperature was switched to 25 °C. Five hours after induction,
the cells were harvested (6268 × g, 10min, 4 °C, Beckman JLA 9.1000
rotor), washed once, and resuspended in ice-cold 20mMTris‐HCl pH8
to an OD600 ≈ 150, frozen in liquid nitrogen, and stored at −80 °C.

Expression of E. coli LacY
E. coli BL21 cells transformed with the plasmid pT7C3H-lacY (con-
taining the coding region of LacY and the protein tagged with 10× His
at the C-terminus) were grown in LB medium supplemented with
100 µgmL−1 of ampicillin at 37 °C and stirring at 150 rpm. Induction of
protein expression was performed at 30 °C at an OD600 of 0.5 with
0.4mM of isopropyl β-D-1-thiogalactopyranoside for a period of 3 h.
Cells were harvested by centrifugation (6000× g, 4 °C, 15minutes),
washed once, resuspended in ice-cold 100mM potassium phosphate
pH 7 to anOD600 ≈ 100, frozen in liquid nitrogen, and stored at−80 °C.

Purification of L. lactis MleS
L. lactis cells overexpressingMleSwere thawed and lysed at 30 kPsi in a
high-pressure homogenizer (HPL6, Maximator) in the presence of
100 µgmL−1 DNAse, 2mMMgSO4 and 1mM PMSF. After lysis, 5mM of
sodium-EDTA was added. Cell debris was removed by centrifugation
(15min, 22,000× g, 4 °C) and the supernatant was centrifuged for
90min at 125,000× g and 4 °C. Protein concentration in the cell lysate
was determined by the bicinchoninic acid assay (BCA) (ThermoFisher
Scientific Protein Assay kit) using BSA as standard, the cell lysate was
frozen in liquid nitrogen and stored at −80 °C. Ni2+-Sepharose resin
(Cytiva) was washed with milliQ water and equilibrated with buffer A
(200mM NaCl, 50mM potassium phosphate pH 7.5) plus 10mM imi-
dazole. Lysate was thawed on ice and incubated with Ni2+-Sepharose
resin (0.5ml columnvolumeper 50mgof total protein content) for 1 h
with gentle mixing at 4 °C. The suspension was transferred to a glass
chromatography column (Bio-Rad). The resin was washed with 20
column volumes of buffer A plus 50mM imidazole. Protein was eluted
with buffer A containing 500mM of Imidazole, and the protein con-
centrationwasdetermined fromabsorbancemeasurements at 280 nm
using a NanodropTM (ThermoFisher Scientific). Fractions with the
highest protein concentration were used for size-exclusion chroma-
tography on a Superdex 200 Increase 10/300 GL column (GE Health-
care) in 100mM NaCl, 50mM potassium phosphate pH 7.0. Protein
was supplemented with 10% glycerol, aliquoted, flash-frozen in liquid
nitrogen, and stored at −80 °C.

Purification of MleP and LacY
L. lactis cells overexpressing MleP or E. coli cells overexpressing LacY
were thawed and lysed at 30 kpsi (L. lactis) or 20 kPsi (E. coli) in a high-
pressure homogenizer (HPL6, Maximator) in the presence of
100 µgmL−1 DNAse, 2mMMgSO4 plus 1mM PMSF. After lysis, 5mM of
sodium-EDTA was added. Cell debris was removed by centrifugation
(15min, 22,000× g, 4 °C) and the supernatant was centrifuged for
90min at 205,000× g, and 4 °C. Supernatant was discarded, and the
pellet of cell membranes was resuspended in ice-cold potassium
phosphate pH 7 to a total protein concentration of 10mgmL−1

(Determined by the BCA assay). Resuspended membranes were flash-
frozen in liquid nitrogen and stored at −80 °C. Membrane vesicles
containing 20mg of total protein were thawed on ice, and solubilized
for one hour with n-dodecyl-β-D-maltoside (DDM) [0.5% (w/v) for

MleP, 1.0% for LacY] in 200mMNaCl, 50mMpotassiumphosphate pH
7.5. Non-solubilized membranes were removed by centrifugation
(25min, 270,000× g, 4 °C). Ni2+-Sepharose resin (Cytiva) was washed
with milliQ water, equilibrated with buffer A (200mM NaCl, 50mM
potassium phosphate pH 7.5) supplemented with 10mM imidazole
plus 0.03% (for MleP) or 0.05% (for LacY) (w/v) of DDM and added to
the solubilizedmembrane vesicles. The suspension was nutated for 1 h
and subsequently transferred to a Poly-Prep chromatography column
(Bio-Rad). The resin was washed with 20 column volumes of buffer A
plus 50mM imidazole and 0.03% (for MleP) or 0.05% (for LacY) (w/v)
of DDM.Proteinswere elutedwith buffer Aplus 350mM imidazole and
0.03% (for MleP) or 0.05% (for LacY) (w/v) of DDM. Protein con-
centrationwasdetermined fromabsorbancemeasurements at 280 nm
using a NanodropTM (ThermoFisher Scientific). 2mM of β-
mercaptoethanol was added to all the buffers for the purification
of LacY.

Purification of GltP
E. coli cells overexpressing GltP were thawed and lysed at 25 kPsi (E.
coli) in a high-pressure homogenizer (HPL6, Maximator) in the pre-
sence of 100 µgmL−1 DNAse, 2mMMgSO4 plus 1mM PMSF. Unbroken
cells and cell debris were pelleted (30min, 12,074 × g, 4 °C), and the
supernatant was subjected to ultracentrifugation (150min, 193,727 × g,
4 °C). Membrane pellets were resuspended in 20mM Tris‐HCl pH 8,
and stored at ‐80°C. The protein concentration in the membranes was
determined using BCA method, with BSA as a standard. Proteins were
solubilized frommembrane vesicles in buffer B (300mMNaCl, 50mM
HEPES pH 8.0), containing 15mM imidazole pH 8.0 plus 1% n‐decyl‐β‐
maltoside (w/v) (DM), at a final protein concentration of 3mgmL−1.
After incubation on a rocking platform for 60min, the solution was
centrifuged (30min, 286,286 × g, 4 °C). Supernatants were incubated
on a rotating platform for 60min at 4 °C with Ni2+‐Sepharose slurry
(Fast‐flow, GE Healthcare, bed volume of 0.5ml), pre‐equilibrated with
buffer A. The mixture was loaded on a BioRad Poly‐Prep column, and
unbound protein was allowed to flow through. Columns were washed
with 20 column volumes of buffer C (500mM KCl, 0.15% DM (w/v),
50mMMESpH6.0), supplementedwith 150mM imidazole pH6.0 and
continued washed with 5 column volumes of buffer C, supplemented
with 200mM imidazole pH 6.0. Protein was eluted from the column in
three fractions of 350, 800, and 400μL using buffer C, supplemented
with 500mM imidazole pH 6.0. The second elution fraction from the
affinity chromatography contained most of the purified protein. Pro-
tein concentrationwas determined from absorbancemeasurements at
280 nm using a NanodropTM (ThermoFisher Scientific).

Lipid and vesicle preparation
E. coli polar lipids: egg PC (3:1). E. coli polar lipids were prepared by
precipitation with acetone and then extraction with diethyl ether from
a commercial extract of E. coli total lipids (Avanti Polar Lipids),
according to ref. 88. E. coli polar lipids and egg PC (Avanti Polar Lipids)
dissolved in chloroform were mixed to a molar ratio of 3:1.

DOPE:DOPG:DOPC (1:1:2). Synthetic lipids 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-
(1’-rac-glycerol) (DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) (Avanti Polar Lipids) were dissolved in chloroform to a con-
centration of 25mgmL−1 and mixed in a molar ratio of 1:1:2.

For the formation of vesicles (liposomes), the chloroform in the
lipid mixtures was evaporated in a rotary evaporator (Büchi Labor-
technik AG), the lipids were washed with diethyl ether, and the lipid
filmwas hydrated and resuspended in 50mMK-phosphate at pH 7 to a
concentration of 20mgmL−1. Lipid resuspension was facilitated by
sonication with a tip sonicator at 70% amplitude, 15 s ON, 45 s OFF for
16 cycles, while the suspension was kept cold in ice-water and sub-
jected to three cycles of freezing (in liquid nitrogen)—thawing (in a
water bath at room temperature). Large-unilamellar vesicles (LUVs)
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were formed by extrusion of the lipid suspension through a 400nm
pore-size polycarbonate filter (Whatman, GE Healthcare).

Reconstitution of membrane proteins
Reconstitution mediated by Triton X−100 and detergent removal
with polystyrene beads (MleP, GltP, and MleP plus GltP). The pro-
tocol was adapted from ref. 89. Briefly, an aliquot (1mL) of 20mgmL−1

of a mixture E. coli polar lipids:egg phosphatidylcholine (PC) 3:1 (mol
ratio) or DOPE:DOPG:DOPC 1:1:2 (mol ratio) lipidswere resuspended in
50mM potassium phosphate pH 7.0 and 13× extruded through a
400nm polycarbonate filter (Whatman, GE Healthcare) to form LUVs,
diluted to a lipid concentration 4mgmL−1 in 50mM potassium phos-
phate pH 7.0, and destabilized with 10% Triton X−100 by titration to
OD540 = 0.6 × Rsat (Rsat is point of maximal OD540). Detergent-purified
membrane protein (≈1mgmL−1) was added to the lipid-Triton X−100
mixture at the desired LPR ratio (w/w), and the protein-detergent-lipid
mixture was incubated at room temperature for 30min with gentle
agitation. Detergent was removed by consecutive additions of poly-
styrene beads (BioBeads SM-2, BioRad) with continuous and gentle
agitation as follows: 25mgmL−1 of polystyrene beads were added and
incubated for 30min at room temperature. A second portion of
15mgmL−1 was added and incubated for 60min at 4 °C. A third portion
of 20mgmL−1 was added and incubatedovernight at 4 °C. After the last
addition of 40mgmL−1 the mixture was incubated for 2 h at 4 °C.
Polystyrene beads were discarded, proteoliposomes were harvested
by centrifugation (25min, 270,000× g, 4 °C) and resuspended to a
lipid concentration of 50mgmL−1 in 50mM potassium phosphate
pH 7.0.

Reconstitution mediated by n-octyl-β-D-glucopyranoside (OG) and
rapid dilution (MleP, LacY and MleP plus LacY). The protocol was
adapted from refs. 42–44. Briefly, 1mL of 20mgmL−1 of E. coli polar:
egg PC 3:1 (mol ratio) lipids were resuspended in 50mM potassium
phosphate pH 7.0 plus 1mM dithiothreitol (DTT) and dissolved by
adding OG to a final concentration of 1.8% (w/v) and incubation at
room temperature for 2 h with agitation. DDM-purified membrane
protein (≈1mgmL−1) was added, and the mixture was incubated on ice
for 10min. The protein-detergent-lipid mixture was diluted at least
100× in ice-cold 50mM potassium phosphate pH 7.0 plus 1mM DTT,
and the proteoliposomes were harvested by centrifugation (120min,
205,000× g, 4 °C). The pellet was resuspended in 50mM potassium
phosphate pH 7.0 plus 1mM DTT to a lipid concentration of
10mgmL−1, polystyrene beads (BioBeads SM-2, BioRad) were added
(50mgmL−1), and the mixture was incubated overnight at 4 °C with
gentle agitation. Polystyrene beads were discarded, proteoliposomes
were harvested by centrifugation (25min, 270,000 × g, 4 °C) and
resuspended to a lipid concentration of 50mgmL−1 in 50mM potas-
sium phosphate pH 7.0 plus 1mM DTT.

MleP LPR 100 vesicles composed of E. coli polar lipids: egg PC 3:1
(mol ratio) was the standard for the characterization of MleP by SSM
measurements. This LPR yields about 60MlePmolecules per vesicle of
diameter 200 nm, which is sufficient for large and robust electrical
signals even at very low concentrations of substrate. Previous studies
have shown that the reconstitution efficiency decreases with
decreasing LPR37,38. Hence, we increased the LPR to 250 for experi-
ments when multiple membrane proteins had to be reconstituted
(MleP with GltP or LacY) and MleS was encapsulated. We tested two
different lipid compositions to demonstrate that, besides E. coli polar
lipids+egg PC (3:1), MleP also functions in synthetic lipid mixtures like
DOPE:DOPG:DOPC (1:1:2) (Fig. 1f and Supplementary Fig. 2), albeit less
efficiently (Supplementary Fig. 2).

SSM-based electrophysiological measurements
Liposomes or proteoliposomes were adsorbed onto an SSM pre-
formed on a gold sensor chip and transport currents were detected via

capacitive coupling, as explained elsewhere28,29. Proteoliposomes with
MleP in E. coli polar: egg PC lipids 3:1 (mol ratio) at the indicated LPR
(w/w) were used for the encapsulation of sodium-L-lactate or sodium-
L-malate in 100mM potassium phosphate pH 7.0 by 5× freeze-thaw
cycles (flash-freezing in liquid nitrogen, thawing in an ice-water bath at
≈10 °C), followed by gentle mixing and 13× extrusion through a
200nm polycarbonate filter (Whatman, GE Healthcare). Extruded
proteoliposomes were collected by centrifugation (25min,
270,000× g, 4 °C) and resuspended to a final lipid concentration of
5mgmL−1 in non-activating (NA) solution (see below) containing either
L-malate or L-lactate.

10 µL of MleP proteoliposomes were applied onto an SSM, pre-
formed on an octadecanethiol-functionalized gold sensor chip (3mm
diameter, Nanion) by the addition of 1,2-diphytanoyl PC (15mgmL−1 in
n-decane) (Avanti Polar Lipids) and NA solution (see below). The
adsorption of proteoliposomes to the SSM was accelerated by cen-
trifugation of the sensor chip at 2500 × g, 30min at room temperature.
The sensor chip with the proteoliposomes adsorbed on the SSM were
loaded into the chamber of a SURFE2R N1 device (Nanion) and a jump
in the concentration of substrate was triggered via a software-
controlled fast solution exchange protocol29 at room temperature.

The solution exchange protocol consisted of an initial perfusion of
NA solution for 1 sec followed by the perfusion of activating solution
(A) for 1 sec and a final perfusion ofNA solution for 1 sec. The A solution
contained the substrate that initiates the transport. The composition of
the NA solution was the same as that in the lumen of the proteolipo-
somes. Current signals obtained during the perfusion of A solution
were taken for quantification purposes (ON signals). For all the mea-
surements, we used 100mMpotassium phosphate at the indicated pH.
Ionic strength and osmolarity were made similar for the A and NA
solutions; acetate− and sulfate2−were used as non-transported anions to
replace L-lactate− and L-malate2−, respectively. For pH dependence,
proteoliposomes adsorbed onto the SSM were incubated for 20min in
NA solution at the corresponding pH before the solution exchange for
pH equilibration. Supplementary Table 3 summarizes the transport
modes and conditions of the solution exchange.

For the L-malate dependence, the A solution was x mM Na-L-
malate, (30−x)mM Na-sulfate plus 30mM Na-acetate, while the NA
solution was 30mM Na-L-lactate plus 30mM of Na-sulfate. For the
L-lactate dependence, the A solution was x mM Na-L-lactate,
(30−x)mM Na-acetate plus 30mM Na-sulfate, while the NA solution
was 30mM Na-L-malate plus 30mM of Na-acetate.

L-malate efflux assays
For the efflux assays 20mg of MleP proteoliposomes (lipid-to-protein
ratio 400:1) were used. The vesicles were extruded 13 times through a
200nm pore-size polycarbonate filter, diluted to 6mL in 100mM
potassium phosphate pH 7.0, and collected by centrifugation (25min,
270,000× g, 4 °C). The vesicles were resuspended in as little solution
as possible (<100 µL). To load the vesicles with substrate, 1mM of
14C-L-malate was added (final specific activity: 600MBqmmol−1). This
suspensionwas incubated at room temperature for 1 hour, followedby
overnight incubation at 4 °C. The vesicles were diluted to a final con-
centration of 3.34mg of lipid mL−1 in 100mM potassium phosphate
pH 7.0 or sodium phosphate pH 7.0. Next, 0.2 µM valinomycin (stock
solution of 100 µM in ethanol) was added to either dissipate any
formed membrane potential, or to create a membrane potential
(inside negative) in vesicles resuspended in sodium phosphate buffer.
100 µL sampleswere taken atgiven time intervals, diluted in 2mlof ice-
cold quenching buffer (100mM potassium phosphate pH 7.0), and
filtered over 0.45 µm pore size cellulose nitrate filters. The filters
were washed with 2mL quenching buffer. Radioactivity was quantified
by liquid scintillation counting using Ultima Gold MV scintillation
fluid (PerkinElmer) and a Tri-Carb 2800TR scintillation counter
(PerkinElmer).
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MleS activity assay
L-malate decarboxylation activity catalyzed by MleS was estimated
from the H+ consumption with a pH combination microelectrode
(BlueLine 16, SI Analytics) in a solutionwith low buffer capacity. 700 µL
of reaction solution containing 0.5mM NAD+, 0.1mM MnCl2, 100mM
KCl, and 2mM potassium phosphate at pH 7.0 were incubated for
3min at 30 °C. The enzyme was added at the concentration indicated
in Fig. 2 (50–150 nM), and a temperature equilibration step of 3min
was performed. The decarboxylation reaction was initiated (t =0) by
the addition of sodium-L-malate to a final concentration of 5mM (or
otherwise indicated) from a stock solution whose pH was adjusted to
pH 7.0 with NaOH. For the pH dependence, 2mM potassium phos-
phate was used at pH 6–8, while sodium-acetate was used for experi-
ments at pH 4 and 5, keeping the L-malate concentration at 5mM and
MleS concentration at 150 nM. For the L-malate dependence, the
enzyme concentration was 150nM. The L-malate decarboxylation
activity was calculated as the H+ consumption expressed in µmol
H+min−1 mg−1, using a titration curve with NaOH to calibrate the buffer
capacity. The pH was recorded during the progression of the reaction
with the software MultiLab Pilot V5.21 (Xylem Inc.).

Encapsulation of soluble components of the L-malate
decarboxylation
The protocol was adapted from65. 2mM sodium-L-lactate, 1.0mM
sodium-β-nicotinamide adenine dinucleotide (NAD+), 0.5mM MnCl2,
0.1mM HPTS, pyranine, (ThermoScientific), and 2.5 µM MleS was
mixed with 10mg of proteoliposomes resuspended to a lipid con-
centration of 25mgmL−1 in 50mMpotassiumphosphate pH 7 to a final
volume of 400 µL. Encapsulation of soluble components was per-
formed by a 5× freeze-thaw cycle (flash-freezing in liquid nitrogen, and
thawing in an ice-water bath at ≈10 °C) followed by gentle mixing and
13× extrusion through a 400nm polycarbonate filter (Whatman, GE
Healthcare). External components were removed by gel filtration on a
22 cm long column with Sephadex G-75 (Sigma) pre-equilibrated with
2mM sodium-L-lactate plus 50mM potassium phosphate pH 7.0.
Proteoliposomes were washed twice with 60× volume dilution, fol-
lowed by centrifugation (25min, 270,000× g, 4 °C) and resuspension
to afinal lipid concentration of 125mgmL−1. 2mMofDTTwas added to
all buffers when vesicles with LacY were used.

Internal pH measurements
The internal pH of the vesicles was determined from fluorescence of
encapsulated pyranine (trisodium-8-hydroxypyrene-1,3,6-trisulfo-
nate, HPTS (ThermoFisher Scientific))90. Pyranine was encapsulated
in proteoliposomes (along with the soluble components of the
L-malate decarboxylation pathway) at a concentration of 0.1mM, as
described in the previous section. Liposomes or proteoliposomes
containing internal pyranine were diluted 50 times in an external
solution (2mM sodium-L-lactate plus 50mM potassium phosphate
pH 7, unless otherwise indicated) to a lipid concentration of
2.5mgmL−1 in a quartz fluorescence cuvette (105.250 QS, Hellma
Analytics). To eliminate the fluorescence from traces of pyranine on
the outside, 5mM of the collisional quencher p-xylene-bis-
pyridinium bromide (DPX) was included in the external solution.
The mixture was incubated for 10min at 30 °C, and the L-malate
decarboxylation reaction started by the addition of 10mM (unless
otherwise indicated) of sodium-L-malate (from a 2M stock pre-
adjusted to pH 7 with NaOH). Where the effect of ionophores was to
be determined, valinomycin and nigericin dissolved in dimethyl
sulfoxide (DMSO) were added to a concentration of 1 µM (lipid:io-
nophore ≈3000:1 (mol ratio)). Fluorescence measurements were
performed in an FP-8300 spectrofluorometer (Jasco, Inc). Excitation
spectra of pyranine between 380 and 480 nm (λexc) at an emission
wavelength (λem) of 512 nm were taken at intervals of 1min. The ratio
between the fluorescence intensities at λexc = 450 nm and 405 nm

(F450nm/F405nm) was calculated and interpolated in a calibration curve
to obtain the pH values. For the calibration curve: Pyranine was
diluted 1000 times in the solution of 50mM potassium phosphate at
the indicated pH to a final concentration of 0.1 µM, and the excitation
spectra were measured as described above. The pH of the buffer was
measured right before starting the fluorescence measurements with
a pH microelectrode. F450nm/F405nm was plotted against the mea-
sured pH (Supplementary Fig. 10c), and the data were fitted to a
logistic equation of the form:

y =
a

1 + e�kðx�xcÞ
ð4Þ

Where y = F450/F405, x = pH, a = 3.741, k = 2.223 and xc = 7.883. To cal-
culate the pH from the fluorescence excitation spectra of pyranine we
used the following equation:

pH=7:883� 1
2:223

Ln
3:741

ðF450=F405Þ
� 1

� �
ð5Þ

L-lactate quantification by RP-HPLC
MleS activity in solution. Tomeasure L-lactate production byMleS in
solution, the enzyme was diluted to a concentration of 50nM in
0.5mM NAD+, 0.1mM MnCl2, 100mM KCl plus 2mM potassium
phosphate pH 7.0 and incubated at 30 °C for 3min. The reaction was
initiated by the addition of 5mM sodium-L-malate (pre-adjusted to pH
7 with NaOH). 50 µL aliquots were taken at 0 s, 10 s, 30 s, 60 s, 2min,
3min, 5min, 10min, 20min, and 30min, and processed as
described below.

Productionof L-lactateby the L-malate decarboxylationpathway in
vesicles. MleP-proteoliposomes containing 2mM sodium-L-lactate,
1.0mM NAD+, 0.5mM MnCl2 plus 50mM potassium phosphate pH
7.0 were diluted 50 times in external solution containing 2mM
sodium-L-lactate and 50mM potassium phosphate pH 7.0 and incu-
bated at 30 °C for 3min. The L-malate decarboxylation pathway was
initiated by the addition of 10mM sodium-L-malate (from a 2M stock
pre-adjusted to pH 7 with NaOH), and 50 µL aliquots were taken at
the indicated times over a period of 4 hours and processed as
described below. A sample before the addition of L-malate was
also taken.

Derivatization and analysis. The protocol for the analysis of L-lactate
was adapted from ref. 91. L-malate decarboxylation in solution or in
MleP-proteoliposomes was stopped by transferring 50 µL of samples
into 20 µL of quenching solution (7% perchloric acid plus 4.5mM
EDTA). The excess acid was neutralized by the addition of 15 µL of 1M
KOHplus 1MKHCO3, and sampleswere incubatedovernight at−20 °C.
Samples were centrifuged at 16,000× g for 5min at room temperature
in a table top centrifuge and 10 µL of the supernatant was transferred
to 20 µL of 5% (w/v) triethanolamine (TEA) in acetonitrile (ACN) plus
90 µL of 90mM tetra-n-butylammonium bromide in acetonitrile.
380 µL of derivatization reagent (10mM 9-chloromethyl anthracene
(9-CMA, ThermoFisher Scientific) in acetonitrile) was added, and the
reaction was run at 70 °C for 30min. The solution 9-CMA was pre-
viously sonicated in a water bath for 15min and filtrated through a
PTFE filter. Derivatized samples at room temperaturewere centrifuged
for 5min at 16,000 × g and 10 µL of a 2× diluted supernatant was ana-
lyzed by RP-HPLC on a 1260 LC HPLC system (Agilent) composed of a
G1311B binary pump, G1329B autosampler, G1316A thermostated col-
umn compartment and a G1315C diode array detector, using a Shi-
madzu XR-ODS 3 × 75mmC18 column. Samples were run with a binary
gradient between ACN andwater as follows: startwas at 30%ACN, 80%
ACN at 10min, 95% ACN from 11 to 15min, 30% ACN from 16min to the
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end (20min), flow rate 0.9 µLmin−1. The column was kept at 40 °C,
while samples in the autosampler were kept at 10 °C. Samples were
analyzed by detection of absorbance at 365 nm. L-lactate derivative
was detected based on the retention time and quantified by inter-
polation of the peak area from a calibration curve (Supplemen-
tary Fig. 6).

Determination of membrane potential in vesicles
The membrane potential in liposomes and proteoliposomes was esti-
mated using 3,3’-dipropylthiadicarbocyanine iodide (DiSC3(5), Invi-
trogen) as a fluorescent probe.

Membrane potential in vesicles with the L-malate decarboxylation
pathway. MleP at LPR 250 (w/w) in E. coli polar lipids:egg PC 3:1 (mol
ratio) liposomes containing 2.5 µM MleS, 1mM NAD+, 0.5mM MnCl2,
2mM sodium-L-lactate, (±0.1mM pyranine) plus 50mM potassium
phosphate pH 7.0 were diluted 650 times in 0.98mL of 2mM sodium-
L-lactate (unless otherwise indicated) plus 50mM potassium phos-
phate pH 7.0 to a final concentration of lipids of 0.2mgmL−1 in a
cuvette for fluorescence measurements. The suspension was incu-
bated at 30 °C for 3min with constant stirring (700 rpm) using a glass-
covered magnetic bar. DiSC3(5) was added to a final concentration of
1 µM from a 1mM stock in DMSO. After an equilibration time of 5min,
L-malate decarboxylation was initiated by addition of 10mM sodium-
L-malate (from a 2M stock pre-adjusted to pH 7.0 with NaOH) and the
fluorescence quenching (Fq) was followed for 30–60min. Valinomycin
was added to a final concentration of 50 nM from a 50 µM stock in
DMSO to dissipate the membrane potential, which is observed as an
increment in fluorescence (Fval). The percentage of fluorescence
quenching (ΔF %) was calculated according to Eq. (6) and interpolated
in a calibration curve (obtained for the same liposome samples) to
estimate the magnitude of the L-malate-induced membrane potential.

ΔFð%Þ= Fq � FVal
FVal

ð6Þ

Calibration curve. MleP at LPR 250 (w/w) in E. coli polar lipids:egg PC
liposomes containing 50mMofpotassiumphosphate pH 7.0were 650
times diluted in 0.98mL of 50mM potassium phosphate, 50mM
sodiumphosphate ormixtures of thesebuffers toobtain thedesiredK+

concentration on outside of the vesicles (Supplementary Table 4).
DiSC3(5) was added to a final concentration of 1 µM from a 1mM stock
in DMSO and, after equilibration, valinomycin was added to a final
concentration of 50nM from a 50 µM stock in DMSO. As a response to
the negative insidemembrane potential established from the diffusion
of K+ along its concentration gradient, the fluorescence was quenched
to a final level (Fq) depending on the magnitude of the K+ gradient.
Nigericin was added in order to dissipate the membrane potential
causing a fluorescence dequenching (FNig). The calibration curve was
constructed by plotting the percentage of quenching (Fluorescence
quenching %), calculated according to Eq. (7) and using the imposed
potassium diffusion potential.

ΔFð%Þ= Fq � FNig
FNig

ð7Þ

The K+ diffusion potential was calculated according to Eq. (8),

ΔΨ=2:303
RT
F

� �
log

½K+ �OUT
½K+ �IN

� �
ð8Þ

where R is the gas constant, T is the temperature in Kelvin, and F is the
Faraday constant. Data were fitted to an exponential equation (Sup-
plementary Fig. 16b). The membrane potential was calculated from

fluorescence quenching curves using Eq. (9),

ΔΨ mVð Þ= kLn ΔF %ð Þ � y0
A

� �
ð9Þ

where A = 30.7, k = 108.4, y0 = −30.9 are fitting parameters of the data
in Supplementary Fig. 16b, and ΔF(%) corresponds to the fluorescence
quenching.

Fluorescence measurements were performed in an
FP8300 spectrofluorometer (JASCO) using a 10 × 4mm QS cuvette
(HellmaAnalytics, 109.004 F) at a temperature of 30 °Cunder constant
stirring (700 rpm) with a glass-covered magnetic bar. Excitation and
emission wavelengths were 662 and 680 nm, respectively.

Quantification of L-glutamate and D-lactose uptake in
proteoliposomes
Proteoliposomes with MleP, GltP, or LacY containing the soluble
components of the L-malate decarboxylation pathway (2mM
sodium-L-lactate, 1.0mM NAD+, 0.5mM MnCl2 plus 50mM potas-
sium phosphate pH 7.0) were 50 times diluted in external solution
containing 2mM sodium-L-lactate, 50mM potassium phosphate pH
7.0 and 20 µM of 14C-radiolabelled sodium-L-glutamate (Perkin
Elmer) (specific activity 15mCi/mmol, 555 MBq/mmol) for GltP or
50 µM of 14C-radiolabelled D-lactose (Amersham) (specific activity
15.4mCi/mmol, 570.4 MBq/mmol) for LacY and incubated for 5min
at 30 °C with continuous stirring. 10mM of sodium-L-malate was
added (from a 1M stock adjusted to pH 7 with NaOH) to start the
L-malate decarboxylation. 100 µL samples were taken at indicated
times before and after the addition of L-malate for up to 4 hours,
diluted into 2mL of ice-cold quenching solution (0.1M LiCl), and
filtered over 0.45 µm pore size nitrocellulose filters to stop the
transport. The filter was washed, and radioactivity was quantified by
liquid scintillation counting using Ultima Gold MV scintillation fluid
(PerkinElmer) and a Tri-Carb 2800TR scintillation counter (Perki-
nElmer). As an alternative protocol, proteoliposomes were diluted in
an external solution without substrate, and the radiolabelled sub-
strate was added 30 min after the addition of L-malate; here, the
L-glutamate or D-lactose transport is initiated after the generation of
the PMF. When the effect of membrane potential or pH gradient
dissipation was to be evaluated, valinomycin or nigericin was added
to a final concentration of 1 µM from a 1mM stock in DMSO.

To determine the L-glutamate and D-lactose transport driven by
the ΔΨ and ΔpH from valinomycin-facilitated K+ diffusion and acetic
acid diffusion potentials, respectively, the corresponding proteolipo-
somes (MleP plus GltP or MleP plus LacY) were loaded with 2mM
sodium-L-lactate, 70mM potassium acetate and 25mM of potassium
phosphate at pH 7.0. The external composition was 2mM sodium-L-
lactate, 22mM sodium acetate, 25mM sodium phosphate pH 7.0,
20 µM of radiolabelled L-glutamate for GltP (or 50 µM of radiolabelled
D-lactose for LacY), 1 µM of valinomycin and different ratios of
potassium-D-gluconate and sodium-D-gluconate to establish an out-
ward K+ concentration gradient, according to Table 3. In this manner,
the internal concentrations of K+ ([K+]IN) and acetate− ([AcO−]IN) are
109mM and 70mM, respectively. The transport was initiated by a 50-
fold dilution of proteoliposomes into the external solution (pre-incu-
bated for 3min at 30 °C). 100 µL samples were taken at the indicated
time intervals and processed as described above for quantification of
radioactivity.

The driving forces from the pH gradient andmembrane potential
were calculated, using Eqs. (10) and (8), respectively.

ZΔpH=2:303
RT
F

� �
log

½AcO��IN
½AcO��OUT

� �
ð10Þ

Article https://doi.org/10.1038/s41467-024-52085-z

Nature Communications |         (2024) 15:7976 15

www.nature.com/naturecommunications


Fluorometric determination of lactose metabolism in vesicles
Enzymes. β-galactosidase (LacZ) from E. coli (Sigma. G5635, lyophi-
lized) was hydrated in 50mM K-phosphate pH 7, 5mM β-mercap-
toethanol, 10mM MgCl2 plus 10% glycerol to a final concentration of
10mgmL−1 on ice until a translucid solution was obtained. Hexokinase
(HK) from yeast (Roche, 11426365001) and glucose-6-phosphate
dehydrogenase (G6P-DH) from yeast (Sigma, G7877) were acquired
as suspensions in 3.2M of ammonium sulfate. An aliquot of every
resuspension was centrifuged at 15,000× g for 10min at 4 °C, and the
supernatant was discarded. The pellet was dissolved in 50mMK-
phosphate pH 7, 5mM β-mercaptoethanol, 10mM MgCl2 plus 10%
glycerol to a final concentration of 8.5mgmL−1 (HK) and 15mgmL−1

(G6P-DH). Protein concentration was determined from absorbance
measurements at 280 nm using a NanodropTM (ThermoFisher
Scientific).

Encapsulation. Soluble components of the L-malate decarboxylation
pathway (2.5 µM MleS, 1mM NAD+, 0.5mM MnCl2 plus 2mM Na-lac-
tate) along with 7 µM β-galactosidase, 7 µM hexokinase, 4 µM G6P-DH,
10mMMgATP, 2mMNADP+wereencapsulated inMleP LPR250 (w/w)-
LacY LPR 200 (w/w) or MleP LPR 250 vesicles with E. coli polar lipids:
egg PC 3:1 (mol ratio) via OG-mediated reconstitution and detergent
removal by rapid dilution42,43. Encapsulation, washing and resuspen-
sion was performed according to the protocol described in “Encap-
sulation of soluble components of the L-malate decarboxylation”.

NADPH fluorescence measurements. Proteoliposomes with encap-
sulated componentswerediluted 40× in 50mMK-phosphate pH7, Na-
lactate 2mM, 1mMDTTplus 2.5mMEDTA, unlessotherwise indicated,
and the suspension was incubated for 5min at 30 °C. 10mM of Na-
malate was added from a 1M stock and the mixture was incubated for
30min to pre-forma PMF from the L-malate decarboxylation pathway.
Then, D-lactose was added to a final concentration of 100 µM from a
4mM stock (40× dilution). For inhibition of lactose transport, TMG or
TDGwere added to a final concentration of 20mMbefore the addition
of D-lactose. Fluorescence measurements were performed in a FP-
8300 spectrofluorometer (Jasco, Inc). Emission spectra of NADPH
between 380 and 500nm (λem) at an excitation wavelength (λexc) of
350nm were taken at intervals of 1min during the whole experiment.

Statistics and reproducibility
Uncropped gels for the images presented in Figs. 1a, 2b, 3b, 5b, 6b can
be found in Supplementary Figs. 1 and 9 and as Source Data. The band
patterns observed in the SDS-polyacrylamide gels are representative
from at least two independent experiments (different sample pre-
parations). In Supplementary Fig. 1a, c, three and two independent
uncropped gels are presented for the analysis of MleP and LacY in
liposomes, respectively, showing that images in Figs. 1a and 6b are
representative from independent sample preparations. Lanes 7 and 8 in
Supplementary Fig. 1b and Lanes 8 and 9 in Supplementary Fig. 9 cor-
respond to independent reconstitution samples and show that images
in Figs. 5b and 3b are representative of independent preparations.

Independent replicates with different sample preparations are
indicated by n number in the Figure legends, and the standard devia-
tion (SD) is indicated when n > 2.

Data analysis and figures design
Data and statistical analysis were performed using OriginPro Lab v8.5.
Cartoons in Fig. 1b, g, 2a, 3a, 4a, 5a, e, 6a, d. were created with Bior-
ender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license. Figures were
designed with Adobe Illustrator.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data in this study are available within themain text, Supplementary
Information and Source Sata files. Source data is available for Figs. 1–6,
Supplementary Figs. 1–3 and 5–27, Table 1 and Supplementary Table 1
in the associated source data file. Source data are provided with
this paper.
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