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Ammonium transport (Amt) proteins form a ubiquitous family of
integral membrane proteins that specifically shuttle ammonium
across membranes. In prokaryotes, archaea, and plants, Amts are
used as environmental NH4

+ scavengers for uptake and assimila-
tion of nitrogen. In the eukaryotic homologs, the Rhesus proteins,
NH4

+/NH3 transport is used instead in acid–base and pH homeo-
stasis in kidney or NH4

+/NH3 (and eventually CO2) detoxification in
erythrocytes. Crystal structures and variant proteins are available,
but the inherent challenges associated with the unambiguous
identification of substrate and monitoring of transport events se-
verely inhibit further progress in the field. Herewe report a reliable
in vitro assay that allows us to quantify the electrogenic capacity
of Amt proteins. Using solid-supported membrane (SSM)-based
electrophysiology, we have investigated the three Amt orthologs
from the euryarchaeon Archaeoglobus fulgidus. Af-Amt1 and
Af-Amt3 are electrogenic and transport the ammonium and meth-
ylammonium cation with high specificity. Transport is pH-depen-
dent, with a steep decline at pH values of ∼5.0. Despite significant
sequence homologies, functional differences between the three
proteins became apparent. SSM electrophysiology provides a
long-sought-after functional assay for the ubiquitous ammonium
transporters.
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Ammonium transport (Amt) proteins are a class of trimeric,
integral membrane proteins found throughout all domains

of life. Despite moderate primary sequence homologies, distinct
family members from bacteria, archaea, and eukarya (including
humans) share conserved structural features and a high number
of conserved amino acid residues that are considered function-
ally relevant (1–4). Although the involvement of all Amt proteins
in transporting NH4

+/NH3 across biological membranes is un-
disputed, their functional context is diverse. Prokaryotes and
plants use Amt proteins to scavenge NH4

+/NH3—a preferred
nitrogen source for cell growth—from their environment,
whereas mammals use Amt orthologs, the Rhesus proteins, for
detoxification and ion homeostasis in erythrocytes and in the
kidney and liver tissues (1, 5, 6).
Three decades ago, Kleiner and coworkers suggested that Amt

proteins are secondary active and electrogenic transporters for
ammonium (7–9). Various groups have subsequently confirmed
this finding by two-electrode voltage-clamp experiments with
protein produced recombinantly from RNA injected into Xenopus
laevis oocytes. Here, plant Amt and Rhesus proteins were the
main object of study, but some mechanistic details remained
unclear, in particular the distinction between electrogenic NH4

+

uniport (10–13), NH3/H
+ symport (11, 12), or electroneutral

NH4
+/H+ antiport (14, 15). In contrast, bacterial Amt proteins

were described as passive channels for the uncharged gas am-
monia (NH3) (16). The first crystal structure for an Amt family
member, AmtB from Escherichia coli (17), was interpreted to
support this hypothesis, and an ongoing controversy concerning
the transported species has persisted in the field ever since.
Several points have been raised to challenge the possibility of gas

channeling, the most critical of which seems to be that at phys-
iological pH the protonation equilibrium of NH3—with a pKa of
9.4—would be >99% on the side of charged NH4

+. This point
implies that the import of neutral ammonia gas must be pre-
ceded by extracellular deprotonation and followed immediately
by intracellular protonation. In summary, the import of NH3
would thus result in a net NH4

+/H+ antiport. Such a mechanism
would be electroneutral, but it would be secondary active in
the presence of a proton motive force, resulting in a vectorial
pumping of ammonium out of the cell—which is, of course,
physiologically unreasonable. A second point is that biological
membranes are themselves highly permeable for uncharged
ammonia, with a permeability coefficient, Pd = 10−3 cm·s−1,
similar to that of water (18), such that a dedicated transport
protein would hardly be required. Westerhoff and coworkers
have argued that active Amt transport thus is imperative and that
cells must be able to quickly block Amt transport upon in-
tracellular accumulation of ammonium to avoid uncoupling of
the proton gradient through back-diffusion of NH3 (19). In
prokaryotes and some plants, this blocking is the task of regu-
latory GlnK proteins belonging to the signal transducing PII
family that bind to corresponding ammonium transporters when
their regulatory ligand 2-oxoglutarate, the primary metabolic
acceptor for NH4

+ during nitrogen assimilation, is depleted (20).
The high expectations to understand the mechanism of Amt

transport from 3D structures have not been met to date. The
available structures of E. coli AmtB (17, 21) and its complex with
GlnK (22, 23) of A. fulgidus Amt-1 (24), Nitrosomonas europaea
Rh50 (25, 26), and human RhCG (27) all show the same, in-
ward-facing state of the protein. Such apparent structural ri-
gidity would match the picture of a fast channel, whereas active
transport is generally considered to involve conformational changes
that expose a binding site for the cargo molecule(s) alternatingly
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to either side of the membrane (28). In addition, the difficulties to
detect NH4

+/NH3 and to assay Amt transport led to a lack of
functional studies carried out in vitro on well-defined systems. An
uptake assay with AmtB reconstituted in proteoliposomes was
described to provide evidence for passive gas channeling (17), but
the methodology was later contested (2). Assays based on the
detection of radioactive methylammonium (MA) uptake were
only carried out in whole cells of E. coli, and studies with voltage-
clamp electrophysiology using Amt-1 reconstituted in planar lipid
bilayers did not yield conclusive results (our work). A series of
potentially important variants have been produced (29–39), but
the lack of an adequate functional assay has precluded definite
conclusions.
The debate concerning the transport mechanism of Amt

proteins has not been settled to date, necessitating a reliable
functional in vitro assay. The finding that electrogenic transport
was observed in X. laevis oocytes, but not in the far smaller
membrane patch of a planar lipid bilayer setup, suggested that
the transport rate of Amt proteins was possibly too low to lead to
a detectable current response, unless a larger number of protein
units were incorporated into the bilayer. We have therefore fo-
cused on a controlled method of in vitro electrophysiology that
allows the simultaneous activation of >108 protein units, the
solid-supported membrane (SSM) electrophysiology (40). With
this approach, pioneered by Fendler and coworkers, we were
able to detect robust ion currents from isolated and reconstituted
Amt proteins.

Results
Af-Amt1 Is an Electrogenic Transporter. To record the electrogenic
activity of Af-Amt1, liposomes reconstituted with isolated pro-
tein were prepared by rapid dilution at a lipid-to-protein ratio
(LPR) of 5:1. The proteoliposomes were adsorbed to the phos-
phatidylcholine monolayer of a hybrid bilayer covering a gold
electrode, the SSM (40–42). The resulting, capacitatively cou-
pled system of immobilized vesicles is termed the sensor, and its
mechanical stability is such that solutions can swiftly be perfused
through the cuvette without loss of electric signal.
To study the electrogenic response of Af-Amt1, ammonium

concentration jumps were applied to drive transport of the cation
into the vesicles. Electrogenic ammonium transport should
consequently build up an inside-positive membrane potential,
leading to a decrease of the initial driving force and deceleration
of the transport rate. This process results in the decay of the
measured current toward baseline in a negative feedback loop,
such that SSM-based electrophysiology currents are transient
(40). When using proteoliposomes reconstituted with A. fulgidus
Amt-1, the application of 300 mM ammonium concentration
jumps at pH 7.0 led to transient currents corresponding to
a positive charge displacement (Fig. 1B). Two distinct phases
were recognized in such transients. First, the ammonium con-
centration jump triggered a rapid increase of current from the
baseline to reach a peak current. Subsequently, the current fell
back to baseline, but with a significantly slower rate. The decay
time is quantified by the time between the peak current and
a half-maximal current intensity (τ1/2). Under our experimen-
tal conditions (LPR 5:1, 300 mM NH4Cl, pH 7.0), we obtained
τ1/2 = 14 ± 2 ms, reflecting the establishment of an inside-
positive potential due to the electrogenic transport of ammo-
nium. The amplitudes of the transient currents are primarily
dependent on the amount of vesicles immobilized on the sensor.
From a minimum of 10 distinct sensors prepared from various
batches of isolated Af-Amt1 and various reconstitutions using
a LPR of 5:1, the average observed peak current was 2.2 ± 0.8 nA.
Protein-free liposomes were used as control and for quantifi-

cation of background currents. Such currents have been de-
scribed in the literature and are thought to originate from the
specific interaction of the ions with the lipid head groups (43).

Ammonium background currents amounted to <10% of those
recorded with proteoliposomes containing pure Af-Amt1 (Figs.
1B and 2).
Binding of charged substrates or the occurrence of confor-

mational changes in the immobilized protein might also generate
transient currents. Such electrogenic partial reactions (or in-
complete transport cycles) have been observed with several
secondary active transporters, such as melibiose permease (44)
or lactose permease (LacY) (45, 46). To discriminate between
both electrogenic responses, the effect of the LPR on the decay
time of the transients was investigated. If the observed currents
indeed reflected transport of ammonium into the vesicles, the
decay time should be proportional to the amount of protein in-
corporated into each vesicle. Consequently, higher LPR (lower
protein density) should result in a longer decay time τ1/2 and vice
versa. If, however, the major contribution to the detected cur-
rents is an electrogenic partial reaction, the decay time should
not be affected by the LPR of the vesicles. Af-Amt1 was recon-
stituted at different LPR and freeze-fracture-etch transmission
electron microscopy was used to count molecules within multiple
vesicle membranes (Fig. 1 D and E). At an LPR of 5:1, the
density of Amt trimers was 402 ± 57 μm−2, whereas for an LPR
of 50:1, the number dropped to 76 ± 15 μm−2. In parallel, the
decay time τ1/2 increased from 14 ± 2 ms (LPR 5:1) to 25 ± 3 ms
(LPR 50:1) (Fig. 1B). The measured transient currents thus
indeed reflect electrogenic transport of ammonium into the

Fig. 1. The ammonium transporter Amt1 from A. fulgidus. (A) Shown are
3D structure of Af-Amt1. The protein forms stable trimers in the membrane,
with distinct transport channels in each monomer [Protein Data Bank (PDB)
ID code 2B2F]. (B) Transient currents recorded from proteoliposomes of
Af-Amt1 immobilized on a SSM. Although background currents are negli-
gible (dotted), significant transients are obtained with a LPR of 50:1 (dashed)
and 5:1 (solid). (C) The transport channel commences with a recruitment site
that selects for cationic species (W137) that are able to act as hydrogen-bond
donors (S208). A transport pathway is sealed off by F96 and F204, indicating
that conformational changes are required, a hallmark of transport proteins
(PDB ID code 2B2F). (D and E) Freeze-fracture electron micrographs of pro-
teoliposomes containing Af-Amt1 at a LPR of 5:1 (D) and 50:1 (E). (Scale bars:
100 nm.)
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vesicles. Moreover, because no significant membrane potential
has yet built up when the currents reach their maximum, the
measured peak currents reflect the turnover rate of Af-Amt1 at
zero voltage.
The orientation of Amt trimers in the vesicles was investigated

by generating a variant with a C-terminal cleavage site for to-
bacco etch virus (TEV) protease, Af-Amt1TEV. Proteoliposomes
containing Af-Amt1TEV were subjected to protease digestion
and subsequently analyzed by SDS/PAGE (SI Appendix, Fig. S1).
The digest of the protein was found to be complete, indicating
that all molecules inserted into the liposomes in an identical
orientation, with outward-facing C termini. Taking this into
consideration, we can assign the recorded transient currents to
the translocation of 30–300 NH4

+ per s per −trimer, from the
outer solution into the lumen of the vesicles without application
of an external voltage.

Af-Amt1 Is Selective for Ammonium and MA.MA (H3CNH3
+; pKa =

10.64) is a well-known alternative transport substrate for Amt
proteins (7–9, 47), but its transport is inhibited in the presence of
the preferred substrate, ammonium (47). The practical advan-
tage of using MA for monitoring Amt activity is the availability
of radioactive 14CH3NH3

+ that can be detected by scintillation
counting in cell culture uptake experiments (9, 48).
The high specificity for NH4

+ (and MA) attributed to Amt
proteins is noteworthy. Whereas other transport systems, such as
aquaporins or potassium channels, are capable of mediating the
permeation of ammonium under certain conditions (49, 50),
Amt proteins strictly exclude transport of K+ or H2O across lipid
bilayers (10, 17). To verify and characterize the selectivity of
Af-Amt1 toward different putative substrates by SSM-based
electrophysiology, we applied concentration jumps of MA,
dimethylammonium [(H3C)2NH2

+; DMA; pKa = 10.72], Na+,

K+, and imidazole (pKa = 7.0) to the same sensor, making the
recorded data directly comparable. Under standard conditions
(LPR 5:1, pH 7.0), MA and DMA triggered electrogenic
responses that reflect a positive charge translocation (Fig. 2) and
amounted to 87 ± 8% and 11 ± 4% of the transient currents
observed for NH4

+, respectively. In addition, the peak currents
reflect relative transport rates, as seen from the correlation be-
tween the magnitude of the peak currents and the respective
decay time τ1/2 (SI Appendix, Fig. S3 and Table S1). The trans-
port rate for MA was lower than that for ammonium, and the
very low transport rate for DMA likely reflects the steric hin-
drance imposed by the larger cargo molecule. For K+ and Na+,
no significant differences were detected between the currents
obtained with empty vesicles (background) and with recon-
stituted Af-Amt1, supporting the observation that these mono-
valent cations are not transported (Fig. 2). Moreover, both ions
did not seem to interact with the protein, because the same
NH4

+-induced currents were recorded in K+- or Na+-free buffers.
Contrary to this finding, imidazole and DMA inhibit protein-
mediated NH4

+ transport (Fig. 3), in line with observations on
E. coli AmtB variants that revealed imidazole bound to the
NH4

+ recruitment site when the protein was crystallized from
an imidazole-containing buffer (30, 39).

Af-Amt1 NH4
+ Transport Is pH-Dependent. For 300 mM ammonium

concentration jumps, empty vesicles showed only minor back-
ground currents from neutral to acidic pH values (SI Appendix,
Fig. S2). Up to a pH of 7, >99% of the cargo is in the proto-
nated, cationic form, and judging from the reversibility of the
data, the reconstituted protein was stable under all pH con-
ditions tested. Nevertheless, Amt-mediated transport assays at
pH > 7.0 generated high background currents that interfered
with and ultimately prevented recordings. This result was due to
the increasing proportion of membrane-permeable NH3 and its
consequent interaction with lipids from both the sensor and the
vesicles. Such effects became apparent at pH 7.5, at [NH3]
∼5 mM, and the system collapsed around [NH3] of 30 mM. To
measure transient currents at pH ≥ 7.5, the total [NH4

+ + NH3]
was therefore lowered to 30 mM (SI Appendix, Fig. S2A).
Complete pH titration series from pH 4.0–7.0 and from pH

7.0–9.0 were carried out on the same sensor for direct compar-
ison (Fig. 4). All measurements were started at neutral pH, and

Fig. 2. Substrate specificity of electrogenic transport in Af-Amt1. (A)
Transient currents observed on the same sensor for ammonium (black), MA
(red), DMA (gray), and the nonconducting ions sodium (blue) and potassium
(green). (B) Background currents for all species in A were recorded on pro-
tein-free liposomes and were found to be negligible. (C) Bar graph of the
peak currents for the conducted species (gray) and the respective back-
ground (yellow). Af-Amt1 shows distinct specificity for ammonium and MA.
(D) Transients for 300 mM NH4

+ in the active solution at pH 7 (blue) and pH 5
(black) show a slight shift of the peak current, whereas a control (300 mM
imidazolium, pH 5.0; green) is not conducted.

Fig. 3. Inhibition of currents through Af-Amt1. (A) DMA reduces an initial
current response (black). Increasing concentrations of 3, 30, and 100 mM
DMA in a background of 300 mM NH4

+ yield a quick decrease of the ef-
fective peak current down to 30% of the initial value (dotted). A concen-
tration of 300 mM DMA without added NH4

+ (red) leads to a low base
current as observed previously (Fig. 2A), indicating that DMA is a competitive
inhibitor of ammonium transport that itself is not transported efficiently.
Inset shows the observed peak current variations. (B) In a background of 300
mM NH4

+ at pH 7.0, the addition of imidazole leads to a comparable re-
duction of peak currents, but a markedly weaker inhibition than the one by
DMA. Peak currents are reduced to 70% (Inset) at a NH4

+:imidazole ratio of
1:1 (blue).
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reversibility was verified throughout. Immobilized vesicles were
preequilibrated for at least 30 min per pH unit change (41) with
nonactive—i.e., ammonium-depleted solutions. Consequently,
these Amt1-mediated NH4

+ transient currents represent distinct
pH equilibrium situations between the luminal and extra-
vesicular solutions rather than different pH (or H+ gradients)
across the vesicle membrane. Under these conditions, the elec-
trogenic activity of Af-Amt1 showed a marked pH dependence
(Fig. 4); Two regimes were identified: (i) a stable plateau from
pH 9.0 to 5.5 (SI Appendix, Fig. S2B); and (ii) a strong pH-
dependent decrease in the electrogenic response below pH 5.5,
such that at pH 4.0 we recorded on average fivefold lower peak
currents, concomitant with a fivefold increase in the decay times
(Fig. 4). In agreement with our observations at pH 7.0, lower
protein densities (LPR of 10:1, 50:1) also led to prolonged decay
times at all pH values (SI Appendix, Fig. S3).
To determine the kinetics of transport, the peak current in-

tensities of the transients were monitored as a function of NH4
+

concentration at fixed pH values (Fig. 5). After normalization,
the data points for all experiments were best fit by using a Hill
equation with n = 0.6, suggesting a possible negative coopera-
tivity in NH4

+ transport. Under these conditions, the apparent
half-saturating concentration (Kapp

0.5) decreased with increasing
pH (Fig. 5 and SI Appendix, Table S2).

Electrogenic Response of Af-Amt2 and Af-Amt3. Besides Af-Amt1,
A. fulgidus contains two paralogs, Af-Amt2 and Af-Amt3.
Whereas Amt1 and Amt3 share 64.2% sequence identity, Amt2
is the most dissimilar, with only 39.7% identity toward Amt1 and
40.6% toward Amt3 (24). All proteins contain the common set
of conserved and presumably functionally relevant residues (Fig.
1C) (1, 6). None of the three proteins was responsive in PLB
electrophysiology, but following the analysis of Af-Amt1, we
initiated SSM-based studies on the other two transporters. The
three transporters were purified and reconstituted under iden-
tical conditions (SI Appendix, SI Materials and Methods). Vari-
able protein densities were observed for Af-Amt3 (SI Appendix,
Fig. S4 and Table S3), but the reconstitution efficiency was lower
with Af-Amt2, and consequently no currents above background
levels were obtained to date. In contrast, Af-Amt3 consistently
triggered electrogenic responses in SSM experiments. Under our

standard conditions (LPR 5:1, pH 7.0, 300 mM NH4
+) the

electrogenic response of Amt3 was comparable with that of
Amt1 (Fig. 6A), with similar rapid current increase and identical
average peak currents and decay times. Transient currents
obtained with MA (Fig. 6B) amounted to <70% of the observed
NH4

+ peak transients, but had comparable decay times that
varied with LPR. Together, the data confirm the capacity of
Amt3 to transport NH4

+ in a similar manner to Amt1, in par-
ticular if the reconstituted protein densities are normalized (SI
Appendix, Table S3). Na+, K+, and DMA were not transported
by Af-Amt3 under the applied experimented conditions.

Discussion
Using SSM-based electrophysiology, we present the direct ob-
servation of electrogenic ammonium transport by Amt proteins,
in a highly defined in vitro system that allows for the assessment
of transport rates and substrate specificities. Several consid-
erations lead us to the conclusion that the measured currents
correspond to the specific electrogenic activity of Af-Amt1 and
Af-Amt3. First, the transient currents measured were 10-fold
higher than the background. Second, the transients have decay
times that vary with the LPR—the higher the protein density, the
faster the decay time, indicating that the currents reflect the
charging of the vesicles due to an electrogenic transport of
substrate (46, 51). Third, our recordings corroborate the expec-
ted selectivity sequence for Amt, with ammonium being the
substrate with the highest transport rate, followed by MA and
DMA. Sodium and potassium were not found to interact with the
proteins. Fourth, the pH titrations from pH 7 to 4 show a cor-
relation between the magnitude of the peak currents and the
decay times, whereas the background recordings at those pH
values present identical amplitudes and decay times. The data
thus unequivocally show the electrogenic nature of Af-Amt1
transport.
Taking into account the turnover values reported for two

secondary active transporters, LacY and the E. coli chloride/
proton antiporter (Ec-ClC), and the magnitude of the observed
signals in both cases, it was concluded that 108 to 109 trans-
porters can be simultaneously investigated with the SSM tech-
nique (41, 46). Because the particle densities obtained with
trimeric Af-Amt1 and Af-Amt3 at LPR 5 lie in between the
particle densities observed with monomeric LacY at LPR 5
(4,500 particles per μm2) and dimeric Ec-ClC at LPR 25 (75
particles per μm2), the above estimate should hold true for the
Amt proteins investigated here. Thus, from its average current
amplitude (2.2 nA), the turnover of Af-Amt1 should be in the

Fig. 4. pH dependence of Af-Amt1 transport. Contour plots (A) and tran-
sient currents (B) for different pH values are shown. Starting from pH 7.0,
the higher (Upper) and lower (Lower) pH ranges were studied in separate
experiments by using different buffer systems with 30 or 300 mM NH4

+,
respectively (SI Appendix, Fig. S2A). Maximum currents were observed be-
tween pH 5.5 and 6.0. The color scale in A is given in [nA].

Fig. 5. Substrate dependence of NH4
+ currents in Af-Amt1 at different pH

values. In every case, the currents show saturation behavior, as expected for
a protein-mediated transport process, with half-maximal values increasing
with pH. Best fits were obtained after normalization, with a Hill equation
using n = 0.6 (SI Appendix, Table S2).
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range of 30–300 NH4
+ ions per s per trimer. This result is in the

range of other transporters, such as LacY (46), but far below the
conductances observed in ion channels. Af-Amt1 exhibited the
highest apparent affinity for ammonium, K0.5 = 1–8 mM with
a Hill coefficient of n = 0.6 between pH 6.0 and 8.0, with a sig-
nificant decrease outside of this pH range. Published half-
saturating concentrations for Amt family members are in the
micromolar range (2–50 μM) (11, 52). However, these affinities
were determined in voltage-clamp experiments using reconstituted
protein in oocytes, where a transmembrane voltage is imposed, and
they were reported to depend on the holding potential (10, 52, 53).
There are no holding potentials in an SSM experiment, and if the
published voltage-clamp data are fit with a Boltzmann equation to
extrapolate the voltage-dependent K0.5 values to zero potential, they
approach the millimolar range, in line with our data.
We could confirm the high selectivity of Amt proteins for

NH4
+ and MA, and we showed that both K+ and Na+ ions do not

interact with the protein. This finding was not the case for DMA
or imidazolium, because their presence decreased NH4

+ currents
through Amt-1 significantly. Whereas DMA itself was trans-
ported at a low rate, imidazolium only bound to the protein,
acting as a competitive inhibitor of ammonium transport. We
were able to address the effect of pH on affinities and transport
rates of ammonium under equilibrium conditions. From the
observed changes, we conclude that the protein sensed and
responded to environmental pH, such that the transient current
peaks for ammonium remained constant between 8.0 ≥ pH ≥
5.5, but dropped by 80% from pH 5.5 to 4.0. All signals were
reversible for the entire pH range tested. The major effect of
environmental pH on the transport kinetics of Af-Amt1 occurred
through changes in substrate affinity rather than in the overall
transport rates (Fig. 5 and SI Appendix, Table S2). Data at higher
pH values were harder to obtain, as the experimental conditions
approached the pKa value of the NH3/NH4

+ pair. Interestingly,
a fit of the observed kinetic profiles with a Hill equation con-
sistently refined to a Hill coefficient of n = 0.6. A Hill coefficient
below unity indicates negative cooperativity, and this result is
in line with previous data that showed deletions or mutations in
the C terminus region to severely hinder transport (33, 53, 54).
The structure of Af-Amt1 revealed that the C terminus is in
close contact with the neighboring monomer, and a subsequent
study provided evidence for a phosphorylation-based feedback

regulation mediated by the C terminus of Arabidopsis thaliana
AMT1;1 (55). The C termini of the Amt protomers thus are well
positioned to coordinate structural changes that might form the
basis for the observed cooperative action in transport.
In conclusion, the higher sensitivity of the SSM method was es-

sential, because Amt proteins are slow transporters that do not
generate sufficiently large currents for measurements on the far
smaller membrane area of a planar lipid bilayer experiment. Under
controlled in vitro conditions, we detected substrate-dependent
currents for Amt1 and Amt3, confirming both proteins to be elec-
trogenic ammonium transporters. The stability of a typical sensor
allowed us to study systematic variations of substrate concentration
and pH and assured us that the experiments are reversible.

Experimental Procedures
SSM Electrophysiology. A solution of 10 mM octadecanethiole (Sigma-Aldrich)
in ethanol (pro analysis) was incubated overnight with a gold electrode
assembly. The electrode was then incubated for 30 min with 2 μL of a mixture
containing 16.5 mg·mL−1 diphytanoyl phosphatidylcholine (Avanti) and 0.28
mg·mL−1 octadecylamine (Alfa Aeser) in n-decane. The resulting hybrid bilayer
of phosphatidylcholine:octadecanethiol linked to the gold electrode surface
formed the SSM sensor element and functioned as the measuring electrode
(40). This sensor was mounted into a flow-through cuvette, preserving an
inner reaction volume of 17 μL, and the circuit was connected to an Ag/AgCl
reference electrode (56). The formation and quality of the SSM was con-
trolled by its capacitance and conductance characteristics. Typical values
ranged between 0.3 and 0.5 μF·cm−2 for the capacitance and 0.05 and 1.0
μS·cm−2 for the conductance.

A detailed description of the protocols used for protein purification and
reconstitution into proteoliposomes is provided in SI Appendix, SI Materials
and Methods. A total of 40 μL of a proteoliposome suspension containing
2 mg·mL–1 protein (in vesicles prepared at 5:1 LPR) was loaded into the cu-
vette and allowed to adsorb onto the sensor element for 60–70 min. All
experiments were carried out with a working pressure of 0.6 bar, and the
ambient temperature was kept between 20 and 23 °C. Protein-mediated
transport events were triggered by rapid solution exchange driven by two-
way isolation valves (NResearch). Typically, the system was sequentially
flushed with nonactive solution by using two cycles of 2.5-s step duration
and a single 2.0-s step with active solution in between. All low-pH solutions,
with 4.0 ≤ pH ≤ 7.5, were prepared in 100 mM KPi and 25 mM tripotassium
citrate buffer. We used 100 mM Tris/HCl in the range of 8.0 ≤ pH ≤ 8.5 and
100 mM glycine/KOH for pH ≥ 9.0. To suppress background current artifacts,
500 mM KCl was added to the solutions. In addition, the active solution
contained variable amounts (x mM) NH4Cl and 300-x mM NaCl, whereas the
inactive solution invariably contained 300 mM NaCl. Experiments conducted
at various pH values were performed on the same membrane after in-
cubating the system in the new nonactive solution for 30 min (41).

To investigate the relationship between peak currents and the ammonium
concentration, each equivalent of NH4Cl added or taken from the active
solutions was balanced with KCl for constant overall osmolality.

Transient currents were amplified with a current amplifier (Keithley;
model 428). The gain was set to 109 V/A with a low-pass filtering in the range
of 100 Hz.

Statistical Analysis. Various protein batches and thus reconstituted protein
samples were tested. All measurements were recorded at least in triplicate
and using three different sensors. For the transport kinetics, the peak
currents were normalized to the currents measured by using 100 mM am-
monium concentration jumps at pH 7.0 in experiments carried out from pH
4.0–7.0 and to 30 mM ammonium concentration jumps at pH 7.0 in
experiments conducted at pH ≥ 7.5.
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