bioRxiv preprint doi: https://doi.org/10.1101/2020.05.07.082438; this version posted May 7, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Unlocking the Reversal Potential of Solid Supported Membrane Electrophysiology to Determine Transport
Stoichiometry
Nathan E. Thomas and Katherine A. Henzler-Wildman
Department of Biochemistry, University of Wisconsin-Madison
Abstract: Transport stoichiometry provides insight into the mechanism and function of ion-coupled transporters,
but measuring transport stoichiometry is time-consuming and technically difficult. With the increasing evidence
that many ion-coupled transporters employ multiple transport stoichiometries under different conditions,
improved methods to determine transport stoichiometry are required to accurately characterize transporter
activity. Reversal potential was previously shown to be a reliable, general method for determining the transport
stoichiometry of ion-coupled transporters (Fitzgerald & Mindell, 2017). Here, we develop a new technique for
measuring transport stoichiometry with greatly improved throughput using solid supported membrane
electrophysiology (SSME). Using this technique, we are able to verify the recent report of a fixed 2:1
stoichiometry for the proton:guanidinium antiporter Gdx. Our SSME method requires only small amounts of
transporter and provides a fast, easy, general method for measuring transport stoichiometry, which will facilitate
future mechanistic and functional studies of ion-coupled transporters.
Introduction
Ion-coupled transporters utilize energy stored in electrochemical gradients to drive uphill substrate transport
across cellular membranes. These transporters are essential to numerous physiological processes, from nutrient
uptake to neural signaling, and are common drug targets, but successful therapeutic design is limited by our
understanding of these integral membrane proteins’ structures, functions, and mechanisms (Garibsingh and
Schlessinger, 2019; Lin et al., 2015). Transport stoichiometry – the number of ions and substrates moved per
transport cycle – is a function of the transporter’s mechanism and is a crucial determinant of the transporter’s
function, including the direction of driven transport, the energy spent per substrate transported, and the maximum
substrate gradient that can be maintained at equilibrium. Generally, ion-coupled transporters have been
assumed to operate according to tightly coupled mechanisms with a single, set transport stoichiometry. This
understanding has led to the traditional classification of transporters as either antiporters, symporters or
uniporters. However, there is growing evidence that many ion-coupled transporters operate through complex
mechanisms that violate the assumption of stoichiometric transport, engaging in behavior that cannot be cleanly
classified as antiport, symport, or uniport. (Bazzone et al., 2017b; Burtscher et al., 2019; Coady et al., 1996;
Hussey et al., 2020; Kang and Hilgemann, 2004; Sacher et al., 2001). In light of these findings, there is a pressing
need for detailed mechanistic investigations of a greater variety of transporters.
The structural revolution has revealed specific substrate binding sites on transporters, and together with
biochemical assays, this has significantly advanced our understanding of transporter:substrate binding
stoichiometry, (Guskov et al., 2016; Li et al., 2015; Piscitelli et al., 2010; Schwartz et al., 2005). However, it is
important to distinguish binding stoichiometry from transport stoichiometry (Grabe et al., 2020). At times, ions or
substrates can bind as allosteric effectors without being transported (Quick et al., 2018). This is especially difficult
to untangle in the case of proton-coupled transporters with multiple protonatable side chains (Bozzi et al., 2019;
Parker et al., 2014). Furthermore, establishing that substrate bound at a specific site can be transported is
insufficient to establish that its transport is obligatory to the mechanism (Bazzone et al., 2017b; Robinson et al.,
2017). Thus, measuring a transporter’s coupling stoichiometry not only sheds light on its biological function, but
also provides crucial information about the transport mechanism.
The only way to reliably determine transport stoichiometry is through transport assays. Reversal potential assays
have emerged as the method of choice for electrogenic transporters, as they are applicable to a variety of
systems and allow for model-independent determination of the transport stoichiometry (Fitzgerald et al., 2017;
Nguitragool and Miller, 2006). In brief, these assays follow transport as a function of membrane voltage for a set
initial substrate and/or ion gradient. The reversal potential, the membrane voltage that results in no net transport,
can be used to determine the transport stoichiometry. In theory, this method can be applied to any electrogenic
transporter, but there are several important limitations. First, transport must be able to be monitored. Several
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eukaryotic transporters are amenable to patch clamp electrophysiology (Ravera et al., 2007; Shao et al., 2014;
Zerangue and Kavanaugh, 1996), but this technique is generally unsuitable for low-flux transporters or for
transporters that cannot be highly expressed in eukaryotic cells, including many structurally characterized
prokaryotic transporters. Thus, we will focus on assays of purified protein in proteoliposomes, as these assays
allow for characterization of the widest range of transporters. Ideally, liposomal transport can be followed through
a real-time probe such as a fluorophore, but fluorophores are not available for every coupling ion. Radioactive
transport assays may be used instead (Fitzgerald et al., 2017) but do not offer real-time monitoring, significantly
increasing the time and effort required to collect data for the multiple time points and conditions needed to
determine transport stoichiometry. A second issue with traditional liposomal assays is that liposome contents
cannot easily be changed after reconstitution. This can make it difficult to be certain of the internal ion and
substrate concentrations and increases the difficulty of screening a wide range of assay conditions. A third issue
is that liposomal assays can require a large amount of sample, depending on the sensitivity of the detection
method and the number of conditions that must be tested. Finally, for many of the reasons listed above, traditional
liposomal transport assays are low throughput and require significant time and effort, even if the material costs
can be kept to a minimum. As a consequence, transport stoichiometry been measured for only a small fraction
of structurally characterized transporters (Fitzgerald et al., 2017; Groeneveld and Slotboom, 2010). A method
for routine measurements of transport stoichiometry would greatly facilitate functional and mechanistic studies
of ion-coupled transporters.
Here we present a new method for measuring coupling stoichiometry by adapting reversal potential assays to
solid-supported membrane-based electrophysiology (SSME) (Bazzone et al., 2017a). SSME carries several
advantages over traditional liposomal transport assays. By directly measuring transported charge, SSME allows
real-time monitoring of electrogenic transport without the need for fluorophores or radiolabeled substrates. In
addition, its sensitivity requires only picomole amounts of protein to achieve sufficient signal. Finally, dozens of
conditions can be tested on a single sensor without the need for separate reconstitutions, greatly increasing the
throughput of the assay. We demonstrate the utility of this method using E. coli Gdx, whose 2:1
proton:guanidinium antiport stoichiometry was recently established using traditional reversal potential
measurements performed by another lab (Kermani et al., 2018). With our SSME assay, we confirmed this result,
using less than 2 nmol total protein to acquire 200 transport assay measurements in under three days. In
addition, we demonstrate that it is possible to change the internal ion and substrate concentrations using the
SSME setup, enhancing the number of experimental conditions that can be tested on a single protein sample.
This assay is fast, easy, and accurate, requires a minimal amount of sample, and is potentially applicable to any
electrogenic transporter regardless of coupling ion.
Results
Reversal potential assays rely on the ability of coupled transporters to perform reversible work. That is, transport
of ions down large (electro)chemical gradients can drive transport of substrates up concentration gradients, and
conversely, transport of substrates down large gradients can drive transport of ions up (electro)chemical
gradients. When the electrochemical gradients are balanced, no net transport occurs, allowing for calculation of
the transport stoichiometry (see Materials and Methods for equations and derivations). Our assay simply adapts
this principle to SSME.
In an SSME experiment, proteoliposomes are adsorbed onto a membrane-coated gold electrode, creating the
sensor. To initiate an experiment, buffer is run over the sensor in three stages. First, a “non-activating” buffer
containing the same solution as inside the liposomes is flowed over the sensor to ameliorate artifacts due to
buffer perfusion. Second, an “activating” buffer is flowed over the sensor to initiate transport. Capacitive coupling
between the liposomal membrane and the surface-supported membrane on the electrode allows for
measurement of ion transport currents (“on-currents”). Transport proceeds until a steady state is obtained where
sufficient membrane potential opposes further net transport. Third, the non-activating buffer is reapplied, and the
reverse transport process returns the sensor to its initial state. During this phase, “off-current” transport proceeds
in the opposite direction of the on-current, driven by both chemical and electrical gradients.
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Fig. 1 shows representative traces from our assay for all three stages of the experiment. First, non-activating
buffer equilibrates the liposomes with a known concentration of proton and guanidinium. In the second stage,
the activating buffer sets a 2-fold proton gradient to initiate transport. In Fig. 1A, there is no guanidinium gradient,
so the outward-facing proton gradient should drive guanidinium into the liposomes. The negative on-current
indicates that charge is moving out of the liposome, consistent with 2H+:1Gdm+ antiport. In Fig. 1B, the activating
buffer sets an 8-fold outward-facing guanidinium gradient in addition to the 2-fold outward-facing proton gradient.
Under these conditions, the large guanidinium gradient drives uphill proton transport into the liposomes, resulting
in a positive on-current. In the third and final stage, current flux in the opposite direction from the on-currents is
observed when non-activating buffer is re-applied to the sensor, as expected for reversible transport. While the
off-currents in our experiments behaved as expected qualitatively, it is impossible to accurately quantify the
electrochemical gradients during this third stage of the experiment. We therefore use only the on-currents for
analysis.
For all of our assay conditions, we analyzed the results using two methods. SSME assays commonly quantify
the peak on-current, a parameter that is related to the turnover rate of the transporter (Bazzone et al., 2017a;
Garcia-Celma et al., 2010; Kelety et al., 2006; Schulz et al., 2008; Zuber et al., 2005). This parameter should
reflect the direction and magnitude of transport that occurs as a result of the applied concentration gradients,
and analysis of peak current as function of the chemical potential ratio (Fig. 2) should yield the reversal potential.
However, peak current is ultimately a kinetic parameter, while transport stoichiometry is a thermodynamic
quantity. We therefore considered a second method of determining reversal potential by analyzing the integrated
current, representing the total net charge movement, as a function of the chemical potential ratio (Fig. 3). Before
proceeding to this analysis, we performed several critical controls.
First, we performed two experiments to ensure that the observed signal was not due to solution exchange and
to assess the magnitude of solution exchange artifacts. We performed the assay using sensors prepared with
both proteoliposomes reconstituted with the non-functional mutant E13Q-Gdx (Fig. 2C,D) and liposomes that
were prepared with an identical reconstitution process but without protein (Fig. 2E). Solution exchange artifacts
for both negative controls were of similar magnitude and small relative to transport signals for WT-Gdx (Fig.
2A,B). As an additional control, we prepared sensors from liposomes with different lipid to protein ratios (LPR)
but with the same total amount of lipid (Fig. 2 A,C and B,D). Altering the protein concentration in this manner will
not alter the thermodynamics of transport but will affect transport kinetics as well as pre-steady state currents
related to electrogenic partial reactions, such as substrate binding or protein gating. Since we are interested in
transport stoichiometry, it is important to check that the currents reflect the full transport cycle and not a partial
reaction. Integrated currents for WT-Gdx are independent of LPR (Fig. 3), as expected if the currents correspond
to transport.
Having confirmed that the currents reflect transport with the appropriate controls, we then compared the reversal
potential using both peak current and integrated current analysis. The peak current reverses near the expected
potential but plotting the peak current as a function of chemical potential ratios cannot unambiguously assign the
stoichiometry (Fig. 2F). However, plotting the integrated on-current as a function of chemical potential ratio yields
the published 2H+:1Gdm+ transport stoichiometry (Fig. 3A). This result is unchanged when either the E13Q (Fig.
3B) or empty liposome (Fig. 3C) controls are subtracted. This confirms that the thermodynamic parameter of
integrated current is the better metric for determining transport stoichiometry in this assay.
Finally, one of the advantages of SSME over traditional liposomal assays is that a single SSM sensor is capable
of dozens of measurements, drastically reducing sample requirements. Furthermore, it is well established that a
single sensor can be used to screen different (external) activating buffers over several experiments (Bazzone et
al., 2017a; Schulz et al., 2009). We wished to test whether it was possible to reliably change the internal buffer
solution of the liposomes adsorbed to the sensors, which would expand the number of conditions that could be
tested on a single sensor, further increasing the throughput of this method. We prepared sensors at pH 7.00 with
1 mM guanidinium in the same manner as in the experiments in Figs. 1-3. We then performed a series of rinses
of pH 6.70 1 mM guanidinium buffer while monitoring the current using the instrument. After about 3mL total of
rinse volume, the currents stabilized near zero (Fig. 4A). We proceeded to perform the reversal potential assay
with a nominal internal pH of 6.70 and activating buffers at pH 7.00. The plot of integrated current against
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chemical potential once again yielded a transport stoichiometry of 2H+/Gdm+ (Fig. 4C), confirming that the
internal pH was 6.70, as intended. This demonstrates that a single sensor can be used to test multiple internal
substrate conditions. Altogether, this assay allows rapid data collection under the many different conditions
required for transport stoichiometry determination while using a minimal amount of material.
Discussion
Transport stoichiometry is a key determinant of transporter function, and accurate determination of transport
stoichiometry can provide crucial insight into transporter mechanism. The current methods for measuring
transport stoichiometry are time consuming and technically difficult, and as a consequence, transport
stoichiometry has been quantitatively measured for only a small fraction of transporters that have been
functionally or structurally characterized. Many of the transporters that have had their transport stoichiometry
characterized have only been tested at a single experimental condition, which can lead to an assumption of a
single transport stoichiometry that may not always be true (Grabe et al., 2020; Nguitragool and Miller, 2006). Our
SSME assay removes many of the technical obstacles for stoichiometry determination and will facilitate
measurement of transport stoichiometry for more transporters under a broader array of experimental conditions.
Apart from improvements to signal detection and throughput, the SSME assay may also allow for more reliable
determination of transporter stoichiometry. In traditional liposomal assays, the internal buffer conditions must be
set during reconstitution and cannot be checked for accuracy without expending some of the proteoliposomal
sample in control reactions, further increasing the time and amount of sample required for the assay. In contrast,
the SSME setup allows for repeated measurements on a single sample. All that is required to ensure that internal
concentrations are accurate is to measure the current as “non-activating” (internal) buffer flows over the sensor.
If the internal ion and substrate concentrations differ from the intended concentrations, a transport current will
be evident, but no current will occur if the internal concentrations are matched to the known external buffer (Fig.
4A). This property can further be exploited to change the internal concentrations of the liposomes and test a
wider variety of experimental conditions on the same sample.
As with any method, the reliability of this assay requires proper controls and assay conditions. SSME is sensitive
enough to detect charge displacement due to conformational changes of proteins in the membrane (Bazzone et
al., 2016), ion-transporter binding events (Călinescu et al., 2016, 2014), and solution exchange artifacts
(Bazzone et al., 2017a), so it is important to distinguish transport currents from these other potential sources of
current through proper controls. Negative controls should be used to estimate background current due to solution
exchange artifacts. For Gdx, it is possible to abolish transport activity through a single mutation (E13Q), but
transport-dead mutants are not available for every transporter. In such cases, “empty” liposomes which have
undergone a simulated reconstitution process without protein may be used instead. The simulated reconstitution
process is crucial, as the addition and subsequent removal of detergent can greatly affect the integrity of the lipid
bilayer. As an additional control, sensors should be prepared with different LPRs, changing the protein
concentration but keeping the lipid concentration constant. Integrated currents due to binding or conformational
changes will change with protein concentration, but integrated transport currents will not, as they depend only
on the transport potentials set by buffer exchange. In our results, there was no significant difference between
the integrated currents for sensors prepared from LPRs of 150 and 400. However, it is interesting to note that at
large substrate gradients, the integrated currents begin to diverge, with less transport observed for the LPR 150
sensors versus the LPR 400 sensors. Increasing the concentration of protein in the membrane (lowering the
LPR) should increase the maximum rate of transport that can be achieved by a sensor, but it may also increase
defects in the membrane, increasing membrane permeability and hindering maintenance of ion or substrate
gradients. This suggests that increasing the LPR may increase the accuracy of the results in this assay, so long
as sufficient signal to noise is maintained.
As our appreciation for the complexity of transporter mechanisms grows (Bazzone et al., 2017b; Bozzi et al.,
2019; Parker et al., 2014; Robinson et al., 2017), it is increasingly important to be able to measure transporter
stoichiometry. The SSME assay reported here addresses several key limitations of traditional reversal potential
assays for measuring the stoichiometry of transporters. By directly measuring transported charge, this assay’s
detection method is applicable to any electrogenic transporter that can be functionally reconstituted into
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liposomes. By allowing repeated measurements of the same sample, this assay reduces sample requirements
and vastly increases throughput. Taken together, these improvements will allow for more routine measurements
of transporter stoichiometry, facilitating in-depth characterization of transporter mechanism and function.
Materials and Methods
Sample Preparation
To minimize solution exchange artifacts, the buffers used for size exclusion chromatography, reconstitution, and
electrophysiology steps had the same salt composition: 50 mM MES, 50 mM MOPS, 50 mM bicine, 100 mM
NaCl, and 2 mM MgCl2. Buffer pH values were carefully adjusted using only NaOH to ensure that internal and
external Cl- concentrations were identical for all measurements.
WT- and E13Q-Gdx were expressed in E. coli from a pET15b vector and purified as previously described for the
homolog EmrE (Morrison et al., 2011). Briefly, cells were lysed after overnight induction, and the protein was
solubilized in 40 mM decylmaltoside (DM). Solubilized protein was run over a Ni2+-affinity column and eluted in
400 mM imidazole. The N-terminal hexahistidine tag was removed by overnight thrombin cleavage, and cleaved
protein was further purified using size-exclusion chromatography.
WT-Gdx or E13Q-Gdx was reconstituted into POPC proteoliposomes at a lipid to protein ratio (LPR) of either
150:1 or 400:1 Gdx monomer (300:1 or 800:1 per functional dimer) in a pH 7.0 buffer. As an additional negative
control, POPC liposomes were put through a simulated reconstitution process without protein. Detergent was
removed with Amberlite XAD-2. Reconstituted liposomes were aliquoted and flash frozen. Immediately prior to
measurements, liposome samples were thawed, diluted 2-fold in pH 7.00 buffer containing 2 mM guanidinium,
and briefly sonicated. 10 μL of liposomes at a lipid concentration of 1.4 μg/μL were then used to prepare sensors
for each sample condition.
SSME Data Acquisition and Analysis
All electrophysiology measurements were recorded on a Surfe2r N1 solid-supported membrane-based
electrophysiology instrument from Nanion Technologies GmbH (Munich, Germany). Prior to recording any
transport measurements, sensors were rinsed with at least 1 mL of non-activating (internal) buffer while recording
currents to ensure a flat baseline. Transport recordings occurred in three one-second stages according to Figure
1 with 200 μL/s buffer perfusion. After each transport measurement, sensors were again rinsed with 1 mL of nonactivating buffer.
Initial data analysis was performed using the Surfe2r N1 instrument-specific analysis software from Nanion. The
final 200 ms of non-activating buffer perfusion was averaged to obtain the baseline. Both peak current and
integrated current data was obtained solely from the activating buffer perfusion. For transport currents with both
positive and negative components (e.g., the 250 μM trace in Fig. 2A,B), the peak with the largest absolute value
was recorded as the peak current. The entire stage of activating perfusion was integrated to obtain the integrated
current values.
Four sensors were prepared for each sample (WT LPR150, WT LPR400, E13Q LPR150, E13Q LPR400, and
empty liposomes). Reported data points consist of the average peak or integrated current of these four technical
replicates. Transport behavior was highly consistent between sensors, so no additional replicates were
performed. Error bars represent the standard error of the mean. No outliers were observed, and no data was
discarded.
Derivation of transport equations
Assume that transport proceeds according to the stoichiometric transport reaction:
(1) 𝑛𝐼𝑜𝑛𝑖𝑛 + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑖𝑛 ⇄ 𝑛𝐼𝑜𝑛𝑜𝑢𝑡 + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑜𝑢𝑡
For symport (co-transport) n and m are the same sign, while for antiport (exchange), they are opposite signs.
The chemical potential of ion and substrate across the membrane is given by:
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(2) Δ𝜇𝑖 = 𝑅𝑇ln (
(3) Δ𝜇𝑠 = 𝑅𝑇ln (

[𝐼𝑜𝑛]𝑜𝑢𝑡
)
[𝐼𝑜𝑛]𝑖𝑛

[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑜𝑢𝑡
)
[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑖𝑛

In the absence of a membrane voltage, the free energy for the coupled transport reaction is given by:
(4) ΔG = 𝑛Δ𝜇𝑖 + 𝑚Δ𝜇𝑠
When ΔG = 0,
(5) −

𝑛 Δ𝜇𝑠
=
𝑚 Δ𝜇𝑖

Thus, plotting transported charge against Δμs/Δμi gives an x-intercept at -n/m, allowing determination of the
transport stoichiometry.
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Fig. 1 – Assay scheme. Each assay consists of three stages of buffer perfusion. In the first stage, the “nonactivating” buffer is identical to the internal buffer of the liposomes. In the second stage, the “activating” buffer
sets a proton gradient and the guanidinium gradient is varied, leading to the transport on-current. In the third
stage, “non-activating” buffer is reintroduced, and the transport off-current is observed as the liposomes return
to their initial state. For this assay, only the on-current is quantified, so the remainder of the figures only display
the second stage of buffer perfusion. (A) The activating buffer sets a two-fold proton gradient but no guanidinium
gradient. The proton gradient drives guanidinium transport into the liposomes in exchange for two protons. Net
charge is transported out of the liposomes, creating a negative current. (B) The activating buffer sets a two-fold
proton gradient and an eight-fold guanidinium gradient. The guanidinium gradient drives uphill proton transport
into the liposomes, creating a positive current.
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Fig. 2 – Peak current analysis is ambiguous. Representative current traces for each external guanidinium
concentration are shown for WT-Gdx proteoliposomes with an LPR of 150 (A) and an LPR of 400 (B), E13QGdx proteoliposomes with an LPR of 150 (C) and an LPR of 400 (D), and empty liposomes (E). (F) Plotting peak
current against the chemical potential ratios yields a null current at a stoichiometry between 1.5 and 2H+/Gdm+.
Data points represent average values obtained from four sensors for each (proteo)liposome sample. Error bars
represent standard error of the mean.
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Fig. 3 – Integrated current analysis yields the correct stoichiometry. (A) Plots of integrated currents vs potential
ratios for both LPRs of WT-Gdx, both LPRs of the transport-dead mutant E13Q-Gdx, and empty liposomes.
Internal pH was 7.00 and internal guanidinium concentration was 1 mM. Null transport occurs at the published
2H+/Gdm+ stoichiometry regardless of whether the empty liposome integrated current is subtracted (B), the deadmutant integrated current is subtracted (C), or simply the raw data from the WT integrated current is analyzed
(A). Data points represent average values obtained from four sensors for each (proteo)liposome sample. Error
bars represent standard error of the mean.
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Fig. 4 – Internal liposome contents can be changed on the sensor. (A) Plots of currents of successive rinses to
change the internal buffer to pH 6.70 and 1 mM guanidinium. (B) Representative current traces for each external
guanidinium concentration with an LPR of 400. (C) Plots of integrated currents vs potential ratios for an internal
pH of 6.70 and internal guanidinium at 1 mM. The LPR is 400 and integrated current of E13Q liposomes were
subtracted. Data points represent average values obtained from four sensors for each sample condition. Error
bars represent standard error of the mean.

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.07.082438; this version posted May 7, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References
Bazzone A, Barthmes M, Fendler K. 2017a. SSM-Based Electrophysiology for Transporter Research. Meth
Enzymol 594:31–83. doi:10.1016/bs.mie.2017.05.008
Bazzone A, Madej MG, Kaback HR, Fendler K. 2016. pH Regulation of Electrogenic Sugar/H+ Symport in MFS
Sugar Permeases. PLoS ONE 11:e0156392. doi:10.1371/journal.pone.0156392
Bazzone A, Zabadne AJ, Salisowski A, Madej MG, Fendler K. 2017b. A Loose Relationship: Incomplete
H+/Sugar Coupling in the MFS Sugar Transporter GlcP. Biophysical Journal 113:2736–2749.
doi:10.1016/j.bpj.2017.09.038
Bozzi AT, Bane LB, Zimanyi CM, Gaudet R. 2019. Unique structural features in an Nramp metal transporter
impart substrate-specific proton cotransport and a kinetic bias to favor import. J Gen Physiol 151:1413–
1429. doi:10.1085/jgp.201912428
Burtscher V, Schicker K, Freissmuth M, Sandtner W. 2019. Kinetic Models of Secondary Active Transporters.
Int J Mol Sci 20. doi:10.3390/ijms20215365
Călinescu O, Linder M, Wöhlert D, Yildiz Ö, Kühlbrandt W, Fendler K. 2016. Electrogenic Cation Binding in the
Electroneutral Na+/H+ Antiporter of Pyrococcus abyssi. J Biol Chem 291:26786–26793.
doi:10.1074/jbc.M116.761080
Călinescu O, Paulino C, Kühlbrandt W, Fendler K. 2014. Keeping it simple, transport mechanism and pH
regulation in Na+/H+ exchangers. J Biol Chem 289:13168–13176. doi:10.1074/jbc.M113.542993
Coady MJ, Chen X-Z, Lapointe J-Y. 1996. rBAT is an Amino Acid Exchanger with Variable Stoichiometry. J
Membrane Biol 149:1–8. doi:10.1007/s002329900001
Fitzgerald GA, Mulligan C, Mindell JA. 2017. A general method for determining secondary active transporter
substrate stoichiometry. doi:10.7554/eLife.21016
Garcia-Celma JJ, Ploch J, Smirnova I, Kaback HR, Fendler K. 2010. Delineating electrogenic reactions during
lactose/H+ symport. Biochemistry 49:6115–6121. doi:10.1021/bi100492p
Garibsingh R-AA, Schlessinger A. 2019. Advances and challenges in rational drug design for SLCs. Trends
Pharmacol Sci 40:790–800. doi:10.1016/j.tips.2019.08.006
Grabe M, Zuckerman DM, Rosenberg JM. 2020. EmrE reminds us to expect the unexpected in membrane
transport. J Gen Physiol 152. doi:10.1085/jgp.201912467
Groeneveld M, Slotboom D-J. 2010. Na(+):aspartate coupling stoichiometry in the glutamate transporter
homologue Glt(Ph). Biochemistry 49:3511–3513. doi:10.1021/bi100430s
Guskov A, Jensen S, Faustino I, Marrink SJ, Slotboom DJ. 2016. Coupled binding mechanism of three sodium
ions and aspartate in the glutamate transporter homologue Glt Tk. Nat Commun 7:1–6.
doi:10.1038/ncomms13420
Hussey GA, Thomas NE, Henzler-Wildman KA. 2020. Highly coupled transport can be achieved in freeexchange transport models. J Gen Physiol 152. doi:10.1085/jgp.201912437
Kang TM, Hilgemann DW. 2004. Multiple transport modes of the cardiac Na+/Ca2+ exchanger. Nature
427:544–548. doi:10.1038/nature02271
Kelety B, Diekert K, Tobien J, Watzke N, Dörner W, Obrdlik P, Fendler K. 2006. Transporter assays using solid
supported membranes: a novel screening platform for drug discovery. Assay Drug Dev Technol 4:575–
582. doi:10.1089/adt.2006.4.575
Kermani AA, Macdonald CB, Gundepudi R, Stockbridge RB. 2018. Guanidinium export is the primal function of
SMR family transporters. PNAS 115:3060–3065. doi:10.1073/pnas.1719187115
Li Z, Lee ASE, Bracher S, Jung H, Paz A, Kumar JP, Abramson J, Quick M, Shi L. 2015. Identification of a
Second Substrate-binding Site in Solute-Sodium Symporters. J Biol Chem 290:127–141.
doi:10.1074/jbc.M114.584383
Lin L, Yee SW, Kim RB, Giacomini KM. 2015. SLC Transporters as Therapeutic Targets: Emerging
Opportunities. Nat Rev Drug Discov 14:543–560. doi:10.1038/nrd4626
Morrison EA, DeKoster GT, Dutta S, Clarkson MW, Vafabakhsh R, Bahl A, Kern D, Ha T, Henzler-Wildman
KA. 2011. Antiparallel EmrE exports drugs by exchanging between asymmetric structures. Nature
481:45–50. doi:10.1038/nature10703
Nguitragool W, Miller C. 2006. Uncoupling of a CLC Cl-/H+ exchange transporter by polyatomic anions. J Mol
Biol 362:682–690. doi:10.1016/j.jmb.2006.07.006
Parker JL, Mindell JA, Newstead S. 2014. Thermodynamic evidence for a dual transport mechanism in a POT
peptide transporter. eLife 3. doi:10.7554/eLife.04273
Piscitelli CL, Krishnamurthy H, Gouaux E. 2010. Neurotransmitter/sodium symporter orthologue LeuT has a
single high–affinity substrate site. Nature 468:1129–1132. doi:10.1038/nature09581

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.07.082438; this version posted May 7, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Quick M, Abramyan AM, Wiriyasermkul P, Weinstein H, Shi L, Javitch JA. 2018. The LeuT-fold
neurotransmitter:sodium symporter MhsT has two substrate sites. Proc Natl Acad Sci USA 115:E7924–
E7931. doi:10.1073/pnas.1717444115
Ravera S, Virkki LV, Murer H, Forster IC. 2007. Deciphering PiT transport kinetics and substrate specificity
using electrophysiology and flux measurements. Am J Physiol, Cell Physiol 293:C606-620.
doi:10.1152/ajpcell.00064.2007
Robinson AE, Thomas NE, Morrison EA, Balthazor BM, Henzler-Wildman KA. 2017. New free-exchange
model of EmrE transport. PNAS 114:E10083–E10091. doi:10.1073/pnas.1708671114
Sacher A, Cohen A, Nelson N. 2001. Properties of the mammalian and yeast metal-ion transporters DCT1 and
Smf1p expressed in Xenopus laevis oocytes. J Exp Biol 204:1053–1061.
Schulz P, Dueck B, Mourot A, Hatahet L, Fendler K. 2009. Measuring Ion Channels on Solid Supported
Membranes. Biophys J 97:388–396. doi:10.1016/j.bpj.2009.04.022
Schulz P, Garcia-Celma JJ, Fendler K. 2008. SSM-based electrophysiology. Methods 46:97–103.
doi:10.1016/j.ymeth.2008.07.002
Schwartz JW, Novarino G, Piston DW, DeFelice LJ. 2005. Substrate binding stoichiometry and kinetics of the
norepinephrine transporter. J Biol Chem 280:19177–19184. doi:10.1074/jbc.M412923200
Shao XM, Kao L, Kurtz I. 2014. A novel delta current method for transport stoichiometry estimation. BMC
Biophysics 7:14. doi:10.1186/s13628-014-0014-2
Zerangue N, Kavanaugh MP. 1996. Flux coupling in a neuronal glutamate transporter. Nature 383:634–637.
doi:10.1038/383634a0
Zuber D, Krause R, Venturi M, Padan E, Bamberg E, Fendler K. 2005. Kinetics of charge translocation in the
passive downhill uptake mode of the Na+/H+ antiporter NhaA of Escherichia coli. Biochim Biophys Acta
1709:240–250. doi:10.1016/j.bbabio.2005.07.009

