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Introduction 

EmrE is an integral inner membrane from E. coli that harnesses the proton motive force to efflux 

toxic hydrophobic cations from the cytoplasm. Due to its small size, ease of purification, and 

stability, EmrE has been used as a model system to study multidrug recognition and resistance, 

transporter structure and evolution, and ion-coupled (or secondary active) transport1–9. Despite 

its role as a model system, EmrE has proven to be an enigmatic protein to study. EmrE first 

garnered controversy with the publication of its crystal structure in 2004, which showed that 

dimeric EmrE adopts an antiparallel topology in the membrane10. Such a topology would require 

random insertion of EmrE protomers into the membrane during synthesis, which was seen as 

unsavory from a biochemical perspective11. Skepticism of the antiparallel topology only increased 

when the structure was retracted due to a software error, and while the re-solved structure 

retained the antiparallel topology (Fig. 1), the controversy remained5,12,13. The debate was not 

resolved until nuclear magnetic resonance (NMR) studies in the early 2010s supported the 

antiparallel topology model7,14, and subsequent functionally studies confirmed that EmrE was 

inserted into the membrane with a random topology during synthesis15. However, while NMR 

studies of EmrE helped to resolve one controversy, they initiated another.  

When I joined in 2015, the Henzler-Wildman lab had acquired intriguing NMR data that 

suggested EmrE violated rules thought to be essential for ion-coupled transport. My project was 

to functionally test these findings, and if possible, to reconcile them with EmrE’s well-

characterized function of proton-coupled drug efflux. The resulting work challenges many 

assumptions in the transporter field, but rather than representing something entirely novel, the 

mechanistic models we propose highlight the significance of early functional and theoretical 

transporter research. 

What is ion-coupled transport, and how does it work? 
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Transporters constitute a large class of membrane proteins that allow cells to exchange 

chemicals with their environment and perform crucial roles in enabling cells to maintain 

homeostasis. While channels and uniporters allow facilitated diffusion of specific chemicals, active 

transporters expend energy to concentratively acquire nutrients from the environment, extrude 

toxins and waste from the cell, and maintain electrochemical gradients across the membrane. 

Primary-active transporters obtain their energy from ATP hydrolysis, while secondary-active (ion-

coupled) transporters utilize transport of an ion down an electrochemical gradient to perform uphill 

transport of a coupled substrate. 

While the concept of secondary active transport was proposed as early as the 1940s16, 

the subject gained prominence with Peter Mitchell’s chemiosmotic hypothesis of oxidative 

phosphorylation in the 1960s17–19. Utilization of energy derived from electrochemical gradients 

was initially controversial20, but evidence for ion-coupled transport mounted throughout the 1960s 

and early 1970s. Predictions made by the chemiosmotic hypothesis, such as a negative 

correlation between mitochondrial ion permeability and oxidative phosphorylation, were 

experimentally verified21,22. Work on intestinal epithelium cells demonstrated that concentrative 

uptake of glucose was coupled to sodium flux23,24. And concentrative uptake of sugar and amino 

acids in E. coli membrane vesicles was demonstrated to occur upon the imposition of a membrane 

potential and in the absence of ATP hydrolysis or respiration, indicating that electrochemical 

gradients alone were sufficient to drive transport25,26.  

By the late 1970s, active transport driven by electrochemical gradients was generally 

accepted, marked by the award of 1978 Nobel Prize to Peter Mitchell. At this point, the 

thermodynamic basis for ion-coupled transport was clear. For the co-transport (symport) of an ion 

and substrate: 

(1) 𝐼𝑜𝑛௢௨௧ + 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௢௨௧ ⇄ 𝐼𝑜𝑛௜௡ + 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௜௡ 
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The free energy of transport is simply the sum of the chemical potentials of the ion and substrate 

across the membrane: 

(2) ΔG௧௥௔௡௦௣௢௥௧ = Δ𝜇௜ + Δ𝜇௦ 

Where the ion and substrate chemical potentials are given by: 

(3) Δ𝜇௜ = 𝑅𝑇ln ቆ
[𝐼𝑜𝑛]௜௡

[𝐼𝑜𝑛]௢௨௧
ቇ + 𝑧௜𝐹ΔΨ 

(4) Δ𝜇௦ = 𝑅𝑇ln ቆ
[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௜௡

[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௢௨௧
ቇ + 𝑧௦𝐹ΔΨ 

Similarly, for the exchange (antiport) of an ion and substrate: 

(5) 𝐼𝑜𝑛௢௨௧ + 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௜௡ ⇄ 𝐼𝑜𝑛௜௡ + 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௢௨௧ 

The free energy of transport is the difference in the ion and substrate chemical potentials: 

(6) ΔG௧௥௔௡௦௣௢௥௧ = Δ𝜇௜ − Δ𝜇௦ 

How these thermodynamic equations related to mechanism – that is, how the free energy gained 

from the downhill transport of one ion could be harnessed by a protein to drive the uphill transport 

of another molecule – was less clear. Due to the technical difficulty of membrane protein 

biochemistry, progress on the mechanism of ion-coupled transport was slow. Despite the paucity 

of experimental data, several prescient hypotheses were proposed. The alternating access model 

provided a structural mechanism to explain how a protein could translocate bound substrates 

across the membrane (Fig. 1)27,28. In this model, the transporter forms a binding pocket for 

substrates within the plane of the membrane. Conformational change alternates access from the 

binding pocket to either side of the membrane, and in doing so, allows bound substrates to move 

from one side of the membrane to the other. Meanwhile, kinetic models were developed to explain 

the theoretical basis for free energy transduction during ion-coupled transport29–32. In addition to 
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proposing various kinetic mechanisms that could describe coupled transport, this work sought to 

explain the relationship between the rates of the individual steps in a kinetic mechanism and the 

thermodynamics of the overall process. Notably, these models frequently included “leak” 

pathways that could short-circuit coupled transport. While mechanisms including such pathways 

are less thermodynamically efficient, this early computational work demonstrated that their 

exclusion was not required for coupled transport.  

Gradually, transporter biochemistry began to catch up to transporter theory. The late 

1970s saw the first functional reconstitution of purified ion-coupled transporters into lipid 

vesicles33–36, and in 1980, LacY was the first ion-coupled transporter to be successfully purified 

from an overexpression plasmid37. Methods were developed to measure transporter stoichiometry 

and efficiency, including the “static head” or reversal potential experiment38,39. Voltage clamp 

electrophysiology recordings of high turnover transporters gave unprecedented insight into 

transport kinetics40,41. The results of the biochemical data generally agreed with the kinetic models 

that had been proposed decades earlier. Most transporters had evolved to be highly efficient, but 

under certain experimental conditions, ion or substrate leak pathways could be observed. Despite 

these advances, purification of functional transporters remains difficult, and few transporters have 

sufficiently high turnover rates to be amenable to traditional electrophysiology methods. 

Consequently, even in 2021, only a handful of ion-coupled transporters have had their 

mechanisms rigorously biochemically characterized. 

In the 2000s, ion-coupled transporter biology entered the structural age42–44. Once again, 

the experimental structural models were in good agreement with the previously proposed 

theoretical alternating access models45–48. For example, LacY consists of a pair of six helix 

bundles that form a rough V-shape within the membrane. This creates an internal hydrophilic 

cavity that allows polar substrates (sugars) and ions to bind49. The cavity is open to only one side 

of the membrane at a time, but conformational exchange results in closure of the cavity to one 
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side of the membrane and opening to the other, transporting bound substrate across the 

membrane50. The emergence of high-resolution structures provided unprecedented insight into 

the inner workings of ion-coupled transporters, but the emphasis on structural studies did carry 

some disadvantages. While conformational dynamics are a crucial component of transporter 

function, highly dynamic proteins produce lower resolution crystal structures and lower quality 

NMR spectra. As a result, structural studies of transporters often select for slow-dynamics 

mutants with impaired function44,51, or transporters with naturally slow dynamics that can be 

challenging to functionally characterize52. Gradually, structural perspectives replaced kinetic 

perspectives in the transporter mechanism field, and the complex mechanistic models of earlier 

decades gave way to minimal models that only considered states captured in crystals. Whereas 

reviews from the early 2000s emphasized the importance of leak pathways to the physiological 

function of transporters53, reviews from the early 2010s considered such pathways to be 

“forbidden”54–56.  

The mechanism of EmrE 

When our lab began studying EmrE, it was generally accepted that transporter 

mechanisms could be described by single cycles with a fixed transport stoichiometry (the number 

of ions and substrates moved per cycle, Figure 2A,B). Previous mechanistic investigations of 

EmrE were conducted within this paradigm. Early studies recognized the essential nature of 

E1457,58. As the only charged residue located within the plane of the membrane, E14 serves as a 

shared binding site for drugs and protons8. Competition for this binding site between drugs and 

protons leads to a simple and elegant coupling mechanism59,60. If simultaneous binding of drug 

and proton is forbidden, and if alternating access is only possible when substrate is bound, then 

EmrE is restricted to a single transport cycle. As transport of +1 charged drug substrates is 

electrogenic, it was believed that EmrE’s transport stoichiometry was two protons per drug61. The 
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resulting “pure exchange” model (Fig. 2A) was consistent with the antiport mechanisms that 

dominated the literature in the structural age of transporter biology. 

We expected EmrE to adhere to the rules of the pure exchange model, given its 

widespread acceptance in the field. However, it became apparent that EmrE deviated from the 

model in several significant ways. First, NMR pH titrations indicated that the two E14 residues of 

the EmrE dimer are in asymmetric environments, with the E14 on one protomer having a pKa of 

7.0 while the E14 pKa for the other protomer is 8.362. This means that at physiological pH, a 

significant population of EmrE is singly protonated in the binding pocket. Moreover, NMR 

dynamics experiments demonstrated that EmrE could alternate access whether apo-, singly-, or 

doubly-protonated, despite the fact that alternating access without substrate is forbidden by the 

pure exchange model. This finding was later confirmed independently by the Traaseth lab using 

complimentary NMR techniques63. Second, NMR studies of drug-bound EmrE demonstrated that 

while drug binding prevented protonation of one of the E14 residues in the binding pocket, the 

second E14 residue could still bind proton and that EmrE could alternate access in this state64. 

The pKa of drug-bound EmrE is reduced relative to the pKa of drug-free EmrE, indicating that 

competition for binding remains between drug and proton, but with a measured value of 6.3, its 

proximity to physiological pH means that the singly-protonated, drug-bound state of EmrE must 

be accounted for in the transport mechanism. With these findings, it was apparent that EmrE 

violated the rules thought to govern its coupled antiport mechanism. EmrE could simultaneously 

bind drug and proton, and EmrE could alternate access in every experimentally observed state. 

I joined the Henzler-Wildman lab with the hope of answering the fundamental question 

raised by this data – how could EmrE couple proton import to drug export while violating the 

consensus mechanism of coupled antiport? In place of the pure exchange model which comprises 

the minimum number of states required for antiport, we proposed the free exchange model which 

comprises the minimum number of states required to explain our NMR data (Fig. 2C). Consistent 
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with our NMR data, the free exchange model allows every state to alternate access. As a result, 

in addition to the single 2:1 proton:drug antiport cycle of the pure exchange model, the free 

exchange model includes cycles for 1:1 proton:drug antiport, proton uniport (leak), drug uniport 

(leak), and even 1:1 proton:drug symport. My project was to verify the functional predictions of 

our model and reconcile the proposed existence of these multiple transport cycles with EmrE’s 

proton-drug antiport function. 

Transport assays confirmed the existence of multiple transport cycles, providing functional 

evidence that the free exchange model is a better description of EmrE’s transport behavior than 

the pure exchange model (Chapter 1)64. Subsequent mass action kinetic simulations using the 

alternating access rates measured by NMR confirmed that EmrE can perform proton-coupled 

concentrative drug efflux with the free exchange model, despite the existence of dissipative leak 

pathways (Chapter 2)65. The kinetically controlled coupled transport exhibited by our model is 

consistent with early kinetic mechanisms proposed for coupled transport30. However, rigorously 

testing the model’s prediction of environmentally dependent transport behavior would require the 

development of a higher throughput assay. The solid supported membrane electrophysiology 

(SSME) assay I developed for measuring transporter stoichiometry confirmed that EmrE’s 

transport stoichiometry changes with both pH and drug concentration (Chapter 3). However, 

functional data contradicts one aspect of the free exchange model – rapid proton transport by 

EmrE requires the presence of drug, while the model suggests EmrE should leak protons in the 

absence of drug. Investigations of the conserved C-terminus of EmrE provided a potential 

explanation for this discrepancy – a gating mechanism not accounted for by either the pure or 

free exchange models (Chapter 4)66. Studies of an EmrE mutant lacking the C-terminal tail confirm 

its role in reducing uncoupled proton leak (Chapter 5). Finally, we identified a compound that 

causes a deleterious growth phenotype in cells expressing EmrE by targeting this gating 

mechanism (Chapter 6). 
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The work described in this dissertation has contributed to the recent, growing acceptance 

that many transporters operate according to loosely coupled mechanisms67–73. While our lab did 

not set out to upend the prevailing models of ion-coupled transport, several experimental 

techniques gave us unprecedented insight into EmrE’s function and provided data that challenged 

assumptions in the transporter field.  

The importance of membrane mimetics 

The unique chemical environment of the lipid bilayer is a crucial component of integral 

membrane protein structure and function, but many biochemical techniques require proteins to 

be removed from their native membranes. As membrane proteins are insoluble in aqueous 

buffers, membrane mimetics are essential for most biochemical or structural studies. EmrE has 

been studied using three different membrane mimetics: detergents, liposomes, and bicelles (Fig. 

3).  

Detergents contain a polar head group and single hydrophobic tail. When aqueous 

detergent concentrations exceed their critical micelle concentration (CMC), they begin to form 

micelles – soluble spherical particles with a hydrophilic surface and a hydrophobic core. Detergent 

micelles are frequently used to solubilize cellular membranes during membrane protein 

purification. Both decylmaltoside (DM) and dodecylmaltoside (DDM) have been used for this 

purpose with EmrE. Micelles with a diameter roughly the width of the lipid bilayer (DDM with its 

longer tail is preferred) can provide a chemical environment similar enough to a native membrane 

to allow some functional studies of detergent-solubilized proteins. However, it is important to 

remember that detergent micelles do not perfectly replicate the membrane environment. The lack 

of lateral pressure provided by the lipid bilayer can disrupt the structure of function of many 

membrane proteins74–76. Several early functional studies of EmrE were performed in 

detergent59,77, but EmrE binds drug with orders of magnitude higher affinity in a lipid 

environment14. 
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In many respects, liposomes are the ideal membrane mimetic for studying transporter 

function, as they preserve the lipid bilayer environment and provide the compartmentalization 

necessary to perform transport assays. When dry lipids are hydrated in an aqueous buffer, they 

form multilamellar vesicles (MLVs) – sheets of lipid bilayers stocked on top of each other. 

Liposomes are formed by the introduction of energy by sonication or extrusion through a filter, 

which breaks apart the MLVs and ideally, forms unilamellar vesicles such as the one depicted in 

Fig. 3. Membrane proteins can be reconstituted into proteoliposomes by combining liposomes 

with detergent-solubilized proteins and subsequently removing the detergent through rapid 

dilution, dialysis, or the use of hydrophobic beads such as BioBeads or Amberlite XAD-2. 

Proteoliposomes have been used to study transporter function for over forty years36,37, but while 

they carry many advantages over detergents, traditional liposomal transport assays are low 

throughput. Additionally, the large size of liposomes prevents their use in solution NMR. 

Bicelles are flat lipid bilayers capped with detergent or short-chain lipid molecules78. 

Bicelle size can be controlled by the ratio of long chain lipid to short chain lipid, known as the q 

value79. When the q value is in the correct range (0.25< q <0.4), bicelles tumble isotropically in 

solution while retaining a lipid environment for the protein. The use of isotropic bicelles has been 

essential to our studies of EmrE80. Bicelles’ lipid environment stabilizes EmrE’s dimeric structure 

and increases the drug binding affinity, allowing for solution NMR studies of drug-saturated 

EmrE64,81. The suitability of the bicelle environment for EmrE’s structure and function is further 

evidenced by the agreement of chemical shifts and alternating access rates measured in bicelles 

with those measured using solid-state NMR techniques in a full lipid bilayer63,82. In addition, the 

functional data provided by drug binding and proton release experiments performed in bicelles 

can be compared directly to the structure and dynamics data provided by NMR62,64–66,83. 

NMR as a tool for investigating EmrE’s structure and dynamics 
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NMR is a powerful technique for probing structure/function relationships in proteins, as it 

can provide structural and dynamics information at functionally relevant experimental 

temperatures. Systems best suited to NMR investigations are stable, easy to express to high 

concentrations in E. coli, and relatively small. Thus, the characteristics that made EmrE a model 

system for biochemical studies also make it an ideal system for NMR. 

The vast majority of the NMR experiments included in this dissertation rely on correlations 

of proton (1H) and nitrogen (15N) chemical shifts. 1H and 15N shifts are highly sensitive to the local 

electronic environment. 1H-15N correlations of amide groups given by the heteronuclear single 

quantum coherence (HSQC) experiment are particularly useful, as they provide site-specific 

chemical probes for each non-proline residue in a protein. The 1H-15N HSQC spectrum of a given 

protein acts as an NMR thumbprint. Chemical shift perturbations (CSPs) of this thumbprint due to 

ligand binding, mutation, or a change in the environmental conditions can be quantified to map 

the effects of these various changes onto the protein structure. Amide nitrogen chemical shifts 

are primarily affected by hydrogen bonding (including hydrogen bonding to the preceding 

carbonyl) and the identity, conformation of the preceding amino acid side chain, and backbone 

torsion angles, while proton chemical shifts are affected by electric fields from charged atoms, 

ring currents of aromatic groups, magnetic anisotropy around chemical bonds, and nearby 

paramagnetic groups84. Since they report on different things, proton and nitrogen CSPs are mostly 

uncorrelated and can be combined into a composite CSP: 

(7) 𝑑 = ට𝛿ு
ଶ + 𝛼 ∙ 𝛿ே

ଶ  

Where α is an empirical weighting factor (we use 0.154) to account for the larger range of amide 

nitrogen chemical shifts. 

In addition to the structural information provided by CSPs, 1H-15N HSQC experiments 

report on protein dynamics. The chemical shift itself is a frequency reported as a fraction (ppm) 
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of the Larmor frequency – the precession frequency of a nuclei in a given magnetic field. Field 

strengths of NMR spectrometers are normally described as the Larmor frequency of a proton (750 

MHz, 900 MHz, etc.), so a proton chemical shift of 10 ppm corresponds to a frequency of 7500 

Hz in a 750 MHz instrument and 9000 Hz in a 900 MHz instrument.  

The significance of the chemical shift frequencies comes into play when considering a 

protein exchanging between two states, such as the alternating access conformational exchange 

of EmrE (Fig. 1). Each of the 110 amino acids in EmrE’s sequence exists in two states in the 

functional dimer – one protomer with the N- and C- termini on the open side of the protein 

(conformation A) and one protomer with the N- and C- termini on the closed side (conformation 

B). The two conformations provide different chemical environments, and thus, the chemical shift 

of an amino acid in conformation A will be unique from the same amino acid in conformation B. 

During alternating access, the two protomers swap conformations and each amino acid swaps 

chemical shifts. The relationship between the rate of exchange and the difference in the chemical 

shifts has a profound effect on the appearance of the NMR spectrum. The slow exchange regime 

occurs when the chemical shift difference between the states (Δω) is much larger than the 

exchange rate between the states (kex). Under such conditions, each state is visible as a separate 

peak in the spectrum. The fast exchange regime occurs when kex is much greater than Δω. This 

results in a single peak with a chemical shift that is the population-weighted average of the 

chemical shifts of each state. While both slow and fast exchange regimes can give high quality 

spectra, intermediate exchange, which occurs when Δω is similar to kex, causes broadened peaks 

and loss of signal to noise (Fig. 4A-C). The alternating access rate of EmrE can span all three 

exchange regimes, depending on the binding state, mutant, temperature, and field strength of the 

spectrometer used in a given experiment. As a result, the effect of a certain mutation or substrate 

on EmrE’s function can often be inferred simply from the appearance of the spectrum. Tight-

binding substrates or mutations that hinder the alternating access dynamics shift the spectrum 
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farther into the slow exchange regime with sharp, defined peaks for both conformation A and 

conformation B, while conditions that increase the alternating access rate (such as protonation) 

lead to intermediate exchange and line broadening or fast exchange and a single set of peaks. 

The exchange regime of peaks in EmrE spectra are affected by substrate binding 

dynamics as well. In particular, several NMR pH titrations are described in this dissertation. Proton 

on- and off-rates are generally fast, so the chemical shift of a peak at a given pH is a population-

weighted average of the chemical shifts of the protonated and de-protonated states (Fig. 4D). 

When two protonation events are involved, such as for drug-free EmrE, the population-weighted 

average of the doubly-, singly-, and de-protonated states can lead to a curved titration of the peak 

position (Fig. 4F). Fitting the peak position as a function of pH (Fig. 4E,G) can allow for the 

determination of the pKa values of various protonatable residues in EmrE (generally E14, but also 

H110 in Chapter 4).  

For residues in the intermediate exchange, quantitative analysis of peak shapes 

(lineshape analysis) can allow determination of exchange rates83,85–87, but the highest quality 

EmrE spectra are in the slow exchange regime. As a result, EmrE’s alternating access rate has 

more commonly been measured using the ZZ-exchange experiment14,51,62,64,83,88. ZZ-exchange is 

similar to a normal HSQC experiment, except with a delay added to the pulse sequence between 

recording the nitrogen chemical shift and the proton chemical shift. If alternating access occurs 

during the delay, cross peaks will appear in the spectrum with the nitrogen chemical shift of the 

original state and the proton chemical shift of the new state (Fig. 5). Fitting the cross peak/auto-

peak intensity ratio as a function of the delay time allows for determination of the exchange rate14.  

Solid supported membrane electrophysiology for higher throughput transport assays 

While NMR can provide great insight into EmrE’s structure and function, it is important to 

be able to relate the data acquired by NMR to the functional transport behavior of the protein. The 
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gold standard for functional characterization of transporters are transport assays conducted in 

proteoliposomes, but these assays are labor and material intensive, limiting the amount of 

functional characterization that is experimentally practical. Numerous electrophysiology 

techniques have been developed for more rigorous and/or higher throughput characterization of 

ion channels and high-flux transporters. These techniques can measure the current across a 

membrane, or in some cases, through a single channel, but has a lower detection limit of about 

1000 s-1, faster than the rate of most transporters. 

Solid supported membrane electrophysiology (SSME) was developed to allow 

electrophysiological characterization of more typical, moderate flux transporters89–91. Instead of 

measuring the current across a single biological or liposomal membrane, thousands of liposomes 

are adsorbed onto a membrane surface attached to a gold electrode. Capacitive coupling 

between membranes and the electrode allows detection of the bulk current across all the 

adsorbed liposomes and observation of transport rates as low as 10 s-1 91,92. A depiction of the 

method is shown in Figure 6. One of the primary advantages of SSME over traditional liposomal 

assays is that sensors are relatively stable once prepared and can be used for dozens of 

measurements, as perfusion of the original buffer resets the sensor to its initial state. This allows 

a single sensor containing micrograms of lipid and picomols of protein to be used to screen many 

different experimental conditions relatively quickly.  

While we hoped the technique would be useful when we acquired our first SSME 

instrument two years ago, we did not foresee just how powerful it would prove to be. In Chapter 

3, we develop an SSME assay to measure transport stoichiometry. This assay allowed us to 

replicate stoichiometry measurements that normally took months of optimization in a matter of 

days. We further show that it is possible to quantitatively exchange the internal buffer, expanding 

the range of experiments that can be performed with a single sensor even further. SSME has 

verified the free exchange model’s prediction that EmrE has multiple, environmentally-dependent 
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transport stoichiometries (Chapter 3 addendum), demonstrated the mechanism of action of the 

susceptibility substrate harmane (Chapter 5), confirmed that the C-terminal tail is involved with 

gating proton release (Chapter 6), and verified the functional relevance of a new substrate used 

for structure determination (Appendix B). SSME will continue to be indispensable as our lab 

expands into investigating new substrates and new members of the SMR family going forward. 
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Figure 1 – Alternating access transport port by EmrE. Crystal structure of EmrE (3B5D)5 with 

bound tetraphenylphosphonium (TPP+) modeled in red. The critical E14 residue that serves as a 

shared binding site for drug and proton is shown in green. The subunits swap conformations to 

alternate access to the binding pocket between either side of the membrane.  

  



16 
 

 

 

 

Figure 2 – Models of coupled transport. Tightly coupled stoichiometric models for antiport (A) and 

symport (B) restrict the number of functional states of the transporter, while the loosely coupled 

free exchange model (C) allows substrate binding and alternating access in a variety of states. 

  

A B 

C 
Free exchange transport 
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Figure 3 – Models of common membrane mimetics. Reproduced from93. 
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Figure 4 – NMR exchange regimes and effect on titration patterns. Taken from62. (A) For a single 

residue, each unique conformation or state of a protein will have a distinct chemical shift. When 

these conformations or states are able to exchange, the pattern observed in the NMR spectrum 

depends on the rate of the exchange process (kex) relative to the frequency difference between 

the chemical shifts of the two species (Δω). In A, one-dimensional NMR spectra are simulated for 

Δω = 100 Hz. When kex is much slower than Δω (bottom, slow-exchange regime), two peaks are 

observed at the unique chemical shifts of these two conformations or states. The area under each 

peak reflects the relative population of each, 25%/75% in this example. As the exchange rate 

increases, the peaks broaden and merge, eventually resulting in a single narrow peak at the 

population-weighted average chemical shift of the exchanging species (top, fast-exchange 

regime). NMR spectra are usually reported with axes in units of parts per million (ppm) to remove 

their dependence on the spectrometer field strength. However, the chemical shift actually 

corresponds to a frequency. For the spectra presented in62, acquired on a 700-MHz NMR 

spectrometer, 1 ppm in proton corresponds to 700 Hz. (B) In the fast-exchange regime, where kex 

is fast compared with Δω, titration results in a shift in peak position, from the free to bound state 

as ligand is added and the relative population of the free and bound states changes. (C) In the 

slow-exchange regime, the free state disappears, and the bound state appears during the course 

of a titration as ligand is added and the population shifts from free to bound. Intermediate 

exchange will result in a combination of peak shifting and broadening. Because proton on/off is 

generally fast, we expect (and observe) spectra where peaks shift position with pH. (D) In the 

case of two-state exchange from a protonated state, marked H, to a deprotonated state, marked 

D, the peak position in a two-dimensional spectrum will move along a line connecting the peaks 

corresponding to the fully protonated and fully deprotonated states as pH is changed. (E) Plotting 

the position of the peak (in ppm) as a function of pH will result in a classical binding curve, 

reflecting the nonlinear dependence of the fraction protonated on pH. Thus, the chemical shift can 

be analyzed in the same way as any other protein property that is sensitive to protonation-state 
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changes. (F) If the protein is exchanging between three states (2H, two protons bound; 1H, one 

proton bound; D, deprotonated, no protons bound), each with unique chemical shifts, then the 

peak position will reflect the population-weighted average of all three chemical shifts at each pH 

value. An example is shown for two protonation steps assuming non-interacting sites with pKa 

values separated by 1.4 pH units. The averaging of three states results in a curved path of the 

peak across the spectrum. (G) The fraction doubly protonated (solid line), singly protonated 

(dotted), and deprotonated (dashed) are shown along with the peak position (in parts per million) 

as a function of pH. Both transitions are clearly observed in the peak position, although the 

chemical-shift difference between states 1H and D is smaller along the proton dimension. 
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Figure 5 – ZZ-exchange spectroscopy. The ZZ-exchange experiment takes a standard 1H-15N 

HSQC experiment and adds a delay in between recording the nitrogen chemical shift and the 

proton chemical shift. If conformational exchange occurs during this delay, cross peaks will occur 

in the spectrum with the 15N chemical shift of the original state and the 1H chemical shift of the 

new state. 
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Figure 6 – Overview of an SSME experiment. Taken from94. (A) Thiolated alkanes are bound to 

a gold electrode and lipids are added to create the solid supported membrane (SSM). 

Proteoliposomes are adsorbed onto the membrane to the SSM to create the sensor. (B and C) 

The liposomal membranes, the SSM, and the electrode are capacitively coupled; current across 

the liposomal membranes can thus be read by the electrode. (D) Example current trace from an 

experiment, with a cartoon depiction of the stages shown in (E). During the first stage (I), the 

internal and external buffer are the same, and buffer perfusion creates a stable baseline. During 

the second stage, a new activating buffer is perfused to initiate transport – for example, by 

changing the substrate concentration. The initial current reaches a peak (II) upon full exchange 

of the buffer. The current quickly decays as the membrane voltage created by transport opposed 

further transport, eventually reaching a steady state where no additional transport occurs (III). In 

the final stage, the initial buffer is perfused once again, resetting the sensors and allowing 

additional experiments to be performed.  
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Chapter 1 

A new free exchange model of EmrE transport 

Anne E. Robinson, Nathan E. Thomas, Emma A. Morrison, Bryan Balthazor and Katherine A. 

Henzler-Wildman 

Preface 

In this paper, we describe the NMR results which our inconsistent with canonical models of 

antiport and propose a new free exchange model to explain EmrE’s function. Anne performed 

experiments and wrote the initial draft of the paper, I performed liposomal transport assays and 

helped revise the paper, and Emma and Bryan performed additional NMR and ITC experiments.  

Abstract  

EmrE is a small multidrug resistance transporter found in E. coli that confers resistance to toxic 

polyaromatic cations due to its proton-coupled antiport of these substrates. Here we show that 

EmrE breaks the rules generally deemed essential for coupled antiport. NMR spectra reveal that 

EmrE can simultaneously bind and cotransport proton and drug. The functional consequence of 

this finding is an exceptionally promiscuous transporter: Not only can EmrE export diverse drug 

substrates, it can couple antiport of a drug to either one or two protons, performing both 

electrogenic and electroneutral transport of a single substrate. We present a new free exchange 

model for EmrE antiport that is consistent with these results and recapitulates ∆pH-driven 

concentrative drug uptake. Kinetic modeling suggests that free exchange by EmrE sacrifices 

coupling efficiency but boosts initial transport speed and drug release rate, which may facilitate 

efficient multidrug efflux. 

Significance Statement 

EmrE facilitates E. coli multidrug resistance by coupling drug efflux to proton import. This antiport 

mechanism has been thought to occur via a pure exchange model which achieves coupled 

antiport by restricting when the single binding pocket can alternate access between opposite sides 
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of the membrane. We test this model using NMR titrations and transport assays and find it cannot 

account for EmrE antiport activity. We propose a new free exchange model of antiport with fewer 

restrictions that better accounts for the highly promiscuous nature of EmrE drug efflux. This model 

expands our understanding of proton-coupled transport and has implications for both transporter 

design and drug development. 

Introduction 

Secondary active transport moves one substrate across a membrane against its 

concentration gradient by coupling it to downhill transport of a second substrate, often a proton. 

This coupled transport process may move both substrates in the same direction (symport) or in 

opposite directions (antiport). To move molecules across the membrane, the substrate binding 

site must be alternately accessible to either side of the membrane. Symport or antiport of two 

substrates is generally explained using models that restrict this alternating access of the 

transporter to specific states (Fig. 1). These models are appealing because they provide a simple 

mechanism that efficiently couples transport of the two substrates. 

Here we investigate the mechanism of proton/drug antiport by the small multidrug 

resistance transporter, EmrE. EmrE uses the proton motive force (PMF) across the inner 

membrane of E. coli to drive efflux of toxic polyaromatic cations, conferring resistance to these 

compounds. The single binding pocket of EmrE is defined by two glutamate 14 residues (1-3), 

one on each of the two monomers in the asymmetric homodimer (4-7). This binding site can 

accommodate one drug-substrate or up to two protons. Alternating access of the asymmetric 

homodimer is achieved by a conformation swap between the two monomers (5) and is necessary 

for transport activity (8). Traditionally, EmrE antiport has been explained by the pure exchange 

model (9) in Fig. 1A. Such “pure exchange” of one drug for two protons with no slippage results 

in tightly coupled stoichiometric antiport. This is achieved by 1) limiting substrate binding such 

that both substrates never bind simultaneously and 2) limiting in/out exchange (alternating 
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access) to substrate bound states (fully protonated or drug-bound). Several lines of evidence 

support this model. Competition between drug and proton binding is demonstrated by substrate-

induced proton release (10, 11), a decrease in substrate-binding affinity at low pH (1) and a bell-

shaped pH-dependence of transport activity (3). In addition, observation of electrogenic transport 

of monovalent, but not divalent, substrates is consistent with a 2:1 H+/drug transport stoichiometry 

(12). Other transport mechanisms have been considered previously (11), but the traditional pure 

exchange model has been favored in the absence of compelling data to justify selection of a more 

complex scheme.  

However, the highly dynamic nature of EmrE (13-15), critical for its ability to transport 

diverse substrates, is hard to reconcile with the strict limitations on alternating access in the pure 

exchange model. Recent NMR data has provided evidence that EmrE violates at least the second 

stipulation of the traditional model: protonation of drug-free EmrE is asymmetric (16) such that a 

singly protonated state exists near neutral pH, and all of the protonation states (2H+-bound, 1H+-

bound, empty) engage in alternating access (16, 17). These findings suggest the need to develop 

a new model for EmrE transport activity. In this study, we use NMR spectroscopy and liposomal 

flux assays to test the pure-exchange model of EmrE antiport. We show that EmrE violates both 

requirements of pure-exchange antiport and utilizes multiple proton/drug transport 

stoichiometries. We develop a new “free exchange” EmrE antiport model which reconciles the 

novel states and unrestricted alternating access behavior of EmrE with its well-established proton-

driven drug efflux activity. Our model accounts for previously inexplicable behaviors of EmrE such 

as the ease of converting the protein to a symporter. Furthermore, our model suggests that a 

reduced coupling efficiency may be a necessary price for the structural flexibility required to bind 

and efficiently efflux diverse substrates.  

Results 

Substrate binding is not exclusive. Competition between drug and proton binding to EmrE is 

well-established, but the data do not prove mutually exclusive binding, a stipulation of the pure 
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exchange model (1, 10, 11). The recent demonstration of asymmetry in proton binding (16) led 

us to reconsider whether EmrE can bind a drug and proton simultaneously. To test this, we 

performed NMR pH titrations of EmrE saturated with the drug substrate tetraphenylphosphonium 

(TPP+) and solubilized in isotropic bicelles. We have previously shown that E14 and H110 are the 

only residues in EmrE that titrate near neutral pH. Furthermore, titration of E14, but not H110, 

leads to a global conformational change in the protein that is evident in an NMR pH titration (16). 

If proton and drug binding are exclusive, as predicted by the traditional model of EmrE antiport, 

then TPP+-saturated EmrE should not bind any protons and thus will not titrate globally with pH. 

However, many peaks in the NMR spectrum do titrate with pH (Figs. 2A and B and S1), 

demonstrating that protonation does occur when TPP+ is bound. In contrast to the two protonation 

events observed for drug-free EmrE (pKa values 7.0 ± 0.1 and 8.2 ± 0.3) (16), the linear 

movement of the peaks in the TPP+-bound NMR pH titration is consistent with a single protonation 

event with a pKa of 6.8 ± 0.1 (Fig. 2C and S2). To test whether this protonation occurs on the 

critical E14 residue, we repeated the pH titration with TPP+-saturated E14D-EmrE, which has a 

lower pKa but still binds TPP+ (1-3, 16). As expected, we observed a shift in the titration midpoint 

to lower pH, reflecting the lower pKa of E14D-EmrE (Figs. 2A and B and S3) and confirming we 

are monitoring protonation of E14 in drug-bound EmrE.  

It is well known that TPP+ and H+ binding is competitive such that the TPP+ binding affinity 

of EmrE is weaker at low pH (1). Thus, it is important to ensure that the pH-dependent chemical 

shift changes are not due to pH-dependent loss of substrate binding. We used ITC to measure 

TPP+ binding at low pH. In isotropic bicelles at 45 °C (matching the NMR sample conditions), the 

KD
apparent for TPP+ is 70 ± 9 µM at pH 5.5 (Table S1). With this affinity, >95% of EmrE will remain 

TPP+-bound in the NMR sample at pH 5.5. As a second more direct test, we performed an NMR-

monitored TPP+ titration at pH 5.2. As expected, there were no changes in the peak positions with 

increasing TPP+ concentrations (Fig. S4), only changes in peak intensity. Therefore, the pH-

induced chemical shift changes in the NMR spectra are not due to loss of TPP+ binding. Loss of 
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peak intensity with no change in peak position at lower TPP+ concentrations reflects “slow 

exchange” on the NMR timescale. In contrast, the change in peak position observed as a function 

of pH reflects “fast exchange”. This rate difference is not surprising and results in distinct spectral 

changes in the NMR spectra that allow these two events to be readily distinguished. This NMR 

data shows that EmrE can simultaneously bind a drug and a proton at physiological pH. 

Substrate binding is asymmetric. Mapping the NMR data onto the structure reveals a broad 

distribution of residues that sense E14 protonation in TPP+-bound EmrE (Fig. 2D), consistent with 

protonation-dependent conformational changes in drug-bound EmrE. This is not surprising given 

the protonation-dependent transport activity of EmrE (3) and the coupled structural and dynamic 

changes that occur upon protonation in the absence of substrate (16-18). Interestingly, residues 

corresponding to monomer B in the asymmetric homodimer have much larger chemical shift 

changes upon pH titration of TPP+-bound EmrE (Fig. 2D). This implies that TPP+ interacts 

asymmetrically with EmrE, associating with the E14 on monomer A such that protonation of this 

residue is prevented, while the E14 on monomer B remains accessible for protonation. This is 

further supported by the TPP+ titration at low pH, which shows that residues in monomer A are 

more sensitive to TPP+ binding (Fig. S4). Such asymmetric interaction of the substrate with the 

two monomers was suggested by the cryoEM structure of TPP+-bound EmrE (6). It is also 

consistent with the asymmetric structure of the EmrE homodimer, the unique chemical shifts of 

the two E14 residues (19) and the asymmetric protonation of the two E14 residues in drug-free 

EmrE (16).  

Drug binding only releases one proton at low pH. To validate this extraordinary finding that an 

antiporter can simultaneously bind both substrates, we measured TPP+-induced proton release 

from EmrE at low pH. According to the pure exchange model, substrate binding is mutually 

exclusive such that both protons should be released from the EmrE homodimer upon TPP+ 

binding at low pH. In contrast, if EmrE is able to bind TPP+ and a proton simultaneously, TPP+ 

binding will only trigger release of a single proton per dimer at low pH. A previous measurement 
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of TPP+-induced proton release was inconclusive because the amount of TPP+ added was 

insufficient to saturate EmrE at low pH (10). We repeated this measurement with EmrE solubilized 

in isotropic bicelles using a saturating TPP+ concentration and observed release of 1.2 ± 0.2 

protons per EmrE dimer at pH 5.5 (Fig. S5, 3A). Because the weak buffering required for direct 

proton detection in this assay results in relatively large errors, we used a second experimental 

approach to verify the results. By measuring TPP+ binding with ITC in multiple buffers with 

different heats of ionization (20) we could determine the number of protons released per TPP+ 

binding event and confirm binding saturation (Fig. 3B, Table S1). We again detected 1.2 ± 0.1 

protons released per dimer. The ITC data also confirmed the known 1:1 TPP+/dimer binding 

stoichiometry remains at low pH. These proton release values are much closer to 1 than 2, 

consistent with the NMR data demonstrating simultaneous binding of 1 TPP+ and 1 H+ to the 

EmrE dimer at low pH.  

EmrE alternates access when bound to both substrates. The ability of EmrE to bind a drug 

and proton simultaneously will only affect net transport if this state engages in alternating access. 

For EmrE, the two monomers within the asymmetric homodimer swap conformations to switch 

between open-in and open-out (alternate access), and this rate can be quantitatively measured 

using TROSY-selected ZZ exchange NMR experiments (5, 21). We compared the rate of 

alternating access for TPP+-saturated EmrE in isotropic bicelles at high pH (only drug bound) and 

low pH (both drug and proton bound) and found they were nearly identical. (Fig. 4, S6). Thus, 

EmrE can move both substrates across the membrane at the same time, violating the expected 

behavior of an antiporter, and requiring the development of a new transport model.  

Importantly, chemical shift reflects the unique environment of each nucleus within the 

three-dimensional structure of the protein. Thus, the peaks in the NMR spectra correspond to the 

two distinct monomer conformations (shapes in Fig. 5A), not monomer identities (colors in Fig. 

5A). The asymmetric response of the residues in each monomer to TPP+ and pH in the NMR 
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experiments show that TPP+ interacts more closely with the monomer in conformation A, while 

protonation of E14 can still occur on the monomer in conformation B. Since the two monomers 

swap conformations during alternating access, this means that TPP+ (and H+) is (are) swapped 

back and forth between the two monomers as part of the alternating access process, as illustrated 

in Fig. 5A. Therefore, although only one E14 is necessary for TPP+ binding, the swapping of 

substrate between monomers during alternating access will require both E14 residues for 

transport. This is consistent with the “functional symmetry” of E14 (22), the observation of TPP+ 

binding to mixed WT-E14C EmrE heterodimers (7),  and the dominant negative phenotype of E14 

mutants in vivo and in vitro (23). 

A new free exchange model for EmrE transport. To accommodate the new states and 

transitions of EmrE, we expanded the transport scheme (Fig. 5A), removing the restrictions on 

simultaneous substrate binding and alternating access that are imposed by the pure exchange 

model. The model predicts that EmrE should have multiple transport pathways, including the well-

established 2:1 H+/drug antiport (12) (Fig. 5B) as well as 1:1 antiport, proton leak, uncoupled 

uniport of drug, and even symport (Fig. 5C). The rates of individual steps in the model are similar, 

so flux should occur through multiple pathways. Partitioning between the transport pathways will 

be determined by the relative rates of individual steps, making kinetics an important factor in 

determining the net stoichiometry of the transport process.  Furthermore, because the multiple 

transport pathways move different net charges across the membrane, they will be driven by 

distinct thermodynamic driving forces. Kinetics is therefore an important factor controlling net flux, 

which will vary depending on the precise conditions.  

To understand if it is possible to produce the well-established proton/drug antiport activity 

of EmrE with this scheme we performed mathematical simulations. We can estimate all of the rate 

constants from our own and others’ experimental data (Fig. S7 and Table S2). Rates of alternating 

access are based on NMR dynamics measurements (5, 16, 17). TPP+ on- and off-rate estimates 
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were determined previously for detergent-solubilized EmrE (11). We assumed fast proton on-

rates (≈1010 M-1s-1) and used the pKa values determined by NMR (this work and (16)) to estimate 

off-rates. These are reasonable assumptions given the small size of H+, the relatively fast on-

rates for TPP+ binding, and the fact that binding affinities of drug-substrates are primarily 

determined by the off-rate (11).  

Numerical simulation of ∆pH-driven transport (Appendix 1) results in rapid concentrative 

uptake of TPP+ into liposomes (Fig. 6A, B). A 2-fold pH gradient drives 80-fold concentration of 

TPP+, a reduction in coupling efficiency compared to the pure exchange model with a strict 

2H+:1TPP+ transport stoichiometry. These results clearly demonstrate that ∆pH-driven coupled 

antiport of TPP+ can be achieved in our new kinetically-driven model without restricting alternating 

access or substrate binding.  

To better understand how coupled antiport occurs in our new model, we developed a 

single molecule Gillespie simulation (Appendix 2) (24). Unlike the previous deterministic 

simulation, this stochastic simulation ignores the finite liposomal volume, but informs on the 

relative frequency of each transition, which is indicated by arrow thickness in Fig. 6C. 

Interestingly, TPP+ is most likely to bind proton-free EmrE but be released subsequent to 

protonation. Simultaneous proton and TPP+ binding enhances the release of TPP+ (Fig. S7), 

resulting in faster turnover. This mechanism may be advantageous for a multidrug transporter 

because it allows efficient release of substrates with a wide range of affinities. 

While our simulations demonstrate coupled antiport, future work will be needed to test and 

revise the model. Several rate constants were estimated using simplifying assumptions, and all 

were measured using solubilized EmrE. Importantly, solubilization results in a symmetric 

environment rather than the asymmetric conditions experienced in a membrane under a proton 

motive force. Furthermore, our model does not yet account for a membrane potential, as it 

remains unclear precisely how a membrane potential affects discrete steps of transport pathways 
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(25). Because the multiple transport pathways in our model move different net charges across 

the membrane, the membrane potential will affect the partitioning between pathways in a manner 

which is currently unaccounted for by our model. Nevertheless, the ability of our simulation to 

qualitatively recapitulate EmrE antiport is noteworthy because it breaks long-standing 

assumptions about the mechanism of coupled antiport.  

Unlike the pure exchange model, our model allows free exchange of the transporter, with 

alternating access permitted in all states. This has significant functional implications because it 

allows for free exchange of substrates with multiple transport stoichiometries. This differs 

dramatically from the single antiport stoichiometry achieved with pure exchange of substrates 

across the membrane. To test our free exchange model, we experimentally investigated two of 

its key predictions: 1) Does EmrE leak protons? and 2) Is EmrE a strictly-coupled 2:1 H+/drug 

antiporter?. 

EmrE does not rapidly leak protons. To test whether EmrE leaks protons, we created EmrE 

proteoliposomes with a negative inside membrane potential. Protons should rapidly enter the 

liposome under these conditions if EmrE leaks protons, increasing the weakly buffered external 

pH. However, no significant proton movement was detected (Fig. 7A and B), demonstrating that 

drug-free EmrE does not rapidly leak protons across the membrane. Addition of a protonophore 

did result in rapid pH change, confirming the integrity of the assay. These results contrast with 

the prediction of a rapid proton leak from the NMR exchange rates. However, all of the rates in 

the free exchange model were measured with symmetric conditions (∆pH=0, ∆=0). In contrast, 

this assay is performed in the presence of a membrane potential. Perhaps the asymmetry 

introduced by the membrane potential alters the structure or dynamics of EmrE in a way that 

prevents proton leakage.  

EmrE does not have a strict 2:1 H+/drug antiport stoichiometry. To determine whether EmrE 

can transport drug substrates with different proton coupling stoichiometries as predicted by the 



38 
 

NMR data we performed transport assays. We reconstituted EmrE into 3:1 POPC/POPG 

liposomes and observed transport by directly detecting proton flux in the weakly buffered solution 

outside of the liposome. We first performed transport assays using TPP+ (Fig. S8 and Table S4), 

but these assays are complicated by the high affinity of TPP+ for EmrE as well as its 

hydrophobicity and membrane permeability. We therefore compared ΔpH- and ∆-driven 

transport of ethidium (Eth+), an EmrE substrate that is more well-suited to transport assays due 

to a weaker binding affinity (KD at least 1000-fold weaker (26)) and decreased hydrophobicity 

compared to TPP+.  

We first performed ∆pH-driven transport assays. The proteoliposomes were reconstituted 

in 100 mM MES, 100 mM KCl, pH6 to create a strongly buffered interior solution. They were then 

desalted into weak buffer for pH monitoring (0.5 mM MOPS, 100 mM KCl, pH6) and the external 

pH was adjusted to pH 8 (Fig. 7C and D). Adding drug to the external solution results in EmrE-

mediated drug uptake into the liposomes coupled to proton efflux down the pH gradient (Fig. 7D, 

and Table S3). An electrogenic transport process, such as 2H+/1Eth+ antiport, will proceed under 

these conditions until the net charge movement creates an opposing membrane potential 

sufficient to stop further transport. However, due to the relatively large capacitance of the 

membrane, a significant amount of electrogenic transport can occur before an opposing 

membrane potential is achieved. Subsequent addition of the potassium ionophore valinomycin, 

which enables flux of K+ to relieve any membrane potential, results in additional transport (Fig. 

7D and H, and Table S3). This demonstrates that a membrane potential had developed and 

supports the well-established 2H+/1drug+ antiport activity of EmrE (12). Control experiments 

confirm that we are observing EmrE-mediated proton efflux and not simply proton-release upon 

drug binding: (1) DCCD-inactivation of EmrE (3) inhibits the proton release from the 

proteoliposomes and (2) doubling the number of EmrE dimers per liposome (by doubling the 

EmrE:lipid ratio) while keeping the total number of liposomes constant results in identical proton-
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release from the proteoliposomes (Fig. 7D and H , and Table S3). Binding-related proton release 

depends on protein concentration and would double, while transport depends only on substrate 

concentrations and liposome volume, which are the same. Besides establishing the functionality 

of EmrE, these ∆pH-driven assays demonstrate that Eth+-bound EmrE does not rapidly leak 

protons: When the protonophore CCCP is added at the end of the assay, a large pH change is 

recorded, demonstrating that the pH gradient was maintained throughout the assay. Together 

with the data in Fig. 7B, this shows that EmrE does not rapidly leak protons in either the drug-free 

or drug-bound state. Thus, 1:1 antiport combined with uncoupled proton flux cannot account for 

the observed increase in flux after addition of valinomycin.  

Assuming a strict 2:1 antiport stoichiometry, the measured total proton release 

corresponds to transport of only 38 nmol of Eth+. Using simple estimates of the liposome internal 

volume, this corresponds to concentration of Eth+ inside the liposome by ≈60-70-fold, much less 

than expected for strict 2H+/1Eth+ antiport driven by ∆pH=2 (see Appendix 3 for detailed 

calculations). This contradiction could be explained if EmrE transport activity is a mixture of 2:1 

and 1:1 antiport stoichiometries. However, because accurate quantitation is difficult (see 

Appendix 3 for more extended discussion) we turned to ∆driven transport assays, which more 

robustly distinguish different transport stoichiometries. 

We compared EmrE transport activity under conditions of positive inside, neutral, and 

negative inside liposomes (Fig. 7E-H, and Table S5). To generate the membrane potentials (∆), 

we reconstituted EmrE into proteoliposomes with 100-fold K+ gradients (100 mM KCl versus1 mM 

KCl + 99 mM NaCl). Upon addition of valinomycin, K+ diffusion down the gradient creates either 

a positive-inside (low K+ inside) or a negative inside (high K+ inside) membrane potential (Fig. 7A 

and E). When the internal and external K+ concentrations are matched, no membrane potential is 

generated. In all cases, pH≈7.5, ∆pH=0, and the interior was strongly buffered (50 mM MOPS) 

while the exterior was weakly buffered (0.05 mM MOPS) to allow direct monitoring of H+ flux. 
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These assays confirm the previous proton leak assay—addition of valinomycin to generate a 

membrane potential results in only a slight pH drift (Fig. 7F and G). It does not result in significant 

pH change, as would occur if H+ could leak through EmrE in response to the potential. When Eth+ 

is added to the external solution of ∆=0 proteoliposomes, the external pH decreases due to 

coupled influx of Eth+ and efflux of protons by EmrE (Fig. 7F). This is driven entirely by the Eth+ 

gradient since ∆pH and ∆=0 (Fig. 7E). When the assay is repeated with a positive-inside ∆ 

proton efflux is enhanced (Fig. 7F). Because a positive inside ∆ can only drive electrogenic 

transport, this data supports 2:1 H+/drug EmrE antiport activity (Fig. 7E). Such positive-inside-

driven EmrE antiport has been observed previously by monitoring drug loading directly (12). Our 

data confirms that the same result is obtained when monitoring the antiported protons. Control 

experiments (Fig. 7F) with empty liposomes and an inactive mutant, E14Q-EmrE, show no proton 

flux, again confirming that the pH changes are due to transport through EmrE.  

We then tested the effect of a negative-inside membrane potential (Fig. 7E and G) and 

obtained an entirely unexpected result. The Eth+ concentration gradient will always favor Eth+ 

influx, and thus H+ efflux (external pH decrease) due to the coupled antiport activity of EmrE. The 

negative membrane potential will oppose 2:1 H+/Eth+ antiport, just as a positive membrane 

potential favors it (Fig. 7E). We therefore expected to observe a small decrease in external pH, 

somewhere between zero and the ∆Eth+-driven transport observed for ∆=0 liposomes. The 

exact value would depend on the balance between ∆Eth+, ∆ and the net stoichiometry, since 

1:1 H+/Eth+ antiport would not be inhibited by the membrane potential. Instead, upon addition of 

Eth+ to negative-inside proteoliposomes the external pH increased indicating proton movement 

into the liposomes (Fig. 7G). Because Eth+ is only added externally, this means that Eth+ and H+ 

are both moving in the same direction across the membrane (Fig. 7E). This signal was EmrE-

dependent as it did not occur with inactive E14Q-EmrE.  Coupled transport of two substrates in 

the same direction, as we observe, is the definition of symport. The free exchange model based 



41 
 

on the NMR data does predict that symport should be possible under the right conditions, since 

EmrE can simultaneously bind both drug and proton and alternate access with both substrates 

bound. Symport of Eth+ and H+ into the liposome results in a net movement of +2 charges into 

the liposome and would be strongly favored by a negative inside membrane potential.  

EmrE is known as a proton/drug antiporter, not a symporter. Are there any other possible 

explanations that do not invoke symport? When Eth+ is added to the negative-inside 

proteoliposomes (valinomycin has already been added to create the potential), there is an initial 

lag phase or perhaps even a small release of protons before the large proton uptake occurs. 

When we reverse the order of addition (Fig. 7G)—adding Eth+ before valinomycin—we observe 

proton efflux upon Eth+ addition. This is the expected behavior for an antiporter, Eth+ in/H+ out. 

There is no membrane potential present at this point, so Eth+ loading is driven by ΔEth+. 

Subsequent addition of valinomycin creates a negative-inside potential and proton influx occurs 

without any lag phase. The net decrease in the concentration of protons on the outside of the 

liposome could be explained by three other potential processes. 1) EmrE could facilitate 

uncoupled proton uptake. This explanation is highly unlikely as our assays demonstrate that EmrE 

does not transport protons in an uncoupled fashion (Fig. 7B, F, G). 2) Uncoupled Eth+ import is 

followed by 2:1 H+/Eth+ antiport. This second option is also very unlikely since addition of the 

protonophore CCCP at the end of each experiment demonstrates that a significant membrane 

potential still remains and uncoupled transport would dissipate the membrane potential (Fig. 7G). 

3) EmrE-mediated loading of Eth+ is followed by EmrE-mediated efflux of Eth+ with different 

H+/Eth+ stoichiometries. Since the assay begins with no Eth+ inside, reversing the transport 

process upon generation of the negative potential can at most pump out all the Eth+ that has been 

imported. If import and efflux of Eth+ occurred via the same stoichiometry, this would result in no 

net proton flux. However, if Eth+ is loaded with a 1:1 H+/Eth+ antiport stoichiometry and then the 

membrane potential drives efflux with a 2:1 stoichiometry, twice as many protons would be 
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imported into the liposome than released from the liposome and the external pH would rise 

beyond the initial value. However, this is not consistent with the results of the experiment where 

Eth+ was added first followed by valinomycin (Fig. 7G). While the data from these transport assays 

cannot definitively differentiate between this third option or EmrE symport, symport is the most 

likely explanation for the data. In either case, it is clear that strict 2:1 antiport cannot account for 

the EmrE-dependent transport activity observed. In fact, the lag phase observed when Eth+ is 

added to the negative-inside liposomes is expected if there are multiple transport pathways since 

the different pathways will have different driving forces and kinetics. Whatever the microscopic 

pathways, our results indicate net symport of drug and proton into liposomes by EmrE in response 

to a negative-inside membrane potential. Together with the data from our positive-inside liposome 

assay demonstrating 2:1 H+/Eth+ antiport activity, these results suggest that EmrE must be able 

to perform proton-coupled drug transport with multiple transport stoichiometries.  

Discussion 

Reassessing the mechanism of secondary active transport. Advances in in vitro studies of 

transporter function and structure have expanded our understanding of the range of 

conformational changes that can produce alternating access (27, 28), and the mechanisms 

controlling stoichiometry and transport (29). MdfA and PepTST, have different proton/substrate 

transport stoichiometries when transporting substrates of different size or charge (30, 31) and the 

stoichiometry of sugar/proton symport by LacY is pH-dependent (32). The ClC transporter 

performs 2:1 H+/substrate coupled antiport of some anions and uncoupled transport of other 

anions (33). However, the CLC transport mechanism is not a standard alternating access model—

it relies on relatively small movements of amino acid side chains that are easily altered by binding 

different ions (33, 34). This contrasts with EmrE, where the crystallographic (4), cryoEM (35), and 

NMR data (5, 8) all support a standard alternating access mechanism with large scale changes 

in helix orientation. Furthermore, the CLC family evolved to include both channels and 
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exchangers, and the observed uncoupling and leak behavior appears to shift the protein function 

along this continuum between transporter and channel for different substrates. In contrast, EmrE 

never appears to have channel-like behavior: pH gradients and membrane potentials are never 

fully dissipated in our liposomal assays. Thus, we have described EmrE as having multiple 

transport stoichiometries due to the multiple transport pathways in the free exchange model, 

rather than a single transport stoichiometry plus leak or uncoupled transport.  

Here we show that EmrE can transport a single substrate with multiple proton/substrate 

transport stoichiometries. This flexibility of transport stoichiometry is achieved by a number of 

unexpected features. First, TPP+ binds asymmetrically in the active site, making space for a 

proton to bind simultaneously. Second, all of the EmrE proton- and/or drug-bound states are 

capable of engaging in alternating access. These phenomena of mutual binding and unlimited 

alternating access at first seem to jeopardize EmrE’s capacity for coupled antiport, but a closer 

look reveals the efficacy and benefits of such a mechanism. These features of EmrE are 

reminiscent of the de novo designed transporter, Rocker (36), although EmrE is more efficiently 

coupled. It suggests that functionally coupled transport can be achieved without the need to 

invoke significant constraints on the states and transitions of the transporter, perhaps providing 

new insights for the rational design of de novo transporters. 

How is antiport driven with these unique parameters? In this free exchange model, the 

relative rates of the individual steps will determine the efficiency of proton-coupled transport. 

Although H+ and TPP+ can bind simultaneously, their binding is still negatively linked, resulting in 

differential TPP+ affinity for the open-in and open-out states of EmrE in the presence of a 

transmembrane pH gradient. In fact, a pH gradient may even skew the equilibrium between the 

open-in and open-out states (17). Such differential substrate affinity is important for determining 

the relative kinetics and efficiency of the transport cycle, particularly in the presence of leak 

pathways (37). Our new free exchange model relies on both TPP+/H+ binding competition and the 
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thermodynamic and kinetic asymmetry introduced by the PMF to drive productive transport by 

EmrE. This has an interesting parallel to the finding that the PMF controls the rate of 

chemiosmotically-driven LacY proton/sugar symport (38).  

Exactly how a membrane potential will affect the free exchange model remains unclear. A 

membrane potential can affect any process involving movement of charge through the potential 

(39). This includes 1) flux of charged substrates, 2) binding and release of charged substrates if 

they become occluded from water, 3) alternating access of a charged binding pocket, and 4) 

structural rearrangements that modify solvent exposure of other charged areas of the protein. In 

the case of EmrE, all four of these are possible: All substrates are charged, the binding pocket 

contains two glutamates (1-3, 22) and is thus negatively charged unless protons or cationic 

substrates are bound, and finally there are other charged residues in the solvent-exposed loops 

of EmrE which have been implicated in the transport mechanism (18). The impact of each of these 

components on the transport mechanism is still not well-understood and will likely vary for each 

transporter (25, 40, 41). Thus, we have not included a membrane potential in our current kinetic 

simulations of the free exchange model. 

The free exchange model based on the NMR-detected states and transitions of EmrE 

predicts that EmrE should leak protons. However, we do not experimentally detect leak in any 

liposomal assays: Protons do not rapidly flow into or out of EmrE proteoliposomes when a 

membrane potential is generated, and the transport processes saturate without fully dissipating 

the membrane potential or ∆pH in all transport assays. It is important to remember that high-

resolution kinetic and structural data are almost always obtained from studies of membrane 

proteins solubilized in membrane mimetic environments. This data can provide great insight into 

the detailed molecular mechanisms. However, it must be carefully interpreted because it is not 

obtained in the asymmetric environment created by the proton motive force, which is necessary 

to drive active transport. In contrast, transport assays provide information on the effect of 
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asymmetric gradients on net transport, but these assays cannot be performed under the 

solubilized protein conditions used for structural studies. Thus, when building a model from a 

combination of structural and transport data, it is important to remember the variety of conditions 

used to collect disparate data sets. Our results highlight the need to develop structural biology 

tools capable of experimentally determining the effect of a PMF on protein structure and 

dynamics. 

Our transport assays confirm that EmrE does not have a single 2:1 H+/drug antiport 

stoichiometry, but additional experiments will be needed to understand why EmrE does not leak 

protons as predicted by the NMR data, determine the transport stoichiometry as a function of 

different conditions to understand how ∆pH and ∆ affect the coupling stoichiometry, and to revise 

the free exchange model.  

Biological implications of the new mechanism. The free exchange model has an elegant 

simplicity of its own, placing no structural or dynamic constraints upon EmrE. This is functionally 

relevant because the highly dynamic nature of EmrE is important for its promiscuous multidrug 

recognition (13-15). Our model suggests that simultaneous drug and proton binding may even be 

advantageous, speeding up the release of tight binding substrates (Fig. S7) that would otherwise 

compromise EmrE’s ability to rapidly pump toxic molecules out of E. coli. The free exchange 

model allows for extreme adaptability in a minimalistic protein, sacrificing coupling efficiency for 

increased transport speed. Interestingly, reduced coupling efficiency was previously proposed as 

a necessary compromise for multisubstrate specificity (42, 43), and reduced efficiency may be an 

acceptable tradeoff in the context of a bacterial cell that continuously regenerates the PMF, similar 

to futile ATP hydrolysis by P-glycoprotein (44, 45).  

 The possibility of multiple transport pathways for a single substrate also offers mechanistic 

flexibility for promiscuous transport of diverse substrates with different charge (+1 or +2) and 

binding affinities (which vary over 5 orders of magnitude for known EmrE substrates) (26). In the 
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free exchange model partitioning between transport pathways depends on the relatives of rates 

of binding and release of each substrate to/from EmrE in the specific environment (pH, substrate 

concentration) on each side of the membrane, as well as the rate of alternating access in each 

drug- and/or proton-bound state. Different transport pathways may be faster for different 

substrates or different environmental conditions, resulting in different coupling stoichiometry. The 

coupling stoichiometry will determine the net charge movement and how strongly transport will be 

driven by ∆pH or ∆. This may be advantageous since pH changes the relative contribution of 

∆pH and ∆ to the PMF. Thus, mechanistic flexibility provides favorable transport mechanisms 

for a broader set of substrates and in a diverse set of conditions. 

Pure exchange models are appealing due to their apparent simplicity, tight coupling and 

stoichiometric antiport. However, even a simple shared-carrier model, which allows for alternating 

access of the apo transporter, will give rise to coupled antiport (9). The data presented here takes 

this one step further, demonstrating that the promiscuous transporter, EmrE, can move both 

substrates across the membrane simultaneously. This has been assumed to be behavior 

indicative of a symporter, and not possible for an antiporter. The flexibility inherent in our free 

exchange model accommodates the observed ease of converting SMR transporters from 

antiporters to symporters (46-48) and suggests that this mechanism may be common across the 

SMR family. This kinetically-controlled model relies upon the relative rates of substrate binding 

and alternating access to determine partitioning among possible transport pathways and net 

coupling stoichiometries. In fact, our data, while not conclusive, suggest that under the proper 

conditions, EmrE may favor symport rather than antiport of the same substrate. Since the 

transported substrate determines the rate of alternating access (26), it may be possible to design 

novel substrates which could favor SMR symport rather than antiport under physiological 

conditions. Such a compound would be actively imported by E. coli, rather than effluxed. The pH-

dependent stoichiometry of LacY proton/sugar symport (49) as well as the variability in coupling 
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efficiency for CLC exchangers, PepTST, and MdfA provide precedent for the idea that substrate 

identity could be a significant factor in defining the coupling stoichiometry.  

In fact, a single transporter acting as both a symporter and antiporter of different substrates 

has been reported for W63G-EmrE (46). W63G-EmrE performs proton-coupled antiport of 

erythromycin but symport of bis-tris-propane in vitro and in vivo, conferring resistance to 

erythromycin but performing concentrative uptake of bis-tris-propane into E. coli to toxic levels 

(46). This unusual phenotype cannot be explained by the classical models of proton-coupled 

transport, which place mutually exclusive requirements on alternating access of the drug-free 

transporter (Fig. 1). However, the behavior of W63G-EmrE is readily explained with our kinetically-

driven free exchange model. Negative linkage between proton and erythromycin binding will favor 

independent binding of the two substrates and antiport via a shared-carrier model. On the other 

hand, positive linkage between bis-tris-propane and proton binding will favor simultaneous drug 

and proton binding and symport. In our kinetic simulations, switching the negative linkage 

between drug and proton binding observed for WT EmrE to positive linkage by altering both the 

proton and drug on- and off-rates can switch WT EmrE from an antiporter to a (relatively 

inefficient) symporter (Fig. 5). A similar process could be occurring in our negative inside transport 

assay: the negative inside membrane potential along with the Eth+ gradient may produce 

conditions which favor simultaneous Eth+ and H+ binding and symport. Future experiments will be 

needed to more thoroughly test whether robust symport can be achieved. This will likely vary with 

each SMR because the interplay between the relative rates of all the microscopic steps will be 

important for the efficiency and efficacy of either antiport or symport.  

In an era when antibiotic resistance and drug-delivery pose a serious challenge, our 

results suggest a novel strategy. If an MDR efflux pump can indeed function as both a symporter 

and antiporter, and this balance can be shifted by properties of the transported substrate, perhaps 

it can be subverted to drive drugs in to bacteria, providing a new route for drug delivery. Despite 
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decades of study, EmrE continues to reveal its surprising complexity and expand our 

understanding of basic transport mechanisms and multidrug efflux. 

Methods 

EmrE was expressed in E. coli BL21(DE3), purified, and reconstituted into 

proteoliposomes and bicelles as described previously (5, 50). NMR samples contained 0.5-1.0 

mM EmrE monomer in DLPC/DHPC (q = 0.33) isotropic bicelles in 20 mM acetate, 100 mM 

MOPS, 100 mM bicine. All NMR spectra were collected on a 700 MHz Varian Inova spectrometer 

equipped with a room temperature probe, processed with NMRPipe (51), and analyzed in CcpNmr 

analysis (52). The pH was measured at the experimental temperature just prior to acquiring 1H-

15N BEST-TROSY-HSQC spectra (53, 54). TROSY-selected ZZ exchange spectra (21) were 

acquired and analyzed as described previously, with error determined by jackknife analysis of 

individual residue fits (5, 55).  

Proton release upon TPP+ addition to EmrE in isotropic bicelles was monitored in real time 

as in (10) and quantitated with a known addition of NaOH. Assays were performed in 20 mM 

NaCl, pH 7 with 3, 5, and 10 nmol EmrE in triplicate and 0.9 mM TPP+ was added. ITC 

experiments were performed as described previously (26). 5 mM TPP+ was titrated into 835 µM 

EmrE in isotropic bicelles in a TA Instruments Low Volume Nano calorimeter at 45 °C. The number 

of protons released was determined using the method of (20). Buffer was 20 mM buffer 

(cacodylate, MES, or piperazine) and 20 mM NaCl. 

The kinetic simulation of EmrE transport (Fig. 4A, and Table S2) was run in Berkeley 

Madonna (version 9.0, Kagi shareware, Berkeley, CA) using the code in Appendix 1. A Gillespie 

simulation using Octave (24) was performed using the code in Appendix 2.  

Proton leak was monitored by diluting EmrE proteoliposomes (50mM sodium phosphate, 

100 mM KCl, pH 7) into weakly buffered outside buffer (75 μM Phenol Red, 99 mM NaCl, 1 mM 

KCl, pH 7) to a final EmrE concentration of 0.8 µM. Valinomycin (1 μg/mL final) was added to 
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create a membrane potential (negative inside). FCCP (1μg/mL final) was added as a positive 

control. 10 nmol HCl was added at the end of the assay. 

For proton transport assays, EmrE was reconstituted into proton-tight liposomes with 

EmrE:lipid mole ratios between 1:400 and 1:1000. For pH-driven assays, the interior was 

strongly-buffered pH 6 and the exterior weakly buffered pH 8 with high potassium on both sides. 

For -driven assays, the interior was strongly-buffered pH 7.5 with either 1 mM KCl and 99 mM 

NaCl (for positive inside liposomes) or 100 mM KCl (for negative inside liposomes). The exterior 

was weakly buffered at pH 7.5, and either 100 mM KCl (for positive inside liposomes) or 1 mM 

KCl and 99 mM NaCl (for negative inside liposomes). External pH was quantitated with addition 

of known quantities of NaOH or HCl and recorded with a microelectrode in real-time. 1 µg/ml 

valinomycin or 1 µg/ml protonophore were added as indicated. EmrE was inactivated with N,N’-

dicyclohexylcarbodiimide (DCCD). Full experimental details can be found in the Supporting 

Information. 
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Fig. 1. Models of tightly-coupled secondary transport. (A) The pure exchange model of coupled 

antiport applied to EmrE (red hexagon, TPP+). The asymmetric homodimer of EmrE is 

represented by the distinct shapes of the two conformations, and the two monomers are colored 

blue and magenta. (B) General model for proton-coupled symport illustrating the differences in 

which states participate in alternating access. Grey structures represent intermediates which are 

restricted from alternating access in these models. 
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Fig. 2. EmrE can bind drug and proton simultaneously. (A) NMR pH titrations of TPP+-bound 

2H/15N- WT (45 °C and 35 °C) and E14D (35 °C) EmrE shown for residue Ala10, a well-resolved 

residue near E14 (Full spectra in Fig. S1 and S3). pH values range from 5.2 (pink) to 8.3 (purple) 

for WT and 4.0 (yellow) to 8.0 (navy) for E14D-EmrE. (B) Chemical shifts of Ala10 plotted versus 
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pH highlight the difference between WT and E14D-EmrE and the asymmetric response of 

monomer A and B. Lines represent global pKa fit. (C) Global fitting of the pH-dependent chemical 

shifts from monomer B residues near E14 (solid symbols) yields a single pKa of 6.8  0.1 at 45 

°C. Monomer A residues (open symbols) have relatively pH-independent chemical shifts. Error 

bars are smaller than the symbols. (D) Plotting the chemical shift changes (Δω) between pH 5.6 

and 7.6 onto the structure of TPP+-bound EmrE (PDB 3B5D) highlights the localization of pH-

dependent effects in monomer B (grey, residues not resolved at both pH values). E14 is shown 

as red sticks. 
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Fig. 3. TPP+-induced proton release at low pH. (A) Direct pH measurement of the nmoles H+ 

released upon addition of saturating TPP+ as a function of EmrE concentration yields a slope of 

1.2 H+ released per EmrE dimer. Dotted and dashed lines show expected behavior if 1 or 2 

protons are released per dimer, respectively. The estimated error in the protein concentration was 

10%. Vertical error bars represent standard error determined from replicates. (B) ITC was used 

to characterize TPP+ binding to EmrE in buffers with different ionization enthalpies (∆Hion). The 

relationship between ΔHobs (per EmrE monomer) from each ITC experiment and ΔHion of each 

buffer is linear with a slope of 1.2 H+ released per dimer. 
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Fig. 4. All EmrE substrate-bound states engage in alternating access. The composite peak ratio 

from 1H-15N TROSY-selected ZZ-exchange NMR experiments is shown for multiple residues at 

pH 5.2 (pink circles), pH 7.0 (green diamonds), and pH 8.0 (blue squares). Global fits yield 

alternating access rates of 8.9 ± 1.2 s-1 at pH 5.2 (TPP+/H+ both bound) and 7.3 ± 0.7 s-1 at pH 

8.0 (only TPP+ bound). Error was estimated with jackknife analysis of individual residue fits (dotted 

lines).  
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Fig. 5. Free exchange model for EmrE transport. (A) Three-dimensional transport scheme 

including all known states and transitions of EmrE based on NMR and biophysical assays. (B) 

Orange arrows highlight a 2:1 H+/Eth+ antiport pathway in the direction observed during liposomal 

transport assays. (C). Green arrows highlight the possibility of 1:1 H+/Eth+ symport under the 

liposomal assay conditions. 
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Fig. 6. Simulation of the kinetically-driven free exchange model. (A) Cartoon illustrates the ∆pH-

driven liposomal loading that was modeled. (B) Kinetic simulation of TPP+ uptake into liposomes 

using the rate constants in Fig. S7 and Table S2 results in proton-driven concentrative uptake of 

TPP+ into EmrE proteoliposomes (pH 6 inside) when ∆pH=1 (pH 7 outside, dashed lines) or 

∆pH=2 (pH 8 outside, solid lines).  When ∆pH=0 (dotted line, expanded below), 50 nM TPP+ 

rapidly equilibrates. (C) Arrow line weights on the transport scheme reflect the relative frequency 

of each transition during the Gillespie simulation (pH 8 out, pH 6 in, 50 nM TPP+ outside); darker 

lines indicate higher frequency. 
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Fig. 7. EmrE does not leak H+ but transports Eth+ with multiple H+/drug stoichiometries. (A) 

Cartoon for the proton leak assay showing key conditions. EmrE is reconstituted into 3:1 

POPC/POPG proteoliposomes with a 100-fold potassium gradient. Addition of valinomycin (V) 

generates a negative inside membrane potential and creates a driving force for protons to enter 

the liposome. (B) pH is directly monitored in the weakly-buffered external solution using the pH 
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indicator phenol red. The phenol red absorbance at 559 nm will go up if external pH increases, 

as expected if EmrE leaks protons (dotted line in A). This is not observed. Proton flux in the 

expected direction is detected upon subsequent addition of a protonophore (P) that allows direct 

proton movement across the membrane. 10 nmol HCl (H) was added at the end of each assay 

for reference. Representative traces are shown, n=3. (C) Cartoons illustrate the potential sources 

of proton release upon ∆pH-driven drug uptake into EmrE proteoliposomes. (D) ∆pH-driven drug 

uptake. pH is directly monitored in the weakly-buffered outside buffer. In the presence of a pH 

gradient, addition of 50 µM Eth+ (E) outside results in a sudden release of protons prior to addition 

of valinomycin. Proton release is EmrE-dependent as demonstrated by DCCD inactivation of 

EmrE (orange) and empty liposomes (black). The same proton release is observed for 1:500 (dark 

green) and 1:1000 (light green) EmrE:lipid mole ratios, showing that proton release is due to 

transport and not binding. Addition of a protonophore confirms the proton gradient was 

maintained. Proton release was quantified using the observed pH shift upon addition of a known 

aliquot of NaOH. (E) Cartoons showing expected (assuming pure 2:1 antiport) and observed 

outcomes for ΔΨ-driven drug uptake into EmrE proteoliposomes. ΔΨ is created with potassium 

gradients and valinomycin as in (A). Low potassium inside and high potassium outside yields 

positive-inside liposomes (blue) while reversing the potassium gradient creates negative-inside 

liposomes (red). Equal potassium concentrations results in neutral liposomes (grey). (F) ∆Ψ-

driven (positive inside) drug uptake. External pH is monitored as in (D). Addition of valinomycin 

generates a positive inside ΔΨ and no pH change is detected, confirming that EmrE does not 

rapidly leak protons. Subsequent addition of Eth+ results in proton release from positive-inside 

EmrE proteoliposomes (blue trace) that is larger than observed for neutral EmrE proteoliposomes 

(gray trace). This confirms ∆-driven 2:1 H+/Eth+ antiport by EmrE. Positive-inside E14Q-EmrE 

proteoliposomes show no proton flux upon addition of Eth+, confirming EmrE-dependent transport 

(black trace). Addition of a protonophore allows protons to move in response to the membrane 

potential, confirming the membrane potential was maintained in the expected direction. H+ release 



59 
 

was quantified by comparison to addition of known amounts of HCl (50 nmol) or NaOH (N, 40 

nmol; N1, 15 nmol; N2, 20 nmol). (G) ∆Ψ-driven (negative inside) drug uptake. External pH is 

monitored as in (D). Addition of Eth+ to negative-inside EmrE proteoliposomes results in proton 

uptake (negative inside, red trace). This is apparent net symport since Eth+ must also move into 

the liposomes. Transport requires active EmrE since no flux occurs using negative-inside E14Q-

EmrE proteoliposomes (black trace). Addition of a protonophore confirms the negative-inside 

membrane potential. Reversing the order of addition (pink trace) results in an initial release of H+ 

similar to the proton flux in neutral proteoliposomes (grey trace), followed by substantial H+ uptake 

upon addition of valinomycin to create a negative-inside membrane potential. H+ release was 

quantified by comparison to addition of known amounts of HCl (50 nmol). (H) Net nmol H+ 

released for distinct driving forces are compared. The stacked bars for the ∆pH-driven assays 

indicate the subsequent H+ release following valinomycin addition. Error bars represent standard 

deviation, n =3. Representative traces (see Tables S3 and S5 and Fig. S5 for additional replicates, 

controls, and quantitation). 
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Supporting Information 

SI Methods 

EmrE expression and purification 

EmrE was expressed in E. coli BL21(DE3) and purified as described previously (5) using 

a pET15b vector with an N-terminal 6x His tag kindly provided by G. Chang. For 2H/15N-labelled 

EmrE, the M9 media contained 1 g 15NH4Cl, 2 g glucose, 0.5 g 15N,D Isogro (Sigma, St. Louis, 

MO), and 1 multivitamin per liter D2O. Purification was via Ni-NTA chromatography followed by 

size exclusion chromatography with a Superdex 200 column equilibrated in either NMR buffer (for 

bicelle NMR samples) or the appropriate inside buffer (for liposomal reconstitution and transport 

assays), each with 10 mM decyl maltoside (DM, Anatrace, Maumee, OH). 

 

NMR sample preparation and data acquisition 

EmrE in NMR buffer (20 mM acetate, 100 mM MOPS, 100 mM bicine) with 10 mM DM 

was reconstituted into DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, 

Alabaster, AL) at 75:1 lipid:EmrE monomer mole ratio following the protocol in (50). EmrE 

proteoliposomes were collected by ultracentrifugation (100,000 g, 2 hr, 6 °C) and resuspended in 

NMR buffer with DHPC (1,2-dihexanoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, 

Alabaster, AL) and freeze-thawed 3 times to create q=0.33 (56) bicelles. Final NMR samples 

contained 0.5-1.0 mM EmrE monomer, 10% D2O, 0.05% NaN3, 2 mM TCEP (tris(2-

carboxyethyl)phosphine), 2 mM EDTA (Ethylenediaminetetraacetic acid), and 2 mM DSS (4,4-

dimethyl-4-silapentane-1-sulfonic acid). EmrE concentration was determined using the extinction 

coefficient reported previously (38370 l mol-1 cm-1) (5).  

The pH of NMR samples was measured at the experimental temperature in a water bath 

with a pH electrode calibrated at the same temperature and adjusted by step-wise addition of 
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weak HCl or NaOH. When possible, pH titrations were performed with two samples at high and 

low pH that were mixed to titrate pH. 

All NMR spectra were collected on a 700 MHz Varian Inova spectrometer equipped with 

a room temperature probe. 1H chemical shifts were referenced with DSS, 15N chemical shifts were 

referenced indirectly, and temperature was calibrated using ethylene glycol. pH titrations were 

collected with 1H-15N BEST-TROSY-HSQC pulse sequences (53, 54). The TROSY-selected ZZ 

exchange experiment (21) was modified and run as previously described (5). All data were 

processed with NMRPipe (51) and analyzed in CcpNmr analysis (52). pKa values were 

determined by fitting proton and nitrogen chemical shifts as a function of pH to the following 

equation (57): 

𝛿 =
ఋಹଵ଴ష೛ಹାఋವଵ଴ష೛಼ಲ

ଵ଴ష೛ಹାଵ଴ష೛಼ಲ
        (1) 

ZZ-exchange rates were determined by globally fitting a composite ratio of the auto and cross 

peak intensities for all residues with well-resolved cross- and auto-peaks in the ZZ-exchange 

spectra, with error determined by jackknife analysis of individual residue fits, as described 

previously (5, 55):  

Ξ =
ூಲಳூಳಲ

ூಲಲூಳಳିூಲಳூಳಲ
= 𝑘ଶ𝑡ଶ       (2) 

ITC experiments 

EmrE was reconstituted into DLPC/DHPC isotropic bicelles with effective q-values of 0.33 

and a minimum ratio of 100:1 DLPC:EmrE.  Additional lipid was added to low-concentration 

samples to keep the total lipid concentration above 40 mM and preserve bicellar morphology (56).  

EmrE is fully dimeric at all protein:lipid ratios used(58). 

Titrations of TPP+ into EmrE were carried out in multiple buffers (Table S1) with a range 

of ionization enthalpies. Both TPP+ and EmrE solutions contained matching concentrations of 

isotropic bicelles, 20 mM buffer and 20 mM NaCl. 5 mM TPP+ was titrated into 835 µM EmrE in a 

TA Instruments Low Volume Nano calorimeter using the ITCRun software (TA Instruments, 
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Lindon, UT) with 2.5 μL injections, stirring at 350 rpm at 45 °C. Sample pH was checked at 45 °C 

before and after each experiment. Data is reported in Table S1. 

Buffer ionization enthalpies (59) were adjusted to 45 °C using the reported standard molar 

heat capacity change at 25 °C. Each titration was analyzed independently, confirming the 1 

TPP+:EmrE dimer binding stoichiometry under all conditions. Plots of ∆H°
obs (determined by ITC) 

vs ∆Hi
b (∆H of buffer ionization) have a slope of nH+, regardless of how complex a mechanistic 

model is considered, as shown below (eqns. 4,7,10). 

Assuming that only two protons or one drug molecule can bind at a time (model in Fig. 

1A), the simplifying condition of independent sites (no linkage) can be made.  Following the 

notation of (20), for two independent and identical proton-binding sites, the system is represented 

by:  

 𝐾௢௕௦ = 𝐾௜௡௧
ଵ

ቀଵା௄೛
೑

௔ಹశቁ
మ       (3) 

 ∆𝐻௢௕௦
௢ =

ିଶ∆ு೛
೑

௄೛
೑

௔ಹశ

ଵା௄೛
೑

௔ಹశ

+ ∆𝐻௜௡௧
௢ + 𝑛ுା∆𝐻௕

௜      (4) 

 𝑛ுା =
ିଶ௄೛

೑
௔ಹశ

ଵା௄೛
೑

௔ಹశ

        (5) 

where Kobs is the observed TPP+ binding affinity and ∆Ho
obs is the observed enthalpy change upon 

TPP+ binding as measured experimentally with ITC. nH+ is the change in the number of protons 

bound by EmrE upon TPP+ binding, aH+ is the proton activity (10-pH), Kint is the TPP+-association 

constant for apo EmrE, Kp
f is the H+ binding constant for apo EmrE (10pKa), ∆Ho

int is the enthalpy 

change for TPP+ binding to apo EmrE, ∆Hp
f is the enthalpy of protonation of apo EmrE and ∆Hi

b 

is the ionization enthalpy of the buffer.  

For two independent and non-identical proton-binding sites, as reported for EmrE (16), the 

system is represented by: 

 𝐾௢௕௦ = 𝐾௜௡௧
ଵ

ቀଵା௄భ,೛
೑

௔ಹశቁቀଵା௄మ,೛
೑

௔ಹశቁ
      (6) 
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 ∆𝐻௢௕௦
௢ =

ି∆ுభ,೛
೑

௄భ,೛
೑

௔ಹశ

ଵା௄భ,೛
೑

௔ಹశ

−
∆ுమ,೛

೑
௄మ,೛

೑
௔ಹశ

ଵା௄మ,೛
೑

௔ಹశ

+ ∆𝐻௜௡௧
௢ + 𝑛ுା∆𝐻௕

௜    (7) 

 𝑛ுା =
ି௄భ,೛

೑
௔ಹశ

ଵା௄భ,೛
೑

௔ಹశ

−
௄మ,೛

೑
௔ಹశ

ଵା௄మ,೛
೑

௔ಹశ

       (8) 

where K1,p
f and K2,p

f  are the H+ binding constants for binding the first and second protons by apo 

EmrE (10pKa1, 10pKa2) and ∆H1,p
f and ∆H2,p

f similarly represent the enthalpy of the first and second 

protonation steps for apo EmrE. 

If, however, one proton and one drug molecule can bind simultaneously, the mechanism 

becomes more complex (Fig. 4A).  In the case that EmrE can bind two protons at independent 

non-identical sites, one drug molecule, or a single proton and a drug molecule, the system is 

represented by: 

 𝐾௢௕௦ = 𝐾௜௡௧
ଵା௄೛

೎௔ಹశ

ቀଵା௄భ,೛
೑

௔ಹశቁቀଵା௄మ,೛
೑

௔ಹశቁ
      (9) 

 ∆𝐻௢௕௦
௢ =

∆ு೛
೎௄೛

೎௔ಹశ

ଵା௄೛
೎௔ಹశ

−
∆ுభ,೛

೑
௄భ,೛

೑
௔ಹశ

ଵା௄భ,೛
೑

௔ಹశ

−
∆ுమ,೛

೑
௄మ,೛

೑
௔ಹశ

ଵା௄మ,೛
೑

௔ಹశ

+ ∆𝐻௜௡௧
௢ + 𝑛ுା∆𝐻௕

௜   (10) 

 𝑛ுା =
௄೛

೎௔ಹశ

ଵା௄೛
೎௔ಹశ

−
௄భ,೛

೑
௔ಹశ

ଵା௄భ,೛
೑

௔ಹశ

−
௄మ,೛

೑
௔ಹశ

ଵା௄మ,೛
೑

௔ಹశ

      (11) 

where Kp
c is the H+-binding constant for TPP+-bound EmrE and ∆Hp

c is the enthalpy of protonation 

for TPP+-bound EmrE.  The NMR data presented in Fig. 2 do not show any indication that EmrE 

can bind TPP+ and 2 H+ simultaneously, so we did not consider more complex scenarios. 

Proton release measurements 

EmrE was prepared in q=0.33 DLPC:DHPC isotropic bicelles as described above, but the 

final steps of isotropic bicelle preparation were performed with unbuffered solutions (20 mM NaCl, 

pH 7) to create a final sample with weak buffering capacity. Assays were performed with 3, 5, and 

10 nmol EmrE and 80 mM total lipid in triplicate. The pH was monitored in real-time using a 

Biotrode micro pH electrode as a saturating concentration of TPP+ (0.9 mM) was added to the 

sample as determined from ITC measurements of the binding affinity. 10 nmol of NaOH was 
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added at the end of the assay for quantitation. pH was recorded before TPP+ addition, after TPP+ 

addition and after HCl addition in order to fit a linear baseline to each segment to account for pH 

drift occurring in the weakly buffered solution. The number of protons released was calculated 

from the slope of a plot of the protons released versus the EmrE concentration. Error was 

propagated through each of the linear fitting steps to estimate the error in the number of protons 

released. 

Proteoliposome reconstitution for transport assays 

POPE, POPC, or POPG polar lipids (Avanti Polar Lipids, Alabaster, AL) in chloroform were 

dried under nitrogen and rinsed twice with pentane or lyophilized overnight to remove residual 

chloroform. Dry lipids were hydrated at 20 mg/ml for 1 hr in the appropriate inside buffer for the 

desired assay (see below), extruded 21 times through a 0.2µm filter (Avanti Polar Lipids, 

Alabaster, AL) and permeabilized with 0.5% octyl-glucoside for 15 min at room temperature. 

Purified EmrE in 10 mM DM was added to obtain a 1:64 or 1:50 w/w protein:lipid mole ratio for 

ethidium or TPP+ transport assays, respectively, resulting in ≈1:1000 or ≈1:800 EmrE:lipid mole 

ratio. A second set of samples was reconstituted with twice the protein:lipid ratio for control 

experiments, and empty liposomes were prepared by adding 10 mM DM without protein. After 20 

min incubation, detergent was removed with amberlite (Sigma, St. Louis, MO) as in NMR sample 

preparation. 8 ml of proteoliposomes were then dialyzed (Slide-A-Lyzer Dialysis Cassettes, 2K 

MWCO, Thermo Fisher Scientific, Waltham, MA) against 1 L inside buffer for 24 hours twice to 

remove any residual detergent. Final liposomes were aliquoted, flash frozen in liquid nitrogen and 

stored at -80°C until use. Empty liposomes were prepared in the same way, with 10 mM DM 

added to simulate the reconstitution process. 

Proton leak assay 

1.8 mL of weakly buffered low potassium outside buffer (75 μM Phenol Red, 99 mM NaCl, 

1 mM KCl, pH 7) was added to a quartz cuvette. pH was monitored in real- time from the 

absorbance of phenol red at 595nm using using an Agilent Cary spectrophotometer with slow 
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stirring and peltier temperature control at 25 °C. pH was adjusted to a constant starting value for 

each replicate. EmrE proteoliposomes (3:1 POPC:POPG) with high potassium inside buffer 

(50mM sodium phosphate, 100 mM KCl, pH 7) were thawed at 45°C, freeze/thawed 3x, re-

extruded through a 0.2 μm filter and then diluted 20-fold into outside buffer in the cuvette. The 

final EmrE monomer concentration in the cuvette was 0.8 μM. Once equilibrated, the potassium 

ionophore valinomycin (1 mg/mL in DMSO) was added to a final concentration of 1 μg/mL to 

create a membrane potential (negative inside). The protonophore carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP) (1mg/mL in DMSO) was added to 1 μg/mL as a positive 

control to detect proton movement. As a reference, 10 nmol HCl was added at the end of the 

assay. Experiments were run in triplicate with two independently prepared batches of 

proteoliposomes.  

Proton transport assays 

For pH-driven assays, EmrE was reconstituted into 3:1 POPE/POPG liposomes (TPP+ 

transport) or 3:1 POPC:POPG liposomes (ethidium+ transport) in strongly buffered high-

potassium inside buffer (20 mM potassium phosphate, 300 mM KCl, pH 6 for TPP+ transport, or 

100 mM MES, 100 mM KCl, pH 6 for ethidium+ transport) as described and extruded 21x through 

a 0.4 µm filter (TPP+ transport) or 0.2 µm filter (ethidium+ transport). Proteoliposomes were 

passed over two 10 mL Sephadex G25 desalting columns equilibrated with weakly buffered 

outside buffer (1 mM potassium phosphate, 300 mM KCl, pH 6 for TPP+ transport, or 0.5 mM 

MOPS, 300 mM KCl, pH 6 for ethidium+ transport). 1.2-1.4 ml total volume was used directly for 

each TPP+ transport assay. 1 mL of proteoliposomes was diluted with 0.5 mL outside buffer for 

each ethidium+ transport assay.  

For -driven assays, wt-EmrE or E14Q-EmrE was reconstituted into 3:1 POPC:POPG 

liposomes in 50 mM MOPS at pH 7.5 with either 1 mM KCl and 99 mM NaCl (for positive inside 

liposomes) or 100 mM KCl (for negative inside liposomes), and extruded 21x through a 0.2 µm 
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filter. Proteoliposomes were passed over two 10 mL Sephadex G25 desalting columns 

equilibrated with weakly buffered outside buffer (50 μM MOPS, 100 mM KCl, pH 7.5 for positive 

inside liposomes, or 50 μM MOPS, 1 mM KCl, 99 mM NaCl, pH 7.5 for negative inside liposomes). 

1 mL of proteoliposomes was diluted with 0.5 mL outside buffer for each assay. 

The external pH of the proteoliposome solution was recorded with a microelectrode using 

an analog pH meter, digitized with a DataQ data logger and recorded in real-time. External pH 

was adjusted with small aliquots of NaOH or HCl to the desired external starting pH and then 

substrate was added from a stock solution (38.5 mM TPP+ or 25 mM ethidium+) at the same 

external pH. The potassium ionophore valinomycin was added to 1 µg/ml to eliminate any charge 

build up due to electrogenic transport (for pH-driven assays) or to create a membrane voltage 

(for -driven assays), either before or after addition of drug. The protonophore (carbonyl cyanide 

m-chlorophenyl hydrazine (CCCP) for Eth+ transport and carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) for TPP+ transport) was added to 1µg/ml to allow full 

pH equilibration at the end of the assay. A subset of EmrE proteoliposomes was inhibited by 

incubation with 0.5 mM N,N’-dicyclohexylcarbodiimide (DCCD) (300 mM stock in ethanol) at room 

temperature for 2 hr prior to use in the transport assay as a negative control. EmrE concentration 

was checked by A280 measurement using bicelles created by adding 4 mg DHPC to 1 ml 

proteoliposome stock followed by 3 freeze-thaw cycles.  

Building a Kinetic Simulation 

We developed a system of non-linear differential equations to simulate EmrE transport 

activity based upon the schematic model presented in Fig. 4A. All rates were determined from 

experimental data presented in this and previous studies, as denoted in Table S2, except for the 

rate of proton binding and release. We assumed a diffusion-limited on-rate (1010 M-1s-1) for all 

proton-binding steps and used this assumption and our measured pKa values to calculate proton 

off-rates. This is a significant assumption, since the highly shifted pKa values demonstrate that 
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E14 is not located in a typical environment exposed to bulk water. The model was simulated in 

Berkeley Madonna (version 9.0, Kagi shareware, Berkeley, CA) to model the amount of TPP+ 

loaded into the liposome over time under different conditions using the code in Appendix 1. 

To appreciate the relative frequencies of each transition, the system of equations was 

modified to run a Gillespie simulation (24) using Octave (60) (Appendix 2). Here, total TPP+ 

accumulation was not counted or factored in. Rather, infinite inside and outside volumes were 

assumed (TPP+ concentrations were locked) and the frequency of each transition was recorded. 

Rates and terminology are defined in Table S2.  
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Fig. S1. 

Full spectra show the global response of TPP+-bound WT EmrE to protonation. 1H-15N 
BEST-TROSY spectra of WT TPP+-bound EmrE collected at a range of pH values at 45 °C (top) 
and 35 °C (bottom). Lines are drawn to help follow the titration-induced shifts of individual 
residues. In all the spectra, negative contours are shown in grey.  
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Fig. S2. 

All resolved residues in TPP+-bound WT EmrE can be globally fit to a single pKa value. A) 
At 45 °C, additional residues are fit to the same single pKa value of 6.8 ± 0.1 determined from 
sites in close proximity to E14 (Fig. 2). B) At 35 °C, the same residues (9, 10, 17, 33, 43) are 
globally fit using Equation 1, resulting in a single pKa value of 6.6 ± 0.1, and all other residues 
are also well-fit with this same value. As for drug-free EmrE (16), the pKa values have only 
minor temperature dependence. 
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Fig. S3. 

Full spectra show the global response of TPP+-bound E14D EmrE to protonation. A) pH 
titration of bicelle-solubilized, TPP+-bound E14D-EmrE followed by 1H-15N BEST-TROSY 
spectra. B) Fits of the pH titration according to Equation 1 result in a pKa value of 5.9 ± 0.1 for 
TPP+-bound E14D-EmrE. Only residues in close proximity to E14 (solid symbols and lines) were 
used to determine the pKa, although all resolved residues are well fit by this pKa value (open 
symbols and dotted lines).  
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Fig. S4. 

EmrE remains saturated with TPP+ throughout the pH titration. A) 1H-15N BEST-TROSY 
spectra of WT EmrE at pH 5.2 with increasing concentrations of TPP+ as indicated in colored 
text on the spectra. All negative contours are grey. Note that peaks do not move in response to 
changing TPP+ concentrations but some peaks are broadened and even missing at sub-
saturating TPP+ concentrations. This contrasts with the pH-dependent shift in peak position, 
consistent with proton on/off rates being faster than TPP+ on/off rates. B) The effect of 
increasing TPP+ concentrations on peak intensity are mapped onto the low-resolution crystal 
structure (PDB 3B5D) with a blue-yellow color scale where yellow indicates residues most 
sensitive to TPP+ concentration and blue corresponds to residues with no change in peak 
intensity. Grey residues are not resolved. Note that peaks in monomer A are more strongly 
affected by TPP+ binding (E14 in monomer A is shown in light grey sticks), while monomer B 
titrated with pH (grey ball represents the protonatable E14 side-chain in monomer B).  
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Fig. S5.  

Proton release upon TPP+ binding. Proton release from bicelle-solubilized EmrE upon TPP+ 
binding was measured directly in a weakly buffered solution at 25 °C. The pH drifted gradually 
over time due to the limited buffering capacity, so a baseline was fit to each region to more 
accurately determine the pH change upon addition of a saturating amount of TPP+. A known 
aliquot of base was added to quantitate the proton release in the assay. This measurement was 
repeated in triplicate at multiple EmrE concentrations in order to determine the number of 
protons released per EmrE dimer upon TPP+ binding.  
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Fig. S6. 

Determination of the open-in/open-out exchange rate for drug-and-proton-bound EmrE. 
The TROSY-selected ZZ exchange spectrum with an 80 msec mixing time (blue) is overlaid with 
the 1H-15N TROSY-HSQC (black), both collected at pH 5.2 for EmrE solubilized in isotropic 
bicelles at 45 °C and saturated with TPP+. Crosspeaks appear throughout the ZZ exchange 
spectrum, connecting the two peaks corresponding to the same residue in each monomer, as 
highlighted by the red boxes for several residues. Lighter colors (pale blue and grey, 
respectively) indicate negative contours. 
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Fig. S7.  

Annotated transport figure showing the variables used in the kinetic simulations. A) 
Kinetically-driven free exchange transport model including all known states of EmrE with 
estimates for each transition rate constant (Table S2). B) Kinetic simulation of TPP+ uptake into 
liposomes shows that the ability of EmrE to simultaneously bind drug and proton reduces the 
coupling efficiency, as expected, but also increases the initial rate of drug transport (pH 6 inside, 
pH 8 outside, 1μM TPP+ outside at time 0).  
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Fig. S8. 

TPP+ transport pH dependence, quantitation and controls. A) Both proton release upon 
TPP+ binding and 1:1 antiport are electroneutral processes. To distinguish them, we determined 
the effect of external pH on the number of protons released. Increasing external pH increases 
∆pH, and thus the driving force for 1:1 antiport. Therefore, proton efflux coupled to TPP+ uptake 
(1:1 antiport) will be greater at higher pHexternal. However, proton release upon drug binding will 
decrease at higher pHexternal (1) since fewer protons are bound to EmrE initially. More protons 
are liberated at higher external pH (greater ∆pH): 46 ± 2 nmol H+/ml at pH 7.7ext, ∆pH=1.7 
versus 31 ± 2 nmol H+/ml at pH 7.0ext, ∆pH=1 (Table S4). Unlike with Eth+, addition of 
valinomycin following addition of substrate does not result in additional proton release (Fig. 5C). 
TPP+ is a high affinity ligand (26). 1:1 transport likely yields a TPP+

internal concentration that is 
sufficient to saturate open-in EmrE such that no additional net flux can occur. B) To quantitate 
proton release from liposomes upon TPP+ uptake, we used the same approach as for direct 
measurement of proton-release upon TPP+ binding to solubilized EmrE. Since the external 
buffer pH was initially adjusted by adding small aliquots of base, these known KOH additions 
were used for quantitation. Addition of the protonophore FCCP at the end demonstrates that the 
proton gradient was not fully dissipated, even after addition of TPP+ and valinomycin. Indeed, 
the pH is very steady after addition of TPP+, demonstrating that there is not significant proton 
leak with TPP+ present. Thus proton leak cannot be the cause of the increased proton release 
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from the proteoliposomes with larger ∆pH. C) DCCD inactivation of EmrE significantly 
suppresses the H+-release signal upon TPP+ addition (red dots), confirming that it is due to H+ 
release from EmrE. When not pre-treated with DCCD, this batch of proteoliposomes behaves 
the same way: addition of TPP+ after (blue dots) or before (green dots) valinomycin results in 
the same H+ release. The traces are aligned at the first TPP+ addition (black arrow) to aid 
comparison. Other additions are noted in the same color as the relevant trace. Addition of a 
second aliquot of TPP+ causes little further H+ release, confirming that the slight pH difference 
between the TPP+ stock and outside buffer is not the source of the observed pH change.  
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Table S1. ITC Experimental Data  

pH Buffer 

Buffer 
∆H 

(kJ/mol)* 
[EmrE] 
(µM)# 

[TPP+

] (µM) 

Ka
obs  

(1/M) 

ΔH 
(kJ/mol

) n# 

Kd
obs  

(M) 

Blan
k 

 (µJ) 

5.5 Cacodylate -4.72 664 2810 1.50E+04 -39.4 0.55 
6.69E-

05 -5.8 

5.5 Cacodylate -4.72 835 4890 1.28E+04 -36.1 0.53 
7.81E-

05 -3.8 

5.5 MES 14.90 808 4560 1.25E+04 -47.9 0.56 
8.03E-

05 -10.5 

5.5 MES 14.90 802 4610 1.38E+04 -47.7 0.57 
7.25E-

05 -13.7 

5.5 Piperazine 32.83 792 4870 1.71E+04 -60.5 0.57 
5.84E-

05 -12.5 

5.5 Piperazine 32.83 801 4980 1.60E+04 -60.8 0.56 
6.24E-

05 -12.6 

All ITC experiments were performed at 45 °C. 

*Buffer data taken from (59) and adjusted for temperature as described in the methods. 

#[EmrE] listed is the monomer concentration, n is therefore the stoichiometry of TPP+ bound per 
EmrE monomer, confirming that 1 TPP+ binds per dimer. All replicates are shown. 
  



78 
 

Table S2. The variables and rates used in each model.  

Process Variable - B* Variable - G* Rate  Notes 

EH -> EH2 kOnH2 k2, k9 10000 µM-1 s-1 1 

EH2 -> EH kOffH2 k1, k10 1000 s-1 2, using pKa of 7.0 

E -> EH kOnH k4, k7 10000 µM-1 s-1 1 

EH -> E kOffH k3, k8 63 s-1 2, using pKa of 8.2 

EH -> ETH kOnHT k15, k30 7 µM-1 s-1 3 

ETH -> EH kOffHT k16, k29 6.2 s-1 4 

E -> ET kOnT k17, k26 22 µM-1 s-1 3 

ET -> E kOffT k18, k25 0.8 s-1 4 

ET -> ETH kOnTH k20, k27 10000 µM-1 s-1 1 

ETH -> ET kOffTH k19, k28 1580 s-1 2, using pKa of 6.8  

EH2ext <-> 
EH2int 

kEH2io, 
kEH2oi k12, k11 220 s-1 5 

EHext <-> EHint kEHio, kEHoi k14, k13 100 s-1 5 

Eext <-> Eint kEio, kEoi k5, k6 40 s-1 5 

ETHext <-> 
ETHint 

kETHio, 
kETHoi k23, k24 8.9 s-1 6 

EText <-> ETint kETio, kEToi k21, k22 7.3 s-1 6 

 

*Variable names used in the Berkeley Madonna simulation (B) or Gillespie simulation (G) 

1 We assume fast proton on-rates of 1010M-1s-1 

2 Proton off-rates are estimated from the pKa values and on-rate. The pKa values of drug-free 
EmrE (16) and TPP+-bound EmrE (Fig. 2B and S2) were determined by NMR. 

3 TPP+ on-rates are from Model A in fig. S10 of a stopped-flow study of drug-binding to EmrE 
that considered multiple EmrE protonation states with two pKa values for drug-free EmrE (11).  

4 TPP+ off-rates are calculated from the pH dependent KD (ITC data in this paper and (26)) and 
the on-rates. 

5 Open-in/open-out conformational exchange rates were determined by NMR for apo and 
doubly-protonated EmrE and the rate for the singly protonated species is estimated between 
these values based on the pH-dependence of the conformational exchange rate in drug-free 
EmrE (15-17). 
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6 Open-in/open out exchange rates for TPP+-bound EmrE, both with and without H+ bound, 
were determined by NMR (Fig. 3). 
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Table S3. Proton-detected Transport Assay for ∆pH-driven Ethidium+ Uptake 

 

EmrE dimer 
(nmol)* 

Ethidium+ 
(nmol)* 

H+ released 
after ethidium+ 

addition 
(nmol)# 

H+ released 
upon 

valinomycin 
addition 
(nmol)# 

Initial external 
pH before 
ethidium+ 
addition 

∆pH  
(out-in)† 

   6.5 49 54 28 8.0 2.0 
   6.5 49 51 23 7.8 1.8 
   6.5 49 52 20 7.9 1.9 

avg 6.5 49 52 24 7.9 1.9 
      

   3.2 48 54 29 7.8 1.8 
   3.2 47 51 23 8.2 2.2 
   3.2 47 54 26 7.8 1.8 

avg 3.2 47 53 26 7.9 1.9 
 

*nmol of EmrE dimer or ethidium+ normalized to a 1 ml assay volume. Thick lines separate 
different experimental conditions. All assays included the same total lipid concentration. The 
protein:lipid ratio was halved to decrease the protein concentration in the second data set.  

#nmol of H+ released per 1 ml assay calculated by comparison with ∆pH upon addition of a 
known quantity of NaOH. 

†Inside pH was constant at pH6 for all proton-monitored transport assays.  
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Table S4. Proton-detected Transport Assay for ∆pH-driven TPP+ Uptake 

 

EmrE dimer 
(nmol)* 

TPP+ (nmol)* H+ released 
(nmol)# 

Initial external 
pH before TPP+ 

addition† 

∆pH  
(out-in)† 

16 39 32 6.8 0.8 
16 39 30 6.7 0.7 

avg 16 39 31 6.8 0.8 
     

16 39 45 7.8 1.8 
16 39 48 7.8 1.8 
12 39 49 7.7 1.7 
12 39 43 7.8 1.8 
12 39 46 7.6 1.6 
12 39 43 7.6 1.6 
14 39 46 7.8 1.8 

avg 13 39 46 7.7 1.7 
     

27‡ 39 63 7.9 1.9 
27‡ 39 63 7.9 1.9 
27‡ 39 60 8 2.0 

avg 27‡ 39 62 7.9 1.9 
 

*nmol of EmrE dimer or TPP+ normalized to a 1 ml assay volume. Thin lines separate 
independently prepared batches of proteoliposomes. Thick lines separate different experimental 
conditions. All assays included the same total lipid concentration. The protein:lipid ratio was 
doubled to increase the protein concentration in the third data set. These conditions correspond 
to 39 µM TPP+ and 24-54 µM EmrE monomer in the assay, well above the KD at all pH values. 

#nmol of H+ released per 1 ml assay calculated by comparison with ∆pH upon addition of a 
known quantity of KOH. 

†Inside pH was constant at pH6 for all proton-monitored transport assays.  

‡To confirm that the signal is not solely a result of TPP+ binding, we repeated the assay with 
twice the protein:lipid ratio. This will not change net transport, and thus the difference in H+ 
release will be due to binding. With this doubled ratio, we observe an increase of 1.2 nmol H+ 
released per dimer, from 2.3 nmol H+ released per dimer to 3.5 nmol H+ released per dimer. 
This demonstrates that although there is measurable binding-induced proton release (1.2 nmol 
H+ per dimer) when using the tight-binding TPP+ for transport assays, it does not account for the 
total number of protons liberated from the liposomes upon TPP+ addition and 1:1 transport must 
occur.  
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Table S5. Proton-detected Transport Assay for ∆-driven Ethidium+ Uptake 

 

EmrE dimer 
(nmol)* 

Ethidium+ 
(nmol)* 

H+ released 
after ethidium+ 

addition 
(nmol)# 

Internal K+ 
concentration 

(mM) 

External K+ 
concentration 

(mM) 

Direction of 
∆ 

 

   4.6 33 
19 

1 100 Positive 
inside 

   4.6 33 
22 

1 100 Positive 
inside 

   4.6 33 
21 

1 100 Positive 
inside 

avg 4.6 33 21 1 100  
      

   4.6 33 -30 100 1 Negative 
inside 

   4.6 33 -33 100 1 Negative 
inside 

   4.6 33 -35^ 100 1 Negative 
inside 

avg 4.6 33 -33 100  1  
 

*nmol of EmrE dimer or ethidium+ normalized to a 1 ml assay volume. Thick lines separate 
different experimental conditions. All assays included the same total lipid concentration. 

#nmol of H+ released per 1 ml assay calculated by comparison with ∆pH upon addition of a 
known quantity of NaOH. 

†Inside pH was constant at pH6 for all proton-monitored transport assays. 

^For this sample, ethidium was added before valinomycin (∆ = 0), leading to an initial efflux of 
11 nmol/mL protons from the liposomes (decrease in pH). Upon addition of valinomycin and the 
creation of negative-inside ∆, 46 nmol/mL protons went back into the liposomes (pH 
increased). H+ released was calculated from the total net proton transport out of the liposomes 
(11 nmol/mL  46 nmol/mL = -35 nmol/mL). 
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Appendix 1 Berkeley Madonna simulation code 
{Units are: 
concentration in micromolar 
time in seconds 
surface area in square microns 
2D concentration in molecules/square micron 
volume in mL} 
METHOD RK4 
 
STARTTIME = 0 
STOPTIME=100 
DT = 0.0001 
 
{Rate equations defining 9 of the 10 EmrE states, state 10 is defined from conservation 
equation and constant Etot.} 
 
d/dt (Eext) = - kEoi*Eext+kEio*Eint+kOffH*EHext-kOnH*Hext*Eext-
kOnT*Text*Eext+kOFFT*EText 
 
d/dt (Eint) = + kEoi*Eext-kEio*Eint+kOffH*EHint-kOnH*Hint*Eint-
kOnT*Tint*Eint+kOffT*ETint 
 
d/dt (EHext) = - kEHoi*EHext+kEHio*EHint+kOffH2*EH2ext-kOnH2*Hext*EHext+ 
kOnH*Hext*Eext- kOffH*EHext-kOnHT*Text*EHext+kOffHT*ETHext 
 
d/dt (EHint) = + kEHoi*EHext-kEHio*EHint+kOffH2*EH2int-kOnH2*Hint*EHint+ 
kOnH*Hint*Eint- kOffH*EHint-kOnHT*Tint*EHint+kOffHT*ETHint 
 
d/dt (EH2ext) = - kEH2oi*EH2ext+kEH2io*EH2int-kOffH2*EH2ext+kOnH2*Hext*EHext 
 
{d/dt (EH2int) = + kEH2oi*EH2ext-kEH2io*EH2int-kOffH2*EH2int+kOnH2*Hint*EHint} 
 
d/dt (EText) = - kEToi*EText+kETio*ETint+kOffTH*ETHext-
kOnTH*Hext*EText+kOnT*Text*Eext-kOFFT*EText 
 
d/dt (ETint) = + kEToi*EText-kETio*ETint+kOffTH*ETHint-
kOnTH*Hint*ETint+kOnT*Tint*Eint-kOffT*ETint 
 
d/dt (ETHext) = - kETHoi*ETHext+kETHio*ETHint-
kOffTH*ETHext+kOnTH*Hext*EText+kOnHT*Text*EHext-kOffHT*ETHext  
 
d/dt (ETHint) = + kETHoi*ETHext-kETHio*ETHint-kOffTH*ETHint+kOnTH*Hint*ETint-
kOffHT*ETHint+kOnHT*Tint*EHint{Total EmrE given in molecules per square micron. 
Dimer concentration times 48548 molecules per square micron.} 
Etot=.04*48548 
EH2int=Etot-EH2ext-EHint-EHext-Eint-Eext-ETHint-ETHext-ETint-EText 
 
{Liposome and volume definitions. Smem is surface area, Vint is internal volume, this factor 
converts from molecules per square micron to concentration of molecules in micromolar.} 
Smem=1.24e10 
Vint=2.64e-7 



84 
 

Vtot=0.001 
Vext=Vtot-Vint 
 
{Rate equation to define build-up of TPP on the inside of the liposome.} 
d/dt (Tint)=- kOnT*Tint*Eint* Smem/(Vint*6.02e17)- kOnHT*Tint*EHint* 
Smem/(Vint*6.02e17)+kOffHT*ETHint*Smem/(Vint*6.02e17)+kOffT*ETint*Smem/(Vint*6.02
e17) 
 
{TPP concentration given in micromolar.} 
Text=Ttot-(Tint*Vint/Vtot)-(EText+ETint+ETHext+ETHint)*Smem/(Vtot*6.02e17) 
Ttot=0.05 
 
{pH, given in micromolar concentrations of H. Assuming pH 7 inside and out in this 
iteration.} 
Hext=0.1 
Hint=0.1 
 
{Initial conditions.} 
init Eint=Etot/2 
init Eext=Etot/2 
init EHext=0  
init EHint=0 
init EH2ext=0 
init EText=0 
init ETint=0 
init ETHext=0 
init ETHint=0 
init Tint=0 
 
{Rates, measured or estimated from experiment as listed in Table 2} 
kEoi=40 
kEio=40 
kOffH=63 
kOnH=10000 
kEHoi=100 
kEHio=100 
kOffH2=1000 
kOnH2=10000 
kEH2oi=220 
kEH2io=220 
kOnT=22 
kOffT=0.8 
kOffHT=6.2 
kOnHT=7 
kEToi=7.3 
kETio=7.3 
kOffTH=1580 
kOnTH=10000 
kETHoi=8.9 
kETHio=8.9   
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Appendix 2 Gillespie simulation code 
page_screen_output(0); 

page_output_immediately(1); 

 

T = 0.05; %TPP concentration in uM 

Tint = T; %TPP concentration inside liposome 

Text = T; %TPP concentration outside liposome 

Hint = 1.0; %proton concentration inside liposome, in uM 

Hext = 0.01; %proton concentration outside liposome, in uM 

 

% invariant rate constants 

k1 = 1000; %koffH2 

k2 = 10000; %konH2 

k3 = 63; %koffH 

k4 = 10000; %konH 

k5 = 40; %kEoi 

k6 = 40; %kEio 

k7 = 10000; %konH 

k8 = 63; %koffH 

k9 = 10000; %konH2 

k10 = 1000; %koffH2 

k11 = 220; %kEH2io 

k12 = 220; %kEH2oi 

k13 = 100; %kEHio 

k14 = 100; %kEHoi 

k15 = 7; %konHT 

k16 = 6.2; %koffHT 

k17 = 22; %konT 

k18 = 0.8; %koffT 

k19 = 1580; %koffTH 
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k20 = 10000; %konTH 

k21 = 7.3; %kEToi 

k22 = 7.3; %kETio 

k23 = 8.9; %kETHoi 

k24 = 8.9; %kETHio 

k25 = 0.8; %koffT 

k26 = 22; %konT 

k27 = 10000; %konTH 

k28 = 1580; %koffTH 

k29 = 6.2; %koffHT 

k30 = 7; %konHT 

rates = {[k1 k12] [k2*Hext k3 k14 k15*Text] [k4*Hext k5 k17*Text] [k6 k7*Hint k26*Tint] [k8 
k9*Hint k13 k30*Tint] [k10 k11] [k16 k19 k23] [k18 k20*Hext k21] [k22 k25 k27*Hint] [k24 
k28 k29]}; 

moves = {[2 6] [1 3 5 7] [2 4 8] [3 5 9] [4 6 2 10] [5 1] [2 8 10] [3 7 9] [8 4 10] [7 9 5]}; 

% ---- Now we actually run the simulation ---- 

 

time = zeros(1000,1); states = zeros(1000,1); prevState = 0; 

transitions = zeros(length(moves), length(moves)); 

t = 0; state = 1; 

tEnd = 5000; % simulation length in seconds 

n = 1; pct = 0; 

printf("0%%..."); 

while t < tEnd 

    time(n) = t; 

    states(n) = state; 

    prevState = state; 

    %pick time from distribution of total out-rates 

    t = t + -log(1-rand)/sum(rates{state}); 

    %pick direction 

    number = rand; 
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    if (number < rates{state}(1)/sum(rates{state})) 

        state = moves{state}(1); 

    elseif (number < (rates{state}(1)+rates{state}(2))/sum(rates{state})) 

        state = moves{state}(2); 

    elseif (number < (rates{state}(1)+rates{state}(2)+rates{state}(3))/sum(rates{state})) 

        state = moves{state}(3); 

    else 

        state = moves{state}(4); 

    endif 

     

    % record state transition 

    transitions(prevState, state)++; 

    n = n + 1; 

    % Print out percent simulation completed 

    prop = floor(t/tEnd*10); 

    if (prop > pct) % if we've completed another 10% 

        pct = prop; 

        printf("%d%%...", pct*10); 

    endif 

endwhile 

printf("Done!\nSaving files...\n"); 

% save data to files 

csvwrite("states.csv", states); 

csvwrite("times.csv", time); 

csvwrite("transitions.csv", transitions); 
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Appendix 3 Quantitative analysis of the ∆pH-driven transport assay 

  

In the ethidium uptake assay, we directly measure a total of 76 nmol H+ efflux from the EmrE 

proteoliposomes per ml of assay volume. Only 53 nmol ethidium+ per ml was added to this 

assay. The table below shows the transport calculations for pure 2:1 or pure 1:1 antiport 

stoichiometry. 

 

Antiport 
Stoichiometry 
(H+/Eth+) 

nmol 
Eth+ 
uptake 
into 
liposome 

nmol 
Eth+ 
remaining 
outside 

Eth+ concentration gradient* 

1:1 76 -23 Pure 1:1 antiport cannot explain 
the data: 76 nmol H+ effluxed is 
more than the total 53 nmol Eth+ 
added to the assay. 

2:1 38 15  64:1 
*The internal and external liposome volumes were estimated using the equations below to 

be 0.038 ml and 0.96 ml, respectively, per 1 ml assay volume. The internal and external 

Eth+ concentrations were calculated using these volumes and the nmol Eth+ uptake into 

the liposome (internal) or remaining outside (external). 

 

First the surface area, volume, and number of lipids per liposome were estimated as in 
(61).  

  𝑆𝐴௟௜௣௢௦௢௠௘ = 4𝜋 ൜ቀ
ௗ

ଶ
ቁ

ଶ
+ ቀ

ௗ

ଶ
− 𝑙ቁ

ଶ
ൠ 

  𝑉௟௜௣௢௦௢௠௘ =
ସ

ଷ
𝜋 ቀ

ௗ

ଶ
− 𝑙ቁ

ଷ
  

  #𝑙𝑖𝑝𝑖𝑑𝑠/𝑙𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =
ௌ஺೗೔೛೚ೞ೚೘೐

ௌ஺೗೔೛೔೏
 

 

𝑆𝐴௟௜௣௢௦௢௠௘ = surface area of one liposome 

d = diameter of the liposome, 0.2 µm 

 l = lipid bilayer thickness, 0.005 µm 
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𝑉௟௜௣௢௦௢௠௘ = internal volume of one liposome 

𝑆𝐴௟௜௣௜ௗ = surface area of one lipid, 0.64 nm2, 0.64 * 10-6 µm2 

 

The total lipid in the assay was calculated from the final protein concentration (measured 

using absorbance at 280 nm by adding DHPC to break the liposomes up into bicelles) and 

the protein:lipid ratio used during reconstitution. This method assumes that any losses 

during reconstitution and proteoliposome extrusion equally affect protein and lipid. This is a 

reasonable assumption based on our NMR studies of EmrE in bicelles. For NMR 

experiments, EmrE is reconstituted into liposomes in exactly the same manner as used for 

the transport assays. The liposomes are then broken up into bicelles by addition of a known 

quantity of the short-chain lipid, DHPC. At these high concentrations, a 1D 1H NMR 

spectrum can be acquired and the peaks corresponding to the terminal methyl of the lipid 

acyl chains integrated to quantitatively determine the relative concentrations of the DHPC 

and the long-chain lipid derived from the liposomes for comparison with the protein 

concentration. These measurements show reconstitution efficiency of 85-90% for both 

EmrE and lipid. 

  𝑛௟௜௣௜ௗ௦ = [𝐸𝑚𝑟𝐸] ቀ
௅

௉
ቁ 𝑁஺(10ି଺) 

  𝑛௟௜௣௢௦௢௠௘ =
௡೗೔೛೔೏ೞ

#௟௜௣௜ௗ௦/௟௜௣௢௦௢௠௘
 

  𝑆𝐴௧௢௧ = 𝑛௟௜௣௢௦௢௠௘𝑆𝐴௟௜௣௢௦௢௠௘ 

  𝑉௜௡௧௘௥௡௔௟ = 𝑛௟௜௣௢௦௢௠௘𝑉௟௜௣௢௦௢௠௘ 

  𝑉௘௫௧௘௥௡௔௟ = (1 𝑚𝑙) − 𝑛௟௜௣௢௦௢௠௘ ൬
ସ

ଷ
𝜋 ቀ

ௗ

ଶ
ቁ

ଷ
൰ 

 

𝑛௟௜௣௜ௗ௦ = number of lipids in 1 ml assay 

[𝐸𝑚𝑟𝐸]= EmrE concentration in mM 

ቀ
௅

௉
ቁ = lipid/protein mole ratio 
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𝑁஺ = Avogadro’s number 

 𝑛௟௜௣௢௦௢௠௘ = number of liposomes in 1 ml assay 

𝑆𝐴௧௢௧ = total surface area of liposomes in 1 ml assay 

𝑉௜௡௧௘௥௡௔௟ = total internal volume of liposomes in 1 ml assay 

𝑉௘௫௧௘௥௡௔௟ = external volume outside liposomes in 1 ml assay 

These results also suggest that EmrE does not perform solely 2:1 H+/drug+ antiport. The 

thermodynamic driving force provided by a pH gradient is 

𝑙𝑛 ቆ
𝐻௜

ା

𝐻௢
ାቇ

௡

= 𝑙𝑛 ቆ
𝐸𝑡ℎ௜

ା

𝐸𝑡ℎ௢
ାቇ 

for antiport of nH+ per Eth+, where the subscripts indicate the inside (i) or outside (o) 

concentration of each substrate. This assumes that valinomycin has been added to 

dissipate the membrane potential. It predicts a 10,000-fold gradient in Eth+ from the initial 

∆pH=2 assuming a strict 2:1 antiport stoichiometry. This assumes that the strong buffering 

inside the liposome prevents any pH drift as the external pH is raised rapidly to pH 8 by 

addition of NaOH. However, even if internal pH drifts 0.5 pH units and ∆pH is only 1.5, this 

equation predicts a 1000-fold gradient in Eth+, well above the 64-fold gradient estimated 

above.  

 These calculations are not quantitatively accurate, relying on round-number estimates of 

lipid bilayer thickness, surface area per lipid in the POPC/POPG bilayer, liposome diameter 

after extrusion, and accurate protein and lipid concentration. Furthermore, they assume 

that all liposomes are unilamellar. However, these calculations should provide a rough 

estimate. The driving force provided from ∆pH should drive orders of magnitude more 

transport than observed, suggesting that strict 2:1 antiport cannot account for the observed 

transport activity of EmrE. 
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Chapter 2 

Highly coupled transport can be achieved in free exchange transport models 

Grant A. Hussey, Nathan E. Thomas, Katherine A. Henzler-Wildman 

Department of Biochemistry, University of Wisconsin at Madison, Madison, WI 53706, USA. 

Preface 

Secondary active transport mechanisms often depict a limited number of states and transitions, 

although recent research suggests alternative “leak” pathways are not always minor. Here, we 

numerically simulate a fully unrestricted model and demonstrate that highly-efficient transport 

can be achieved despite the existence of multiple leak pathways. Grant created and ran the 

simulations and wrote the first draft of the manuscript. I helped to supervise and design 

experiments, analyze the results, and edit the manuscript. 

Abstract 

Secondary active transporters couple the transport of an ion species down its 

concentration gradient to drive the uphill transport of another substrate. Despite the importance 

of secondary active transport to multidrug resistance, metabolite transport, and nutrient 

acquisition among other biological processes, the microscopic steps of the coupling mechanism 

are not well understood. Often, transport models illustrate coupling mechanisms through a 

limited number of “major” conformations or states, yet recent studies have indicated that at least 

some transporters violate these models. The small multidrug resistance transporter EmrE has 

been shown to couple proton influx to multidrug efflux via a mechanism that incorporates both 

“major” and “minor” conformational states and transitions. The resulting free exchange transport 

model includes multiple leak pathways and theoretically allows for both exchange and co-

transport of ion and substrate. To better understand how coupled transport can be achieved in 
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such a model, we numerically simulate a free-exchange model of transport to determine the 

step-by-step requirements for coupled transport. We find that only moderate biasing of rate 

constants for key transitions produce highly-efficient net transport approaching a perfectly-

coupled, stoichiometric model. We show how a free exchange model can enable complex 

phenotypes, including switching transport direction with changing environmental conditions or 

substrates. This research has broad implications for synthetic biology as it demonstrates the 

utility of free exchange transport models and the fine-tuning required for perfectly-coupled 

transport. 

Abbreviations 

E. coli, Escherichia coli; NMR, nuclear magnetic resonance; WT, wild-type; Ext, external; Int, 

internal; TPP, tetraphenyl phosphonium; MDR, multidrug resistance; ATP, adenosine 

triphosphate; ΔΨ, transmembrane voltage 

Introduction 

Secondary active transporters use the energetically favorable flux of one ion down its 

electrochemical gradient in order to drive transport of a second substrate in the same (symport) 

or opposite (antiport) direction. Despite the importance of these integral membrane proteins for 

nutrient acquisition, metabolite transport, and toxin efflux, the mechanistic details of ion-

substrate coupling are still not fully understood (Zhang et al., 2019; Yazaki et al., 2008; Amaral 

et al., 2014; Silverman, 2002). Frequently, transport mechanisms are depicted by models which 

include only the minimum number of states and transitions needed to explain transport 5–11 

(Figure 1). Through restricting transport to a single pathway, these models lead to perfect 

energetic coupling between substrate and ion. Occasional “slippage”, or transport through 

pathways apart from those prescribed by perfect coupling, is expected but assumed to be a 

relatively minor contributor to net flux. Although net transport stoichiometry is challenging to 
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measure accurately, it has been measured via reversal potential for several transporters 12–14, 

and stoichiometric or near-stoichiometric transport was observed, as expected. Together with 

crystals structures 15,16 that have captured a finite number of states for individual transporters 

and families, this has led to the widespread representation of such models in the literature.  

 However, it is becoming clear that deviations from ideal coupled transport may be 

common for some transporters, and that “slippage” pathways may even become the dominant 

transport pathway under certain conditions. For example, GlcPSe, a sugar transporter from 

Staphyloccocus epidermidis, can perform sugar/proton symport, sugar uniport, and proton 

uniport based upon pH conditions, indicating it is possible for a single protein to engage in both 

coupled and uncoupled transport pathways 17. Some transporters engage in multiple transport 

regimes or stoichiometries based on substrate identity. Examples include Nramp, a metal ion 

transporter that performs proton-coupled symport of manganese and uniport of cadmium 18, or 

NIS, the classical sodium-iodide symporter that performs 2:1 Na+/I+ symport but also 1:1 

perchlorate symport 19. Additionally, single point mutations of LacY result in a variety of leaky 

phenotypes while still performing net import of sugar molecules 8,20,21. In these examples, 

“slippage” pathways significantly influence net flux. Thus, a mechanistic model that explicitly 

considers all possibilities for ion-coupled transport is required. 

Our lab uses EmrE, a proton-coupled multidrug efflux pump from E. coli 22,23, to 

investigate the requirements for ion-coupled transport. Since the proton motive force is inwardly-

directed in E. coli, EmrE confers resistance to toxic polyaromatic cations through proton/drug 

antiport. EmrE’s small size, stability, and ease-of-purification makes it a model system to study 

by nuclear magnetic resonance (NMR) spectroscopy. This powerful technique can 

simultaneously provide structural, thermodynamic, and kinetic information, giving 

unprecedented insight into the transport cycle of an ion-coupled transporter 24–27. Strikingly, 

NMR reveals that EmrE adopts states and performs transitions nominally “forbidden” for an 



99 
 

antiporter: it can both bind drug and proton simultaneously 24 and alternate access in every 

available state 24,25,28. In light of this evidence, we proposed a “free-exchange” model of 

transport for EmrE that incorporates all experimentally observed states and transitions (Figure 

2) 24. The free-exchange model includes multiple leak pathways, yet WT EmrE demonstrates 

sufficient coupling to confer resistance to a wide array of toxic compounds in its native E. coli.  

Here, we investigate the requirements for coupled transport using mass action kinetics 

to simulate the free-exchange model of transport 29. Using a bottom-up approach, we first model 

the simplest implementation of free exchange, the 8-state model (equation 1, Figure 3), before 

investigating the 10-state model (equation 2, Figure 2) needed to describe EmrE transport 24. 

We base our simulations on EmrE because it is one of the few secondary active transporters for 

which the rate constants are experimentally measured or estimated for all of the microscopic 

steps in the transport cycle. We demonstrate that only modest biasing of rates is necessary to 

achieve reasonably well-coupled transport, a result which has broad implications both for 

synthetic biology and for our understanding of the fundamental nature of active transport. 

Methods 

Numerical simulations of transport. We model EmrE-mediated drug transport into/out of a virtual 

proteoliposome in a simulated liposomal-flux assay (Figure 4). We use the default parameters in 

ODE15s in MATLAB to numerically solve the following coupled nonlinear differential equations 

to determine evolution of transport over time for the generic 8-state model (Figure 3), 

𝑑

𝑑𝑡
𝐸𝐻௘௫௧ = 𝑘ଵ𝐸௘௫௧ − 𝑘ଶ𝐸𝐻௘௫௧ − 𝑘ଵଷ𝐸𝐻௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
+ 𝑘ଵସ𝐸𝐻𝐷௘௫௧ + 𝑘ଵ଻𝐸𝐻௜௡௧ − 𝑘ଵ଼𝐸𝐻௘௫   

𝑑

𝑑𝑡
𝐸𝐻௜௡௧ = 𝑘ଷ𝐸௜௡௧ − 𝑘ସ𝐸𝐻௜௡௧ − 𝑘ଵହ𝐸𝐻௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
+ 𝑘ଵ଺𝐸𝐻𝐷௜௡௧ − 𝑘ଵ଻𝐸𝐻௜௡௧ + 𝑘ଵ଼𝐸𝐻௘௫௧ 
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𝑑

𝑑𝑡
𝐸௘௫௧ = −𝑘ଵ𝐸௘௫௧ + 𝑘ଶ𝐸𝐻௘௫௧ − 𝑘ଽ𝐸௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
+ 𝑘ଵ଴𝐸𝐷௘௫௧ + 𝑘ଵଽ𝐸௜௡௧ − 𝑘ଶ଴𝐸௘௫௧

 

 

𝑑

𝑑𝑡
𝐸௜௡௧ = −𝑘ଷ𝐸௜௡௧ + 𝑘ସ𝐸𝐻௜௡௧ − 𝑘ଵଵ𝐸௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵଶ𝐸𝐷௜௡௧ − 𝑘ଵଽ𝐸௜௡௧ + 𝑘ଶ଴𝐸௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐻𝐷௘௫௧ = 𝑘ହ𝐸𝐷௘௫௧ − 𝑘଺𝐸𝐻𝐷௘௫௧ + 𝑘ଵଷ𝐸𝐻௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
− 𝑘ଵସ𝐸𝐻𝐷௘௫௧ + 𝑘ଶଷ𝐸𝐻𝐷௜௡௧ − 𝑘ଶସ𝐸𝐻𝐷௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐻𝐷௜௡௧ = 𝑘଻𝐸𝐷௜௡௧ − 𝑘଼𝐸𝐻𝐷௜௡௧ + 𝑘ଵହ𝐸𝐻௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵ଺𝐸𝐻𝐷௜௡௧ − 𝑘ଶଷ𝐸𝐻𝐷௜௡௧ + 𝑘ଶସ𝐸𝐻𝐷௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐷௘௫௧ = −𝑘ହ𝐸𝐷௘௫௧ + 𝑘଺𝐸𝐻𝐷௘௫௧ + 𝑘ଽ𝐸௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
− 𝑘ଵ଴𝐸𝐷௘௫௧ + 𝑘ଶଵ𝐸𝐷௜௡௧ − 𝑘ଶଶ𝐸𝐷௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐷௜௡௧ = −𝑘଻𝐸𝐷௜௡௧ + 𝑘଼𝐸𝐻𝐷௜௡௧ + 𝑘ଵଵ𝐸௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵଶ𝐸𝐷௜௡௧ − 𝑘ଶଵ𝐸𝐷௜௡௧ + 𝑘ଶଶ𝐸𝐷௘௫௧

 

 

 

1

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡

𝑑

𝑑𝑡
𝐷𝑟𝑢𝑔௘௫௧ = −𝑘ହ𝐸𝐷௘௫௧ + 𝑘଺𝐸𝐻𝐷௘௫௧ + 𝑘ଽ𝐸௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
− 𝑘ଵ଴𝐸𝐷௘௫௧

 

+𝑘ଶଵ𝐸𝐷௜௡௧ − 𝑘ଶଶ𝐸𝐷௘௫௧
 

 

1

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡

𝑑

𝑑𝑡
𝐷𝑟𝑢𝑔௜௡௧ = −𝑘଻𝐸𝐷௜௡௧ + 𝑘଼𝐸𝐻𝐷௜௡௧ + 𝑘ଵଵ𝐸௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵଶ𝐸𝐷௜௡௧
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−𝑘ଶଵ𝐸𝐷௜௡௧ + 𝑘ଶଶ𝐸𝐷௘௫௧
         (1) 

 

and the EmrE-based 10-state model (Figure 2), 

𝑑

𝑑𝑡
𝐸𝐻௘௫௧ = 𝑘ଵ𝐸௘௫௧ − 𝑘ଶ𝐸𝐻௘௫௧ − 𝑘ଵଷ𝐸𝐻௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
+ 𝑘ଵସ𝐸𝐻𝐷௘௫௧ + 𝑘ଵ଻𝐸𝐻௜௡௧ − 𝑘ଵ଼𝐸𝐻௘௫௧ 

 

𝑑

𝑑𝑡
𝐸𝐻௜௡௧ = 𝑘ଷ𝐸௜௡௧ − 𝑘ସ𝐸𝐻௜௡௧ − 𝑘ଵହ𝐸𝐻௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
+ 𝑘ଵ଺𝐸𝐻𝐷௜௡௧ − 𝑘ଵ଻𝐸𝐻௜௡௧ + 𝑘ଵ଼𝐸𝐻௘௫௧

 

 

𝑑

𝑑𝑡
𝐸௘௫௧ = −𝑘ଵ𝐸௘௫௧ + 𝑘ଶ𝐸𝐻௘௫௧ − 𝑘ଽ𝐸௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
+ 𝑘ଵ଴𝐸𝐷௘௫௧ + 𝑘ଵଽ𝐸௜௡௧ − 𝑘ଶ଴𝐸௘௫௧

 

 

𝑑

𝑑𝑡
𝐸௜௡௧ = −𝑘ଷ𝐸௜௡௧ + 𝑘ସ𝐸𝐻௜௡௧ − 𝑘ଵଵ𝐸௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵଶ𝐸𝐷௜௡௧ − 𝑘ଵଽ𝐸௜௡௧ + 𝑘ଶ଴𝐸௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐻𝐷௘௫௧ = 𝑘ହ𝐸𝐷௘௫௧ − 𝑘଺𝐸𝐻𝐷௘௫௧ + 𝑘ଵଷ𝐸𝐻௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
− 𝑘ଵସ𝐸𝐻𝐷௘௫௧ + 𝑘ଶଷ𝐸𝐻𝐷௜௡௧ − 𝑘ଶସ𝐸𝐻𝐷௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐻𝐷௜௡௧ = 𝑘଻𝐸𝐷௜௡௧ − 𝑘଼𝐸𝐻𝐷௜௡௧ + 𝑘ଵହ𝐸𝐻௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵ଺𝐸𝐻𝐷௜௡௧ − 𝑘ଶଷ𝐸𝐻𝐷௜௡௧ + 𝑘ଶସ𝐸𝐻𝐷௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐷௘௫௧ = −𝑘ହ𝐸𝐷௘௫௧ + 𝑘଺𝐸𝐻𝐷௘௫௧ + 𝑘ଽ𝐸௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
− 𝑘ଵ଴𝐸𝐷௘௫௧ + 𝑘ଶଵ𝐸𝐷௜௡௧ − 𝑘ଶଶ𝐸𝐷௘௫௧

 

 



102 
 

𝑑

𝑑𝑡
𝐸𝐷௜௡௧ = −𝑘଻𝐸𝐷௜௡௧ + 𝑘଼𝐸𝐻𝐷௜௡௧ + 𝑘ଵଵ𝐸௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵଶ𝐸𝐷௜௡௧ − 𝑘ଶଵ𝐸𝐷௜௡௧ + 𝑘ଶଶ𝐸𝐷௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐻𝐻௘௫ = 𝑘ଶହ𝐸𝐻𝐻௜௡௧ − 𝑘ଶ଺𝐸𝐻𝐻௘௫௧ + 𝑘ଶ଻𝐸𝐻௘௫௧ − 𝑘ଶ଼𝐸𝐻𝐻௘௫௧

 

 

𝑑

𝑑𝑡
𝐸𝐻𝐻௜௡௧ = −𝑘ଶହ𝐸𝐻𝐻௜௡௧ + 𝑘ଶ଺𝐸𝐻𝐻௘௫௧ + 𝑘ଶଽ𝐸𝐻௜௡௧ − 𝑘ଷ଴𝐸𝐻𝐻௜௡௧

 

 

1

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡

𝑑

𝑑𝑡
𝐷𝑟𝑢𝑔௘௫௧ = −𝑘ହ𝐸𝐷௘௫௧ + 𝑘଺𝐸𝐻𝐷௘௫௧ + 𝑘ଽ𝐸௘௫௧

𝐷𝑟𝑢𝑔௘௫௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐸𝑥𝑡
− 𝑘ଵ଴𝐸𝐷௘௫௧

 

+𝑘ଶଵ𝐸𝐷௜௡௧ − 𝑘ଶଶ𝐸𝐷௘௫௧ − 𝑘ଶହ𝐸𝐻𝐻௜௡௧ + 𝑘ଶ଺𝐸𝐻𝐻௘௫௧ + 𝑘ଶଽ𝐸𝐻௜௡௧
 

−𝑘ଷ଴𝐸𝐻𝐻௜௡௧
 

 

1

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡

𝑑

𝑑𝑡
𝐷𝑟𝑢𝑔௜௡௧ = −𝑘଻𝐸𝐷௜௡௧ + 𝑘଼𝐸𝐻𝐷௜௡௧ + 𝑘ଵଵ𝐸௜௡௧

𝐷𝑟𝑢𝑔௜௡௧

𝑉𝑜𝑙𝐹𝑎𝑐𝑡𝐼𝑛𝑡
− 𝑘ଵଶ𝐸𝐷௜௡௧

 

−𝑘ଶଵ𝐸𝐷௜௡௧ + 𝑘ଶଶ𝐸𝐷௘௫௧ − 𝑘ଶହ𝐸𝐻𝐻௜௡௧ + 𝑘ଶ଺𝐸𝐻𝐻௘௫௧ + 𝑘ଶଽ𝐸𝐻௜௡௧
 

−𝑘ଷ଴𝐸𝐻𝐻௜௡௧
       (2) 

  

where the species are labeled as in Figures 2 and 3 and the rate constants (k1 - k30) are defined 

in Table 1. VolFactInt and VolFactExt represent conversion factors between the units of the 

EmrE species (molecules/decimeters2) within the 2-dimensional surface of the liposome and the 

interior/exterior aqueous drug concentration (M). We ran sets of simulations using different 

combinations of rate constants as described for each experiment in Table 3 and the initial 
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conditions listed in Table 2. All simulations were run until the system reached steady state, as 

determined when the internal drug concentration changed by less than 1 in 1000 over the final 

5% of the run. 

Parameters, such as liposome size, protein:lipid ratio, and surface area of the 

membrane, are based on our previously-published liposomal-flux assays 24. The initial 

conditions were also set to mimic those experimental transport assays with the pH gradient set 

to higher [H]+int (lower pHint), providing an outward driving force of protons. We set initial drug 

concentrations inside/outside the liposome to be identical ([Drug]ext = [Drug]int) and then 

assessed net transport by monitoring which direction the drug moved in response to the pH 

gradient and other conditions in each simulation. Net transport is reported using the final value 

of the parameter Tr, 

𝑇௥ =  
[஽௥௨௚]೔೙೟

[஽௥௨௚]೐ೣ೟
      (3) 

where [drug]ext and [drug]int represent the free drug concentrations inside/outside the virtual 

proteoliposome once steady state was reached. EmrE-bound drug is excluded from the Tr 

calculation. Tr starts at 1, and a value of Tr > 1 (< 1) indicates net movement of drug into (out of) 

the liposome during the simulation. Since the pH gradient drives outward H+ movement, Tr > 1 

reflects net antiport of H+/drug, while Tr < 1 reflects net symport of H+/drug. 

Constraints and simplifying assumptions. In buffered drug-monitored liposomal transport assays 

30 and in live cells31, the proton motive force remains relatively constant. Therefore, we make the 

simplifying assumption of infinite buffering, such that internal/external proton concentration 

remains constant throughout the simulation. 

The model is also simplified by thermodynamic principles and assumptions we make 

based on experimental data for EmrE. In the 8-state (Figure 3) and 10-state models (Figure 2), 

there are a total of 24 and 30 rate constants, respectively (Table 3). The thermodynamic cycle 
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constrains drug and proton binding (pKa
1 + pKd

2 = pKd
1 + pKa

D), reducing the number of 

independent rate constants.  

We imposed three additional constraints based on experimental observations for EmrE: 

(1) rate constants for substrate-on and proton-on are diffusion-limited and uniformly constant 

(Figure 5.A) 25,32, (2) all on- and off-rate constants are identical for open-in and open-out 

conformations, which is true for EmrE due to its unique antiparallel topology and identical open-

in and open-out structures (Figure 5.B) 26, and (3) rate constants for alternating-access are 

equal for open-in to open-out and open-out to open-in (Figure 5.C) 25,26,28. It is important to note 

that these rate constants were all measured for EmrE in the absence of any proton gradient or 

transmembrane voltage, and the last two constraints may not reflect the behavior of EmrE in the 

presence of transmembrane gradients. Altogether, these thermodynamic and EmrE-based 

constraints reduce the total free parameters to 8 for the 8-state model and 10 for the 10-state 

model, simplifying this initial exploration of the free exchange model.  

Investigating the requirements for coupled symport and antiport in the 8-state model. To test 

how much changing the value of the alternating-access rates alone could bias transport toward 

symport or antiport, we varied the alternating-access rate constants from 1 s-1 to 100 s-1 while 

holding the proton-off rate-constants at 1000 s-1 and drug-off rate-constants at 1 s-1 (Table 3, 

column 1). We defined a ratio for alternating-access rate constants (Figure 6.A) to determine the 

degree of bias towards antiport or symport, 

𝑅஺஺ =
௞ಲಲ

ಲ೙೟೔೛೚ೝ೟

௞ಲಲ
ೄ೤೘೛೚ೝ೟      (4) 

Where 

𝑘஺஺
஺௡௧௜௣௢௥௧

= 𝑘஺஺
ாு = 𝑘஺஺

ா஽           (5) 

𝑘஺஺
ௌ௬௠௣௢௥௧

= 𝑘஺஺
ா = 𝑘஺஺

ாு஽          (6) 
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RAA < 1 favors flux through the E and EHD states and thus symport, while RAA > 1 favors flux 

through the EH and ED states and thus antiport. To reduce the number of parameters, a single 

antiport alternating access rate was used for both antiport states, and a single symport 

alternating access rate was used for both symport states according to simplify parameter space. 

This coupling of the antiport and symport rates results in the best-case scenario for drug and 

proton coupling at a given RAA. 

To test how much changing the value of the substrate-off rate constants alone could 

favor symport or antiport phenotypes, we varied proton-off rate constants from 1 - 1,000,000 s-1  

and drug-off rate constants from 0.01 – 10,000 s-1  (such that pKa values ranged between 4.0 - 

10.0 and Kd values ranged from nM to mM, respectively) while holding alternating-access rate 

constants uniformly constant at 1, 10, or 100 s-1 such that RAA = 1 (Table 3, column 2). To 

maximize coupling efficiency and reduce the dimensionality of the parameter space within the 

constraints of the thermodynamic cycles, we imposed koff
ED / koff D

EHD = koff
EH / koffH

EHD (Figure 

6.B) and defined this ratio as Roff: 

𝑅௢௙௙ =
௞೚೑೑

ಶವ

௞೚೑೑ ವ
ಶಹವ =

௞೚೑೑
ಶಹ

௞೚೑೑ ಹ
ಶಹವ   (7) 

Roff > 1 favors flux through E and EHD states and thus symport, while Roff < 1 favors flux through 

EH and ED states and thus antiport. 

Finally, to test whether off-rate constants and alternating-access rate constants were 

additive or synergistic, we varied both Roff and RAA (Table 3, column 3). Alternating-access rate 

constants were set at 1, 2, 3, 4, or 5 s-1 to span 0.125 ≤ RAA ≤ 5. 

Modeling the effect of a second protonation event. The liposomal assay simulations were 

repeated using the 10-state model, which includes a second protonation event. Since 

protonation is sequential, this model includes an additional constraint that the first proton binds 
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with higher affinity than the second proton, pKa
1 ≥ pKa

2. This negative linkage between two 

proton binding events is expected for two protonation sites in close proximity within a 

hydrophobic environment, as observed for EmrE 25. We again varied substrate-off rate 

constants, with simulations performed for 6 values of pKa
2 (Table 3, column 4). All alternating-

access rate constants were held constant at 1 s-1. 

Investigating influence of environmental pH on transport. Our initial simulations all utilized an 

inverted-physiological pH parameter with lower pH on the inside of the membrane to mimic our 

liposomal flux assays 24. However, to explore how pH affects transport under conditions more 

closely aligned to the environment of a transporter in the bacterial inner membrane, we 

performed additional simulations holding pHint = 7.4 while varying pHext ±2 units (pHext = 5.4 - 

9.4). This was tested in both the 8-state model and 10-state model to see if the extent of drug 

transport drug differed depending on the number of proton binding events. For the 8-state 

model, we used an antiport configuration with RAA = 10 and Roff = 0.1 (Table 3, column 5); for 

the 10-state model, we used rates estimated for EmrE interacting with the substrate TPP+ 

(Table 3, column 6) 24.  

Investigating how a single transporter can act as both an antiporter and a symporter. For these 

simulations, we varied the drug-dependent rate constants while holding constant the protein-

specific rate constants. Rate constants that vary with the identity of the transported drug include 

drug-off (𝑘௢௙௙
ா஽ , 𝑘௢௙௙ ஽

ாு஽ ), proton-off for the drug-bound state (𝑘௢௙௙ ு
ாு஽ ), and alternating-access rate 

constants in the ED and EHD states (kAA
ED, kAA

EHD). Protein-specific variables are invariant to 

drug identity and include alternating-access rate constant in the apo, singly-, and doubly-

protonated states (kAA
E, kAA

EH, kAA
EH) as well as proton-off rate constants (koff

EH, koff
EHH, which 

dictate pKa
1 and pKa

2, respectively). We ran simulations scanning through physiological ranges 

for koff
ED, koff

EHD, kAA
ED, and kAA

EHD for two different pKa combinations: pKa
1 = 8.2 and pKa

2 = 7.0, 

representing WT EmrE (Table 3, column 7), and pKa
1 = 7.0 and pKa

2 = 5.0, representing a 
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mutant with pKa values downshifted toward more typical glutamate pKa values (Table 3, column 

8). Tr was used to assess whether the downshifted mutant permitted both antiport and symport 

upon changes to drug-dependent rates. These experiments followed pH conditions for liposomal 

transport assays. 

Supplemental information 

The supplemental information includes the matrix form of the differential equations (equations 1 

and 2) as well as the MATLAB files for the kinetic model. All of the MATLAB files needed to run 

the kinetic simulations, including the specific parameters used to produce each of the figures in 

this paper are deposited on github at https://github.com/granthussey/EmrE-Modeling.git. 

Results 

Building mass-action kinetic models of free exchange. Our 8-state model includes all states 

required to describe both coupled antiport and coupled symport of one proton and one drug 

(Figure 3.B and 3.C), while our 10-state model includes the experimentally observed states 

required to describe two-proton-coupled transport by EmrE (Figure 2). Both models contain 

three types of rate constants that determine net transport phenotype: substrate-on rate 

constants, substrate-off rate constants, and alternating-access rate constants. These are 

constrained three different ways based on observations of EmrE. First, we assume that (1) 

substrate on-rates are diffusion-limited 32 (Figure 5.A). For EmrE, all drug-substrates studied in 

detail have similar on-rates and the off-rate determines each binding affinity, which ranges over 

five orders of magnitude 32,33. Similarly, we assume that proton on-rate is uniformly constant and 

diffusion-limited, and off-rate determines pKa 
25,32. Next, since EmrE has an antiparallel topology 

that results in identical open-in and open-out conformations 25, we assume that (2) binding 

affinities (and thus on- and off-rates) are identical for open-in and open-out states (Figure 5.B) 

and that (3) alternating-access rates are equal in both directions (Figure 5.C) 25,26,28. As a result, 
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substrate-off rate constants and alternating-access rate constants are the two groups of rate 

constants that are variable parameters in our simulations. 

We model EmrE reconstituted in a virtual proteoliposome with infinite buffering both 

inside and outside, resulting in constant pH throughout the simulation. Each simulation is run 

using a particular set of rate constants (see Table 1) for the microscopic steps in the transport 

mechanism. The same initial conditions are used unless otherwise noted, with pH lower inside 

than outside to creating a pH gradient that will drive protons out of the liposome (see Table 2).  

Each simulation continues until steady state is reached, as assessed by monitoring the change 

in [Drug]int over time. Different experiments comprise sets of simulations (Table 3) that probe the 

influence of pH, alternating-access rates, and substrate off-rates on the final drug gradient 

achieved at steady state. The direction and extent of the drug gradient is assessed using the 

ratio of , Tr (Equation 3), where Tr < 1 represents movement of drug out of the liposome (net 

symport) while Tr > 1 represents movement of drug into the liposome (net antiport). For 

perfectly-coupled stoichiometric transport, the steady state Tr is empirically calculated from the 

initial proton gradient and the integer coupling stoichiometry constant n 14: 

𝑇௥
௠௔௫ =  ቀ

[ு೔೙೟]శ

[ு೐ೣ೟]శቁ
௡

 (8) 

In our model, Tr at steady state is determined by ΔpH and the relative values of the rate 

constants. It is independent of the exact value of the initial drug concentration, which affects the 

rate at which steady state is achieved but not the steady state Tr. Comparing the Tr for each 

simulation to 𝑇௥
௠௔௫ provides insight on how tightly coupled the net transport process is. We 

defined transport as “highly-coupled” if the Tr for that simulation was at least 80% of 𝑇௥
௠௔௫. For 

example, for the 8-state model with n = 1, 𝑇௥
௠௔௫ would be 10.0 (0.1) for antiport (symport), with 

highly coupled transport defined as Tr greater than 8 (antiport) or less than 0.125 (symport). 
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Requirements for highly-coupled transport of one H+ and one substrate. Figure 3 depicts the 

antiport and symport pathways within the 8-state model. While multiple pathways exist for both 

modes of transport, each contain key transitions that couple proton and drug flux across the 

membrane: alternating access in the EH and ED states for antiport, or the E and EHD states for 

symport. For a complete cycle of antiport, EH must alternate access to translocate bound proton 

in one direction while ED must alternate access to translocate drug in the opposite direction. 

Similarly, a complete cycle of symport requires alternating access of EHD to simultaneously 

translocate bound drug and proton in one direction before alternating access of E returns the 

empty transporter to the opposite side. These are exactly the states where alternating access 

occurs in the single-pathway, tightly-coupled transport models shown in Fig. 1.  

If all rate constants in the free exchange model are equal, all pathways are equally likely, 

and the transporter simply facilitates downhill diffusion of both proton and drug. To achieve 

coupled transport, rate constants must be skewed to tip the balance between transport regimes 

by increasing the relative flux through the key transitions for antiport or symport. We 

hypothesized that this could be accomplished through manipulating the rates for substrate-off 

and/or alternating access. Varying the alternating-access rate constants will directly impact the 

relative frequency of these transitions that are critical for moving substrate across the 

membrane. On the other hand, varying substrate-off rate constants alters the partitioning 

between futile substrate binding and release and productive movement of molecules across the 

membrane via the key alternating-access transitions. We explored the independent and 

combined effects of substrate-off rates and alternating-access rate through three experiments to 

explore the transport behavior of the free-exchange model. 

In the first set of simulations, alternating-access rate constants were varied around a 

physiological range while holding proton off-rate constants at 1000 s-1 and drug off-rates 

constants at 1 s-1 for all states of the transporter (Table 3, column 1). Alternating-access rate 
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constants were grouped according their contribution to antiport or symport and covaried to 

reduce the number of free variables within the model. We examined how shifting the ratio RAA 

(Equation 4) of the key alternating-access rate constants (Equations 5 and 6) affected Tr. For 

values of RAA > 1, the key antiport states alternate access faster, while for RAA < 1 this is true for 

the key symport states. Figure 7.A shows the relationship between RAA and Tr. To reach the 

80% 𝑇௥
௠௔௫ benchmark for highly-coupled transport, the alternating-access rates need to be 

skewed 25-fold in either direction: RAA ≥ 25 for antiport or RAA ≤ 1/25 for symport. This reveals 

the expected symmetry within the 8-state free-exchange model—whatever degree of biasing is 

required for highly-coupled antiport is the inverse of what is required for highly-coupled symport. 

 In the second set of simulations, we varied substrate off-rate constants across the range 

of values observed for EmrE substrates while holding alternating-access rates constants 

uniformly at 1, 10, or 100 s-1, resulting in a single kAA value for all alternating access transitions 

(Table 3, column 2). To minimize the number of free variables needed for simulation, we varied 

the substrate off-rate constants critical to either antiport (𝑘௢௙௙
ாு  and 𝑘௢௙௙

ா஽  ) or symport (𝑘௢௙௙ ு
ாு஽  and 

𝑘௢௙௙ ஽
ாு஽ ) such that 𝑘௢௙௙

ா஽  / 𝑘௢௙௙ ஽
ாு஽  = 𝑘௢௙௙

ாு  /𝑘௢௙௙ ு
ாு஽  (Figure 6.B). We then examined how shifting the 

ratio of these rate constants (Roff, Equation 7) affected transport. For Roff < 1, the antiport-critical 

states have slower off-rates and higher stability than the symport-critical states, indicating 

competitive binding between drug and proton as expected for antiport. For Roff > 1, this is 

inverted, and drug and proton bind cooperatively. Similar to the RAA experiment, Tr was 

calculated for each value of Roff (Figure 7.B). Although RAA = 1.0 and neither symport nor 

antiport is directly favored by the alternating access steps in the transport cycle, alternating-

access rates do affect transport behavior when they are the same order of magnitude as drug 

and proton off-rates. If alternating access is fast, then alternating access is less likely to result in 

coupled movement of molecules across the membrane. This is particularly important for 

symport, where both substrates must bind on one side of the membrane and be released on the 
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other side. Thus, at faster alternating access rates (Fig 7.B, orange and yellow lines), the 

antiport and symport phenotypes are no longer symmetric (inverting Roff does not result in 

inverted Tr), as symport is less well-coupled. At slower alternating access rates, this symmetry 

is restored. When kAA=1 s-1, 80% 𝑇௥
௠௔௫ is achieved by 630-fold off-rates bias in either direction 

(Roff  ≤ 1/630 for antiport or Roff ≥ 630 for symport). 

 In the third set of simulations, we varied both Roff and RAA. Figure 7.C shows Tr as a 

function of Roff similar to the second set of simulations, however each curve now represents a 

different RAA value (Table 3, column 3). With 5-fold skewing of alternating-access rate constants 

(Figure 7.C, green line), only a 23-fold difference in the substrate off-rate constants is needed to 

achieve 80% 𝑇௥
௠௔௫, much less than the 630-fold-difference required if alternating-access rates 

are uniformly held at 1 s-1 (Figure 7.B). This result demonstrates that the combined effects of 

alternating-access and substrate off-rates synergize non-linearly such that robust proton-

coupled transport phenotypes can be achieved without the need for highly skewed rates. In 

other words, highly-coupled transport does not require states or pathways to be excluded from 

the transport model. Only relatively modest biasing of rate constants channels the majority of 

flux through key pathways and achieves relatively well-coupled transport. 

Modeling the transport cycle of EmrE. EmrE requires a more complex transport mechanism due 

to its ability to perform two-proton coupled antiport (Figure 2). Since there is no evidence that 

EmrE can simultaneously transport drug and two protons, the 10-state model introduces an 

asymmetry. Whereas the 8-state model possesses a maximum of 1 coupled proton per drug (n 

= 1, Equation 8) for both antiport and symport, the 10-state model increases n for antiport to n = 

2, while symport remains at n = 1. In other words, an initial 1.0 pH unit gradient can now drive a 

maximum 100-fold drug gradient (Tr = 100) via antiport but can still only drive a maximum 10-

fold drug (Tr = 1/10) gradient via symport. In effect, this extra protonation event creates a new 
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key antiport state, EHH, that cannot contribute to symport. We explored how this asymmetry 

affects the distribution of transport outcomes. 

Since the second protonation event introduces an additional proton off-rate (koff
EHH) we 

repeated the experiment varying Roff (Figure 7.B, blue trace) but over six different values of this 

newly-introduced proton off-rate (Figure 8). Proton on-rates are assumed to be diffusion limited 

and constant at 1010 s-1, so this is recapitulated as six curves of different pKa
2 values for the 

second protonation event (Table 3, column 4). Protonation appears to be sequential in EmrE, 

thus requiring pKa
1≥ pKa

2 25. This restricts the parameter space, resulting in the gray portion of 

Figure 8 (for example, if pKa
2 = 9, pKa

1 can only range from 9 – 10). At low pKa
2 values, the 

second protonation event is rare, and the 10-state model greatly resembles the 8-state model 

(Figure 8, overlapping orange and blue lines). However, as the value of pKa
2 rises above 7, the 

EHH state becomes populated and transitions through this state contribute to net flux, resulting 

in increasing domination of antiport phenotypes. In fact, as pKa
2 approaches 9, the system starts 

to resemble a stoichiometric transport model, where perfect competition yields perfectly coupled 

antiport. Thus, the second protonation event biases the transporter toward antiport under these 

particular conditions with only ∆pH and no membrane potential. 

Effect of pH on steady state transport phenotypes. Next, we examined the influence of 

environmental conditions on net transport. In our simulations, the energy required to drive 

coupled transport is stored in the proton gradient. For perfectly-coupled stoichiometric transport, 

a given ΔpH will drive a set substrate gradient according to Equation 8. However, in free-

exchange transport, the degree of proton/drug coupling is inherently influenced by the exact 

internal and external pH values. As proton on-rates depend on both the proton-on rate constant 

and the proton concentration, a change in pH affects the distribution of the key states and the 

partitioning between different pathways. Thus, even for a constant ΔpH, a change in mean pH 

alters the balance of antiport, symport, and uncoupled uniport.  
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To investigate this phenomenon, we ran simulations in the 8-state and the 10-state 

model, holding the rate constants while varying pH. The rate constants were chosen to favor 

antiport using EmrE-like rates for both models (Table 3, column 5 and 6, for the 8- and 10-state 

model, respectively). Internal pH was held at physiological levels (pHint = 7.4) while external pH 

was varied either 2 units higher or lower. Figure 9 shows how the two models diverge in 

behavior. Once again, the 8-state model displays symmetric behavior, with an inverted pH 

gradient leading to an inverted Tr. Interestingly, this is not the case for the 10-state model, which 

drives a much larger drug gradient with an acidic external environment (drug efflux, left-hand 

side of Figure 9) than with a basic external environment (drug uptake, right-hand side of Figure 

9). This reveals that a 10-state transporter is a better antiporter under physiological conditions 

than it is with an unnatural inverted pH gradient, providing a possible failsafe to resist backflow 

of drug into a cell when the cell is exposed to a basic external environment. 

How an antiporter can become a symporter. The W63G point mutation of EmrE abolishes 

classical WT substrate specificity and replaces it with resistance to macrolide antibiotics like 

erythromycin. However, it also confers concentrative uptake of aliphatic polyamines into E. coli 

34. This combination of erythromycin export and polyamine import means that W63G-EmrE must 

switch transport direction based on substrate identity alone. While it is not experimentally 

resolved whether the polyamine import phenotype is the result of proton-coupled symport or 

results from uniport with positively charged polyamines driven into the cell by the negative-

inside membrane potential, here we explore how a single transporter may switch between 

coupled antiport and coupled symport using the 10-state model.  

For EmrE, the identity of the bound drug can change the alternating-access rate over 

nearly two orders of magnitude 33. Additionally, EmrE can bind drug with affinities ranging over 

five orders of magnitude, with drug binding affinity determined by off-rate for those substrates 

that have been studied in detail 32, and the drug off-rate varies with protonation state of the 
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transporter 24. Thus, we completed simulations varying all drug-dependent rate constants (𝑘஺஺
ா஽, 

𝑘஺஺
ாு஽, 𝑘௢௙௙

ா஽ , 𝑘௢௙௙ ு
ாு஽ , and 𝑘௢௙௙ ஽

ாு஽ ) over reasonable physiological ranges around the known values 

for EmrE. Since pKa
2 must be lower than 7 to allow for symport in the 10-state model, we ran 

two simulations (Table 3, columns 7 and 8): one with values estimated for WT EmrE (Figure 

10.A, pKa
1 = 8.2 and pKa

2 = 7) and one with lower pKa values (Figure 10.B, pKa
1 = 7.0, pKa

2 = 

5.0) closer to what is expected for a glutamate residue in aqueous solution. These figures are 

graphed in 2-D space by collapsing alternating-access rates and drug/proton off-rates as ratios. 

As expected, no combination of drug-induced rates can drive symport when using values 

estimated for WT EmrE (Figure 10.A) under these conditions. However, with sufficient lowering 

of both pKa values, coupled antiport and symport can coexist in a single transporter (Figure 

10.B). This simple scheme allows for the identity of transported drug to determine the type 

proton-coupled transport, a striking result. 

Discussion 

 Transporters have been traditionally classified as either antiporters, symporters, or 

uniporters. Mechanistic models of transporters generally reflect these strict classifications, and 

only include pathways that allow for stoichiometric coupled transport 5,7,11. Recently, improved 

experimental methods applied to a broader set of transporters have revealed that some 

transporters cross these boundaries and do not fit cleanly within a single class 14,17–19,24. In light 

of this, a new generalized model of transport is required that can simultaneously accommodate 

all transport modes. We initially developed an unrestricted “free-exchange model” to account for 

all the observed states and transitions of EmrE 24. The free exchange model theoretically allows 

this proton-coupled drug efflux pump to perform antiport, symport, and uniport. Here, we have 

shown that such an unrestricted model can describe the antiport phenotype seen in EmrE 

(Figure 10.A), and in fact the second proton binding event favors antiport (Fig. 8) and enhances 

the efficiency of antiport relative to symport under these simple ∆pH-only conditions (Fig. 9). 
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These simulations can also recapitulate the curious phenotype of W63G 34, a point mutant of 

EmrE in which transport direction reverses based on the identity of the transported drug (Figure 

10.B).  

Most importantly, we have shown that both highly coupled transport can be achieved in 

the free-exchange model with minimal biasing of rate constants (Figure 7, 8). The simulations 

also show that the particular combination of rate constants may result in a transporter that has 

robust behavior that does not change under different environmental conditions or may switch 

transport behavior with changing environmental conditions (Fig. 9). This demonstrates the utility 

of a free-exchange model for systems requiring consideration of “minor” states/transitions and 

demystifies how substrate and ion can be coupled without restrictions on transporter states and 

transitions. Nevertheless, free exchange transport is inherently less energetically efficient than 

stoichiometric transport mechanisms. Here, we consider the potential benefits of a free-

exchange model in comparison with a traditional tightly-coupled mechanism to begin to 

understand why some transporters appear to follow each type of mechanism.  

Evolution. Evolution selects for coupling tailored to the needs of a particular biological system 35. 

For example, mammals regulate sugar availability at the organismal level. Consequently, the 

mammalian GLUT family of hexose transporters function as sugar uniporters, with a few tissue-

specific exceptions. In contrast, microbes often have to survive in environments with 

unpredictable nutrient availability. Thus, many microbial homologs of the GLUT transporters 

appear to be tightly coupled sugar/proton symporters, allowing efficient concentrative sugar 

import 36–38. Interestingly, the GLUT homolog GlcP from Staphylococcus epidermidis appears to 

represent an intermediate case. It employs a free exchange mechanism to perform both proton-

coupled sugar symport and sugar uniport depending on external pH 17. These examples of 

sugar transporters demonstrate how each have likely evolved to maintain the degree of coupling 

sufficient for their function in the host organism. 
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While sugar symporters represent an instance where imperfect coupling is sufficient, 

loose coupling may be required for multidrug antiporters. Observations of ATP-driven multidrug 

transporters reveal that futile cycles of ATP-hydrolysis occur between productive drug efflux 

events, and that this may be a trade-off required to achieve multidrug recognition 39,40. Thus, it 

was predicted that proton-driven multidrug transporters may also sacrifice efficiency to achieve 

multidrug recognition 41,42. The ability to export diverse toxic substrates is critical to ensure 

survival, and thus would be favored evolutionarily, even at the expense of perfect efficiency. A 

second potential advantage of a free exchange mechanism involves efficient substrate release. 

Multidrug transporters recognize and transport chemically diverse molecules, and the binding 

affinities (and thus off-rates) can range over five orders of magnitude in the case of EmrE 33. 

This presents an issue for tight binding substrates, where slow off-rates may cause tight binding 

substrates to become “stuck” on the transporter if not for the ability to simultaneously bind 

proton, which reduces the affinity and enhances the drug off-rate. This idea is supported by 

Gillespie simulations of EmrE that can resolve the exact pathways for transport 24. This flexibility 

is not possible in pure-exchange models of transport (Figure 1) but is possible within the free 

exchange (Figure 2.B, 3), and may be a property that is selected for by evolution, by enabling 

continued efficient transport of toxins out of the cell. 

Even for transporters with apparently perfect stoichiometric transport like LacY, single 

point mutations can produce leak pathways 8,20,21. The fine-tuning required to achieve 

stoichiometric transport in naturally occurring transporters may help to explain the relatively 

loose coupling exhibited by the de novo designed zinc/proton exchanger Rocker 43. However, 

this suggests there may be a low barrier for evolution from a tightly- to a loosely-coupled 

transport regime, and thus, tightly-coupled systems could become “scaffolding” to design new 

free-exchange transporters. In fact, this appears to have happened naturally in the small 

multidrug resistance transporter family 13. 
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Voltage in the proton-motive force. The proton motive force which drives proton-coupled 

transport in vivo includes both the proton gradient (ΔpH) and the transmembrane voltage (ΔΨ). 

Indeed, coupled antiport in EmrE can be driven by either ∆pH or ∆Ψ alone or in combination 

23,44,45. One limitation of the current free-exchange model is that we only consider ΔpH and not 

ΔΨ. This choice was based on the availability of experimental measurements of rates for EmrE 

at different pH values, allowing us to more reliably model the effect of ΔpH. However, since 

alternating access moves both charged substrates and charged residues of EmrE across the 

membrane, alternating-access rates are certainly impacted by ΔΨ. In addition, the binding of 

charged substrates can be affected by voltage as well, if the binding process effectively moves 

a charged substrate partway down the voltage gradient 46. Unfortunately, despite the ability of 

voltage gradients to drive transport, the effect of voltage on individual steps in the transport 

cycle is unclear 8. New research probing the effect of voltage on all steps in the transport cycle 

is needed to elucidate how voltage influences the microscopic rate constants required to model 

transport. 

Overall, modeling voltage presents new possibilities to predict transport under more 

conditions and explain some phenotypes of EmrE. For example, WT EmrE has been seen to 

move proton and drug in the same direction under voltage alone, suggesting the ability to 

reverse the flux of traditionally antiported substrates 24. Voltage may also enhance the efficiency 

of electrogenic coupled transport by further biasing relative flux throughout certain pathways. 

For example, the negative-inside potential could speed up proton on-rates and slow proton off-

rates on the periplasmic side of the membrane, resulting in faster turnover of drug. Overall, 

more complex phenotypes may occur when both ΔΨ and ΔpH are present. This is the subject of 

future effort in our lab to acquire the necessary kinetic data to expand the model to include 

voltage in a biologically relevant manner.     

Conclusions 



118 
 

Research into free exchange models of transport has broad implication for protein design. By 

understanding the requirements for different transport regimes, and how to switch between 

them, researchers can design de novo transporters or manipulate existing transporters to switch 

behavior under different pH, drug, or other environmental conditions. Overall, our understanding 

of mechanisms not as a singular pathway but as a superposition of many possible outcomes 

allows us to further investigate the boundaries of transporters, understand the physiological 

behavior of these important proteins, and engineer novel systems. 

Supplementary Materials 

Code used for all numerical simulations is freely available on Github 

(https://github.com/granthussey/EmrE-Modeling).   
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Figure 1: Stoichiometric models for secondary-active transport. Mechanistic descriptions of 

transport often depict only the major states and transitions contributing to stochiometric coupled 

transport of substrate and ion. Here, the transported substrate is represented as a cationic drug 

(green hexagon) and the driving ion is proton (dark red circle), while the transporter is shown in 

pale blue. (A) For symport, the transporter binds both drug and proton cooperatively and 

alternating access occurs in both this doubly-bound state and in the apo state. (B) For antiport, 

drug and proton cannot bind simultaneously and alternating access only occurs when the 

transporter is bound to either substrate (drug) or ion (proton). 
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Figure 2: The 10-state free-exchange model of EmrE transport. All states and transitions 

observed for EmrE are incorporated into one unified model. Multiple pathways exist for proton-

coupled antiport (2:1 or 1:1 proton/drug stoichiometry), proton-coupled symport, as well as 

uncoupled drug transport and uncoupled proton transport (leak). Colors are as in Fig. 1 and 

states are labeled (apo, E; proton-bound, EH; double-proton-bound, EHH; drug-bound, ED; and 

proton/drug-bound, EHD). The membrane is not shown for clarity due to the complexity of this 

model, but the states of the transporter open to either side of the membrane are separated by 

the orange dotted line and labeled with ext or int for open-out and open-in, respectively. 
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Figure 3: The 8-state free-exchange model of generalized transport. The transporter can 

assume four different binding states (apo, E; proton-bound, EH; drug-bound, ED; and 

proton/drug-bound, EHD). All states can perform alternating access. The pathways leading to 

antiport or symport are shown in B and C, respectively. In either case, proton and drug can bind 

in any order. However, different pairs of key states must alternate access to achieve coupled 

antiport (ED and EH) or coupled symport (E and EHD). Colors and labeling are as in Figures 1 

and 2. 
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Figure 4: Simulated liposomal flux assay. Simulations are conducted as virtual liposomal flux 

assays. The simulation begins with a 10-fold proton gradient and identical drug concentration 

inside and outside the proteoliposome. We assume infinite buffering capacity so the proton 

gradient, represented as Hr, remains constant throughout the simulation. Unless otherwise 

indicated, Hr is set at 10. The simulation is then run until the drug concentration reaches steady-

state. Transport outcome is assessed by Tr, or the ratio of internal to external drug 

concentration at steady-state (Tr = [Drug]int / [Drug]ext).  
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Figure 5: Constraints used in modeling transport. These constraints are based on 

experimental observations for EmrE. (A) Both drug- and proton-on rates are diffusion-limited 

and constant. (B) Binding affinities are the same for open-in and open-out conformations of the 

transporter. Additionally, these four values are constrained by the thermodynamic cycle (𝑝𝐾௔
ଵ + 

𝑝𝐾஽
ଶ = 𝑝𝐾஽

ଵ + 𝑝𝐾௔
஽). (C) All alternating access rates are equal going in either direction. Colors are 

as in Figures 1, 2, and 3. 
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Figure 6: Certain key transitions predict dominance of transport phenotype. Free 

exchange includes all possible transport pathways in one model. To tip the balance of transport 

towards a single type of proton-coupled transport, rate constants need to favor one pathway 

over the others. (A) Alternating access rates directly influence coupling if the key transitions for 

antiport or symport pathways are faster. (B) Substrate off-rates indirectly influence transport by 

altering the partitioning between futile binding/release on one side of the membrane and 

productive transport of molecules through key alternating access transitions. Colors are as in 

Figures 1, 2, 3, and 5. 
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Figure 7. Rate bias is sufficient to achieve coupled transport in the 8-state model. Four 

sets of simulations explore the independent and combined effects of substrate off-rates and 

alternating access rates on drug gradient (Tr) observed at steady-state with a driving force ∆pH 

= 1. In the 8-state model, perfectly coupled transport will result in a 10-fold drug gradient at 

steady-state: Tr = 10 in the case of antiport and Tr = 0.1 in the case of symport. The orange 

dashed line represents 80% of the maximum coupling efficiency for antiport while the pink 

dashed line represents 80% of the maximum coupling efficiency for symport. (A) When only 

alternating access rates are varied, skewing the relative rates of alternating access in the states 

critical for symport or antiport pathways by 25-fold (RAA = 25 for antiport and 1/25 for symport) 

achieves ~80% of the maximum coupling efficiency. RAA is defined in Eqn. 4. (B) When only 

substrate off-rates are varied, skewing the relative substrate off-rates for symport- and antiport-
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critical states by 630-fold (Roff = 630 for symport, 1/630 for antiport) is needed to achieve ~80% 

of the maximum coupling efficiency if the alternating access rates are sufficiently slow (kAA ≤ 1 s-

1, blue line). If the uniformly constant alternating access rates are faster than about 10 s-1 

(orange, yellow, purple lines), transport is less efficient and the antiport/symport phenotypes 

diverge in behavior. Roff is defined in Eqn. 7. (C) Steady-state transport phenotypes are 

independent of drug-concentration, regardless of alternating access rate. Lines for drug 

concentrations ranging from 1 nM to 50 mM lie on top of each other. (D) When both Roff and RAA 

are varied simultaneously, less skewing of the relative rates is needed to achieve highly-coupled 

transport. The colored lines reflect the effect of varying Roff at different values of RAA (RAA = 0.2, 

blue; RAA = 0.5, orange; RAA = 1.0, yellow; RAA = 2.0, purple; RAA = 5.0, green). For all 

simulations, kAA = 1 s-1. With RAA = 5.0 favoring antiport (green), 80% of the maximum coupling 

efficiency is achieved with a ratio of off-rates of only Roff = 1/23. 
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Figure 8. The 10-state model is biased towards antiport when driven solely by a pH 

gradient. We varied the second protonation value, pKa
2, to examine how this parameter affects 

transport in the 10-state model. Here, pKa
2 = 4, blue; 5, orange (overlapped with blue); 7, yellow; 

7.5, purple; 8, green; and 9, cyan. Unlike the 8-state model, where inverting the rates for an 

efficient antiporter can produce an equally-efficient symporter, the 10-state model is 

asymmetric. The requirement that EmrE sequentially bind protons, requiring pKa
2 ≤ pKa

1, 

restricts the sample space (gray area excluded). Although the blue and orange traces (pKa
2 = 4 

and 5, respectively) retain the behavior of the 8-state model, symport is not observed for pKa
2 ≥ 

7.0 for any value of Roff and the transporter approaches stoichiometric transport at high values 

of pKa
2, reflecting a strong bias towards antiport for the 10-state model under these particular 

conditions and constraints.  
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Figure 9. The 10-state model drives more efficient efflux than uptake under physiological 

conditions. Unlike other simulations, internal pH was held constant at a physiological value 

(pHint = 7.4) while external pH was varied. For the 8-state model (orange trace, EmrE-like rates, 

Table 3), symmetric transport behavior is observed for external pH values above and below the 

internal pH of 7.4. In the 10-state model (blue trace, EmrE-like rates, Table 3), a much larger 

drug gradient is achieved when external pH is lower than internal pH. 
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Figure 10. Drug identity can trigger a switch from efflux to influx. Four rate constants may 

vary depending on the identity of the transported drug (𝑘௢௙௙
ா஽ , 𝑘௢௙௙

ாு஽, 𝑘஺஺
ா஽, and 𝑘஺஺

ாு஽). We varied 

these rate constants over a physiological range to explore whether different combinations of 

these parameters (to mimic transport of different drugs) can induce both symport (Tr < 1, pink) 

and antiport (Tr > 1, orange) of different drugs by the same transporter. (A) Using pKa values 

estimated for WT EmrE (pKa
1 = 8.2 and pKa

2 = 7), antiport dominates the parameter space 

regardless of drug-dependent rate constants when transport is driven by a pH gradient alone. 

(B) By lowering the pKa values (pKa
1 = 7.0, pKa

2 = 5.0) for proton binding by the transporter, 

different values of the drug-dependent rate constants can result in either symport or antiport 

even though the transporter-specific parameters are held constant, reflecting the potential for a 

single transporter to perform both proton-coupled antiport and symport of different substrates.  
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Tables 

 

Table 1. Rate constant definitions for the free-exchange model simulations. 

 

* Proton on-rates are assumed to be diffusion-limited and constant as observed for EmrE 32. 

Parameter (Unit) Transition Side of Membrane Process Physiological 
Value/Range 

k1 (M-1 s-1) Eext -> EHext External Proton-on* 1 x 1010 

k2 (s-1) Eext <- EHext External Proton-off 1 - 1,000,000 

k3 (M-1 s-1) Eint -> EHint Internal Proton-on* 1 x 1010 

k4 (s-1) Eint <- EHint Internal Proton-off 1 - 1,000,000 

k5 (M-1 s-1) EDext -> EHDext External Proton-on* 1 x 1010 

k6 (s-1) EDext <- EHDext External Proton-off 1 - 1,000,000 

k7 (M-1 s-1) EDint -> EHDint Internal Proton-on* 1 x 1010 

k8 (s-1) EDint <- EHDint Internal Proton-off 0.01 – 10,000 

k9 (M-1 s-1) Eext -> EDext External Drug-on** 1 x 107 

k10 (s-1) Eext <- EDext External Drug-off 0.01 – 10,000 

k11 (M-1 s-1) Eint -> EDint Internal Drug-on** 1 x 107 

k12 (s-1) Eint <- EDint Internal Drug-off 0.01 – 10,000 

k13 (M-1 s-1) EHext -> EHDext External Drug-on** 1 x 107 

k14 (s-1) EHext <- EHDext External Drug-off 0.01 – 10,000 

k15 (M-1 s-1) EHint -> EHDint Internal Drug-on** 1 x 107 

k16 (s-1) EHint <- EHDint Internal Drug-off 0.01 – 10,000 

k17 (s-1) EHint -> EHext - Alternating Access 1 - 100 

k18 (s-1) EHint <- EHext - Alternating Access 1 - 100 

k19 (s-1) Eint -> Eext - Alternating Access 1 - 100 

k20 (s-1) Eint <- Eext - Alternating Access 1 - 100 

k21 (s-1) EDint -> EDext - Alternating Access 1 - 100 

k22 (s-1) EDint <- EDext - Alternating Access 1 - 100 

k23 (s-1) EHDint -> EHDext - Alternating Access 1 - 100 

k24 (s-1)*** EHDint <- EHDext - Alternating Access 1 - 100 

k25 (s-1)*** EHHint -> EHHext - Alternating Access 1 - 100 

k26 (s-1)*** EHHint <- EHHext - Alternating Access 1 - 100 

k27 (M-1 s-1)*** EHext -> EHHext External Proton-on* 1 x 1010 

k28 (s-1)*** EHext <- EHHext External Proton-off 1 – 1,000,000 

k29 (M-1 s-1)*** EHint -> EHHint Internal Proton-on* 1 x 1010 

k30 (s-1)*** EHint <- EHHint Internal Proton-off 1 – 1,000,000 
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** Drug on-rates are assumed to be diffusion-limited and slower than proton on-rates as 
observed for EmrE 24,32. 

*** Only used in 10-state model. 

 

Table 2. Initial conditions for simulations of liposomal-flux assays.* 

 

Parameter (Unit) Meaning Estimated Values 

Hint (M) Interior [H] (constant) 10-6.5 (pH = 6.5) 

Hext (M) Exterior [H] (constant) 10-7.5 (pH = 7.5) 

Dint (M) Initial internal [drug] 25 x 10-9 

Dext (M) Initial external [drug] 25 x 10-9 

 

* Due to the fully reversible system, initial conditions of EmrE species do not impact final steady 
state drug concentration (Tr) 47. 
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Table 3. Rate constants used in each experiment. 

 Independent and combined 
effects of alternating-access 

rates and substrate off-rates on 
transport outcome 

Simulating 
the 10-state 

model  

Understanding 
the effects of 

ΔpH on 
Transport in the 
8- and 10-state 

model 

Understanding how drug-
induced rate constants may 

drive antiport vs symport  

Parameter 
(Unit) 

Figure 
7.A 

Figure 7.B Figure 7.C Figure 8 Figure 
9  

(8-
State) 

Figure 9  
(10-

State) 

Figure 10.A Figure 10.B 

k1 (M-1 s-1) 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 

k2 (s-1) 1000 1 - 
1,000,000 

1 - 
1,000,000 

1 - 1,000,000 63.1 63.1 63.1 1000 

k3 (M-1 s-1) 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 

k4 (s-1) 1000 1 - 
1,000,000 

1 - 
1,000,000 

1 - 1,000,000 63.1 63.1 63.1 1000 

k5 (M-1 s-1) 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 

k6 (s-1) 1000 1 - 
1,000,000 

1 - 
1,000,000 

1 - 1,000,000 1584 1584 6.3 x 10-5 – 6.3  x 
107* 

0.001 - 1 x 
109* 

k7 (M-1 s-1) 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 1 x 
1010 

1 x 1010 1 x 1010 1 x 1010 

k8 (s-1) 1000 0.01 – 
10,000 

0.01 – 
10,000 

0.01 – 10,000 1584 1584 6.3 x 10-5 – 6.3  x 
107* 

0.001 - 1 x 
109* 

k9 (M-1 s-1) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 

k10 (s-1) 1 0.01 – 
10,000 

0.01 – 
10,000 

0.01 – 10,000 0.631 0.631 0.01 – 10,000 0.01 – 10,000 

k11 (M-1 s-1) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 

k12 (s-1) 1 0.01 – 
10,000 

0.01 – 
10,000 

0.01 – 10,000 0.631 0.631 0.01 – 10,000 0.01 – 10,000 

k13 (M-1 s-1) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 

k14 (s-1) 1 0.01 – 
10,000 

0.01 – 
10,000 

0.01 – 10,000 10 10 0.01 – 10,000 0.01 – 10,000 

k15 (M-1 s-1) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 

k16 (s-1) 1 0.01 – 
10,000 

0.01 – 
10,000 

0.01 – 10,000 10 10 0.01 – 10,000 0.01 – 10,000 

k17 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 100 100 100 100 

k18 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 100 100 100 100 

k19 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 40 40 40 40 

k20 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 40 40 40 40 

k21 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 7.3 7.3 1 - 100 1 - 100 

k22 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 7.3 7.3 1 - 100 1 - 100 

k23 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 8.9 8.9 1 - 100 1 - 100 

k24 (s-1) 1 - 100 1, 10, 100 1, 2, 3, 4, 5 1 8.9 8.9 1 - 100 1 - 100 

k25 (s-1) - - - 1 - 220 220 220 

k26 (s-1) - - - 1 - 220 220 220 
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* This number is solved to complete the thermodynamic cycle. These pKa values range from 1 – 
14.2. 

  

k27 (M-1 s-1) - - - 1 x 1010 - 1 x 1010 1 x 1010 1 x 1010 

k28 (s-1) - - - 10, 100, 
316.2, 1,000, 

100,000, 
1,000,000 

- 1,000 1000 100,000 

k29 (M-1 s-1) - - - 1 x 1010 - 1 x 1010 1 x 1010 1 x 1010 

k30 (s-1) - - - 10, 100, 
316.2, 1,000, 

100,000, 
1,000,000 

- 1,000 1000 100,000 
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Preface: The free exchange model predicts that EmrE should transport drug with multiple 

transport stoichiometries using multiple transport pathways. The relative contributions of these 

pathways should depend on the environmental conditions, such as the concentration of the 

transported substrates. Measuring EmrE’s transport stoichiometry under different experimental 

conditions would provide a great test of the free exchange model, but the traditional methods for 

performing these experiments are prohibitively expensive in both time and material. Here, we 

develop a new, higher throughput method for measuring transport stoichiometry using solid 

supported membrane electrophysiology, providing proof of principle for the method with two well-

characterized transporters. I developed the assay, performed experiments, and wrote the initial 

draft of the manuscript while Wei expressed and purified CLC-ec1, provided input on assay 

conditions, and edited the manuscript. 

Abstract:  

Transport stoichiometry determination can provide great insight into the mechanism and function 

of ion-coupled transporters. Traditional reversal potential assays are a reliable, general method 

for determining the transport stoichiometry of ion-coupled transporters, but the time and material 

costs of this technique hinder investigations of transporter behavior under multiple experimental 

conditions. Here, we develop a new technique for measuring transport stoichiometry with greatly 
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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, reproduce the 1H+:2Cl- antiport stoichiometry of CLC-ec1, and 

confirm loose proton:nitrate coupling for CLC-ec1. Our SSME method requires 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 mechanisms1,2. 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 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 uniport3–8. In light of these findings, there is a pressing need for 

detailed mechanistic investigations of a greater variety of transporters.  

The emergence of high-resolution structures of membrane proteins has revealed specific 

substrate binding sites on transporters, which together with biochemical assays, have significantly 

advanced our understanding of transporter:substrate binding stoichiometry9–12. However, it is 
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important to distinguish binding stoichiometry from transport stoichiometry13. At times, ions or 

substrates can bind as allosteric effectors without being transported14. This is especially difficult 

to untangle in the case of proton-coupled transporters with multiple protonatable side chains15,16. 

Furthermore, establishing that substrate bound at a specific site can be transported is insufficient 

to establish that its transport is obligatory to the mechanism, as loosely coupled transporters may 

be able to transport one substrate without co-transport of the coupled ion or substrate 3,17. 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 

stoichiometry18–22. 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 where there 

is 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 eukaryotic transporters are amenable to patch 

clamp electrophysiology23–25, but this technique is generally only suitable for high-flux transporters 

that can be highly expressed in eukaryotic cells, which excludes many structurally characterized 

prokaryotic transporters. Assays of purified protein in proteoliposomes allow for characterization 

of the widest range of transporters but require an appropriate readout of transport activity. Ideally, 

liposomal transport is observed through real-time probes such as fluorophores. However, 

fluorophores are not available for every coupling ion. Radioactive transport assays may be used 

instead22 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 intraliposomal contents 
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cannot easily be changed after reconstitution. This increases the difficulty of screening a wide 

range of assay conditions and can make it difficult to accurately establish internal ion and 

substrate concentrations. A third issue is that liposomal assays often require a large amount of 

purified transporter, 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 has been measured 

for only a small fraction of structurally characterized transporters22,26. A method for routine 

measurements of transport stoichiometry would greatly facilitate functional and mechanistic 

studies of ion-coupled transporters. 

Here we present a new approach for measuring coupling stoichiometry by adapting reversal-

potential assays to solid-supported membrane-based electrophysiology (SSME), a technique 

developed over the last two decades to allow electrophysiological characterization of lower flux 

transporters27,28. 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 measurements29, and CLC-ec1, which has been shown to engage in 

both tightly-coupled and loosely-coupled proton:anion transport21. With our SSME assay, we 

confirmed these results, using less than 2 nmol total protein to perform 400 transport assays in 

under a week of measurement time. In addition, we demonstrate that it is possible to change the 

internal ion and substrate concentrations using the SSME setup, expanding the number of 
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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 broadly applicable to electrogenic 

transporters, regardless of coupling ion or transported substrate. 

Results 

An SSME transport reversal assay 

Reversal potential assays rely on the thermodynamic reversibility of coupled transport. That is, 

transport of an ion down a large electrochemical gradient can drive transport of another substrate 

uphill against its electrochemical gradient, and conversely, transport of a substrate down a large 

gradient can drive transport of an ion up its electrochemical gradient. 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 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 stages27. 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 currents across the 

membrane (“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, the guanidinium concentration is not changed, so there is no guanidinium 

gradient and 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 the 

expected 2H+(out):1Gdm+(in) antiport29. In Fig. 1B, the activating buffer simultaneously 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 and reverses the direction of net charge movement. 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. While the off-currents in our experiments behave as expected qualitatively, 

we use only the on-currents for analysis following general practice in SSME data analysis27.  

Both chemical gradients and transmembrane voltage contribute to the total electrochemical 

potential driving transport. In a traditional reversal potential assay, chemical gradients are kept 

constant, and transport is observed as a function of applied membrane voltage. In contrast, there 

is no applied membrane voltage in our assays, and instead, chemical gradients are varied30. Thus, 

we plot the observed transport (integrated on-current) as a function of the applied chemical 

gradients, denoted as the ratio of the initial substrate and ion chemical potentials (Δμs/Δμi). Null 

transport at a given Δμs/Δμi chemical potential ratio should correspond to an ion:substrate 

transport stoichiometry of the same value (see Methods for derivation). For Gdx’s 2H+:1Gdm+ 

transport stoichiometry, null transport should occur at a 𝛥𝜇ீௗ௠శ/𝛥𝜇ுశ ratio of 2. We chose 

chemical potential ratios corresponding to a variety of plausible H+:Gdm+ stoichiometries (Table 

1) to determine the extent to which different stoichiometries can be distinguished by our method.  

SSME can measure Gdx transport stoichiometry 
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Before proceeding to our analysis, we performed several critical controls. To assess the 

magnitude of signal due to solution exchange, we ran the assay using sensors prepared with two 

negative controls: proteoliposomes reconstituted with the non-functional mutant E13Q-Gdx and 

“empty” liposomes reconstituted without transporters. Signals for both negative controls were of 

similar magnitude and small compared to transport signals for WT-Gdx (Fig.1C and Fig. S3). As 

an additional control, we prepared sensors from liposomes with different lipid to protein ratios 

(LPR) but with the same total amount of lipid. 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 

gating27. Since we are interested in transport stoichiometry, it is important to check that the 

currents reflect the full transport cycle and not just a partial reaction. Integrated currents for WT-

Gdx are independent of LPR (Fig. 1D), as expected if the currents correspond to transport. 

Having confirmed that the currents reflect transport with the appropriate controls, we plotted 

transported charge as a function of chemical potential ratio. For both concentrations of WT-Gdx, 

null transport occurs at the expected 2:1 𝛥𝜇ீௗ௠శ/𝛥𝜇ுశ ratio (Fig.1D). This result is unchanged 

when either the empty liposome or E13Q controls are subtracted. This confirms that our assay 

accurately measures the transport stoichiometry of Gdx. 

Quantitative exchange of internal conditions 

One key advantage of SSME over traditional liposomal assays is that one single SSM sensor 

allows dozens of measurements, drastically reducing sample requirements. Furthermore, it is well 

established that a single sensor can be used to screen different activating (external) buffers over 

several experiments27,31. We wished to test whether it was possible to reliably change the internal 

buffer solution of the liposomes adsorbed to the sensors, which would greatly expand the number 

of conditions that could be tested on a single sensor and further increase the throughput of this 

method. We prepared sensors at pH 7.00 with 1 mM guanidinium in the same manner as in the 
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experiments in Fig. 1. We then performed a series of rinses with pH 6.70, 1 mM guanidinium 

buffer while monitoring the current. After about 3 mL of total rinse volume, the currents stabilized 

near zero (Fig. 2A). We then proceeded to perform the assay with a nominal internal pH of 6.70 

and activating buffers at pH 7.00. The integrated current was plotted against chemical potential, 

assuming that the transmembrane pH gradient matched the nominal value. The graph once again 

yielded a transport stoichiometry of 2H+:Gdm+ (Fig. 2C,E), confirming that the internal pH was 

6.70, as intended. This demonstrates that a single sensor can be used to test multiple internal pH 

conditions.  

We then tested whether it is also possible to change the internal substrate concentrations. After 

preparing sensors with pH 7, 1 mM guanidinium buffer, we performed a series of three 1 mL 

rinses with pH 7.00, 500 μM guanidinium buffer, each separated by about ten minutes, while 

monitoring the current. Several sensors required a fourth 1 mL rinse, but eventually, currents on 

all sensors stabilized near zero. Once the rinse currents stabilized at zero, we proceeded with the 

assay. The observed signal was lower overall, possibly the result of using lipids stocks that were 

18 months old by the time of the experiment. Nevertheless, the signal trends were consistent with 

previous experiments, and once again, null transport occurred at the gradient ratio corresponding 

to 2H+:Gdm+ antiport (Fig. 2D,F). This confirms that the internal Gdm+ was quantitatively 

exchanged on the sensor. These results provide evidence that internal substrate concentrations 

can be quantitatively exchanged on an SSME sensor, greatly expanding the possible range of 

experiments that can be performed using a single reconstitution of proteoliposomes. 

CLC-ec1 stoichiometry can be determined despite background signal 

To determine whether the results of our assay with Gdx are generally applicable to other 

transporters, we next turned to CLC-ec1. This well characterized transporter has previously been 

studied by SSME and is known to produce robust transport currents32,33. CLC-ec1’s canonical 

function is tightly coupled 1H+:2Cl- antiport, but interestingly, it is also capable of transporting other 
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anions with varying degrees of proton coupling21. To test whether our SSME assay can accurately 

probe the effect of varied experimental conditions on transport stoichiometry, we performed a 

series of four reversal experiments with CLC-ec1 sensors (Table 2). Sensors with liposomes 

prepared from an identical reconstitution process without protein were used as negative controls. 

In the first set of experiments, the internal buffer matched the conditions of the reconstitution – 

pH 4.84 and 150 mM chloride. The external buffer was set to pH 5.24 and the external chloride 

concentration was varied to cover a range of possible proton:chloride stoichiometries (Fig. 3A and 

Table 2, row 1). Despite CLC-ec1’s high turnover rate, the observed signal did not reach a clear 

steady state under several experimental conditions. Instead, after an initial fast transport process, 

a slow but steady decrease could be observed in the integrated current traces (Fig. 3C). This 

decrease became more significant with larger chloride gradients, a phenomenon which was also 

observed with the empty liposome negative controls (Fig. 3E). This indicates that unlike with Gdx, 

a non-transporter-mediated process has a significant contribution to the signal, which must be 

taken into account when analyzing the data. Fortunately, the empty liposome control allows this 

signal to be isolated. Once isolated, background signals can be subtracted from sample signals 

to reveal the transporter-mediated signals in reversal potential assays18 (see Supplementary 

Information for further discussion). When the signal in the empty liposome samples is subtracted 

from the signal in the CLC-ec1 samples, it is clear that CLC-ec1-mediated transport reaches 

steady state in fractions of a second (Fig. 3G), with null transport observed at the expected 

1H+/2Cl- antiport stoichiometry (Fig. 3G, J). 

For the second set of experiments, the internal chloride concentration was reduced from 150 mM 

to 3 mM by successive washes of the desired internal buffer, as described above for Gdx (Fig. 

S5). We then proceeded with the second reversal experiment with inwardly directed proton and/or 

chloride gradients (Fig. 4B and Table 2, row 2). Once again, background signal was observed 

when chloride gradients were present (Fig. 3D,F), but subtracting this signal from the signal of 
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the CLC-ec1 sensors unambiguously yielded a 1H+:2Cl- stoichiometry (Fig.3H, J). These results 

demonstrate the utility of our assay for a second system, even in the presence of significant 

background signal. 

Reduced proton:nitrate coupling by CLC-ec1 is due to nitrate leak 

For the final two sets of reversal experiments, we rinsed the sensors to replace the chloride with 

15 mM nitrate. CLC-ec1 transports nitrate with reduced proton coupling compared to chloride. 

Published reversal potentials are consistent with a transport stoichiometry between 7 and 10 

nitrates per proton, but as Nguitragool and Miller noted, it is difficult to imagine a mechanism that 

could account for tightly coupled 7(+)NO3
-:1H+ antiport21. Subsequent computational and 

experimental studies on CLC-ec1 taken together support the suggestion that the increased 

nitrate:proton stoichiometry is due to presence of an uncoupled nitrate uniport pathway in parallel 

to the coupled nitrate:proton antiport pathway33–36. Nevertheless, tightly coupled transport has not 

been rigorously ruled out by published experimental data. 

We performed nitrate reversal potential assays under two sets of conditions (Table 2) – first with 

inward-facing proton and nitrate gradients (Fig. 4A, C-J orange) and second with outward facing 

proton and nitrate gradients (Fig. 4B, D-J purple). If our assay is capable of detecting the reduced 

nitrate:proton coupling, then the direction of transported charge should require a smaller anion 

gradient to reverse with nitrate than with chloride. Furthermore, if the reduced coupling is due to 

a combination of nitrate leak and coupled antiport and not tightly coupled nitrate:proton antiport 

with a large stoichiometry, we would expect the apparent stoichiometry to change as the 

experimental substrate and proton concentrations are altered6,21,37 (see SI and Fig. S6 for a more 

detailed explanation). 

Our data shows that CLC-ec1 indeed transports nitrate with reduced proton coupling. When no 

nitrate gradient is present, the proton gradient dictates the direction of transported charge (Fig. 4 
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grey traces), but a relatively small nitrate gradient is sufficient for charge to be transported in the 

opposite direction of the proton gradient (Fig. 4 orange and purple traces) indicating a large 

apparent transport stoichiometry. However, our data is less clear on the question of whether this 

is due to tight coupling or nitrate leak. Any difference in the reversal point between the conditions 

is within the error of the measurement (Fig. 4I,J). While the magnitude and direction of the 

gradients varied between the two conditions, both conditions had identical internal proton and 

nitrate concentrations. It is possible that these conditions were too similar to each other to 

distinguish the relative transport rates, so we adapted our assay to quickly survey a wider range 

of experimental conditions. 

We performed a series of measurements with a constant inward-facing proton gradient (𝛥𝜇ுశ) 

and matched internal and external chloride or nitrate concentrations (setting Δμanion to zero) while 

varying the absolute value of the nitrate or chloride concentration (Fig. 5). If transport is tightly 

coupled, the amount of transport should be independent of the absolute anion concentration. On 

the other hand, anion leak should increase with increasing anion concentration37. If anion leak is 

possible, anions will leak in the opposite direction of the electrochemical gradients created by 

proton:anion antiport, resulting in a decrease in observed transport. The observed signal was 

independent of chloride concentration between 1 and 150 mM, consistent with tightly coupled 

antiport of 1H+:2Cl- by CLC-ec1. However, very different behavior was observed for nitrate 

transport. The observed signal decreased as the nitrate concentration increased, consistent with 

an increased prevalence of anion leak at higher nitrate concentrations. This provides clear 

evidence that the CLC-ec1’s reduced proton coupling with nitrate is due to nitrate leak rather than 

a higher order nitrate:proton stoichiometry. 

Discussion 

As a key determinant of transporter function, accurate determination of transport stoichiometry 

provides great insight into transporter mechanism. Currently available methods for measuring 
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transport stoichiometry are time consuming and technically difficult, and as a consequence, 

transport stoichiometry is rarely quantitatively measured during structural or functional 

characterization of transporters. Among transporters that have had their transport stoichiometry 

characterized, many have been tested at a single experimental condition, which can lead to an 

assumption of a single transport stoichiometry that may not always be true13,21. Our SSME assay 

addresses several key technical obstacles for stoichiometry determination and in doing so, will 

facilitate measurement of transport stoichiometry for more transporters under a broader array of 

experimental conditions. 

In addition to generalized signal detection and improvements to throughput, SSME also allows 

for fast and easy confirmation of the internal contents of the liposome. All that is required is to 

rinse the sensor with the desired internal buffer while recording. If the internal ion and substrate 

concentrations differ from the intended concentrations, a transport current will be evident (Fig. 2A 

and S5, blue traces) but no current will occur if the internal concentrations are matched to the 

known external buffer (Fig. 2, red traces and Fig. S5, yellow traces). 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 demonstrated here for proton (Fig. 2), 

guanidinium (Fig. 2), chloride (Fig. 3 and 5), and nitrate (Fig. 4 and 5). It should be noted that both 

proton and chloride are relatively membrane permeable38,39. Nevertheless, while the timescale of 

the internal buffer equilibration may increase for other molecules, recording the currents of 

successive rinses of internal buffer provides a robust method for ensuring that the internal buffer 

has indeed been exchanged. 

The linear dependence of transported charge on ion/substrate potential hints at another 

advantage of our assay. In SSME, transport proceeds until sufficient membrane voltage is 

produced to oppose further transport – in effect, the reversal potential. While this reversal potential 

is not quantified directly by SSME, it is directly proportional to the total amount of transported 
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charge. The linearity of the graphs in Figs. 1-4 further indicates that the reversal potential is 

directly set by the ion and substrate concentration gradients (see Supplementary Information for 

further discussion). This facilitates experiments such as the one in Fig. 5 that rely on the accurate 

analysis of transport potentials under different experimental conditions. In principle, similar 

experiments could be performed by running traditional liposomal transport assays to their 

endpoint, but such experiments are often rendered impractical due to the time they require or the 

presence of ion or substrate leaks18. In contrast, the transport currents observed by SSME 

approach steady-state in a fraction of a second, allowing rapid and accurate analysis of transport 

potentials.  

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 membrane40, ion-transporter binding events41,42, and solution exchange artifacts27. 

To control for non-transport currents, sensors can be prepared with different LPRs, changing the 

protein concentration but keeping the lipid concentration constant. Currents due to binding or 

conformational changes will change with protein concentration, but integrated transport currents 

will not, as they depend only on the chemical potentials set by buffer exchange. In our Gdx results, 

there was no significant difference between the integrated currents for sensors prepared from 

LPRs of 150 and 400. As CLC-ec1 has previously been demonstrated to produce large transport 

currents by SSME32, we did not perform assays with different CLC-ec1 LPRs. Furthermore, since 

CLC-ec1 concentrations were approximately an order of magnitude lower than the Gdx 

concentrations in our assay and since binding currents are proportional to protein concentration, 

it is reasonable to conclude that the currents in our CLC-ec1 assays are due to transport. 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 



151 
 

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. Empty liposomes that have undergone such a 

process can serve as quantitatively accurate negative controls, even in the presence of significant 

background signal, as shown in our chloride transport data for CLC-ec1. 

While this assay holds many improvements over traditional reversal potential assays, there are 

limits to the types of transport that it can measure. The most basic requirement is that the transport 

process must be electrogenic, though this is also a requirement of traditional reversal potential 

experiments, as otherwise, changing the membrane potential will not affect the thermodynamics 

of the transport process. A second limitation is that while SSM electrophysiology can detect much 

smaller currents than traditional electrophysiological methods, currents from transporters with 

turnover rates below 1 per second may still be inaccessible through SSME27,28. We attempted to 

perform the assay with VcINDY but were unable to detect transport currents by SSME, perhaps 

unsurprisingly, given the reported turnover for VcINDY of 0.3 per minute43. Signal from low-

turnover transporters can be increased by lowering the LPR44, but there is a limit to how much the 

concentration of protein can be increased while maintaining the integrity of the membrane. For 

transporters with turnover rates as low as VcINDY, the sensitivity provided by radioactivity may 

be necessary to observe reversal22. 

As our appreciation for the complexity of transporter mechanisms grows3,15–17, it is increasingly 

important to be able to measure transport 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 broadly applicable to electrogenic transporters that can be functionally reconstituted 

into liposomes. By allowing repeated measurements of the same sample, this assay reduces 

sample requirements and vastly increases throughput. And finally, by enabling quantitative 
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exchange of internal substrate concentrations, this assay facilitates investigations of transporter 

behavior under a variety of experimental conditions. Taken together, these improvements will help 

to make transporter stoichiometry determination more routine, providing powerful tools for in-

depth characterization of transporter mechanism and function. 

Materials and Methods 

Sample Preparation 

WT- and E13Q-Gdx were expressed in E. coli from a pET15b vector and purified as previously 

described for the homolog EmrE 45. 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. 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-Gdx or E13Q-Gdx was reconstituted into POPC proteoliposomes at a lipid to protein mole 

ratio 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.  
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CLC-ec1 was purified as previously described 33,46 and reconstituted into E. coli polar lipids 

(Avanti) in a pH 4.8 buffer containing 100 mM sodium citrate, 150 mM sodium chloride, 150 mM 

sodium isethionate, and 5 mM magnesium sulfate at a lipid to protein weight ratio of 50:1 (around 

3300:1 mole ratio, assuming an average lipid molecular weight of 750). As a negative control, E. 

coli polar lipids were put through a simulated reconstitution process without protein. Detergent 

was removed by dialysis with four changes of the pH 4.8 buffer containing 100 mM sodium citrate, 

150 mM sodium chloride, 150 mM sodium isethionate, and 5 mM magnesium sulfate.  

3mm gold electrode sensors were prepared according to the standard previously described 

protocol 27. Briefly, sensors were incubated for at least 30 minutes in an octadecane thiol solution, 

then rinsed thoroughly with isopropanol and water. The SSM was prepared by pipetting 1.5 μL of 

diphytanoyl phosphatidylcholine dissolved in n-decane onto the electrode surface, followed by 60 

μL of an aqueous buffer. Immediately prior to measurements, liposome samples were thawed 

and briefly sonicated. 10 μL of liposome sample was pipetted onto each SSM sensor and samples 

were adsorbed by centrifugation at 2500g for 30 minutes. 

Transport Buffer Preparation 

Transport buffers were prepared by mixing buffer stock solutions. For the Gdx transport assays, 

buffer stocks were prepared at pH 6.7, 7.0, and 7.3 with either 2 mM HCl or 2 mM guanidinium-

HCl for a total of six buffer stocks. Each buffer stock contained 50 mM MES, 50 mM MOPS, 50 

mM bicine, 100 mM NaCl, and 2 mM MgCl2 and was adjusted to the desired pH with sodium 

hydroxide. To prepare transport buffers for each guanidinium concentration, the 2 mM 

guanidinium stock buffer was mixed with the 2 mM HCl stock buffer at the desired pH to ensure 

a constant chloride concentration.  

For the CLC-ec1 transport assays, a total of nine buffer stocks were prepared: 300 mM stocks of 

either sodium chloride, sodium nitrate, or sodium isethionate at either pH 4.2, 4.8, or 5.2. In 
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addition to the 300 mM sodium salt, each stock contained 100 mM citric acid and 5 mM 

magnesium sulfate. Stocks of each of the salts were adjusted to the desired pH values with 

sodium hydroxide. To prepare transport buffers of the desired substrate concentration, the 300 

mM sodium isethionate stock was mixed with either the 300 mM sodium chloride stock or the 300 

mM sodium nitrate stock at the desired pH to ensure a constant sodium and total anion 

concentration. Buffer conditions for each data point can be found in Tables 1 and 2 for Gdx or 

CLC-ec1, respectively. 

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 non-activating buffer to ensure 

equilibration of the internal buffer before the next measurement.  

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 were obtained solely from the activating 

buffer perfusion. For transport currents with both positive and negative components (e.g., the 250 

μM trace in Fig. S3A and 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.  

At least three sensors were prepared for each sample. While total current varied between 

sensors, transport behavior was highly consistent between sensors (Fig. S1 and S2). Reported 
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peak and integrated currents consist of the average of at least three sensors, normalized to the 

average total peak or integrated current observed on each sensor. Total current was determined 

by summation of the absolute value of the peak or integrated current observed on a sensor across 

all conditions tested. Y-error bars represent the standard error of the mean. X-error bars were 

calculated by propagation from Equation 8, assuming either a 1% (for CLC-ec1 buffers) or 2% 

(for Gdx buffers) error in substrate concentration and a 2% error in proton concentration. 

Derivation of transport equations 

We assume that transport proceeds according to a stoichiometric transport reaction: 

(1) 𝑛𝐼𝑜𝑛௢௨௧ + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௢௨௧ ⇄ 𝑛𝐼𝑜𝑛௜௡ + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௜௡ 

If n and m are the same sign, this equation describes symport while if n and m are opposite signs, 

the equation describes antiport. Note that if n and m are opposite signs, Equation 1 can be 

rearranged to give an equation for antiport with positive stoichiometric coefficients: 

(2) 𝑛𝐼𝑜𝑛௜௡ + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௢௨௧ ⇄ 𝑛𝐼𝑜𝑛௢௨௧ + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒௜௡ 

The chemical potential of ion and substrate across the membrane is given by: 

(3) Δ𝜇௜ = 𝑅𝑇ln ቆ
[𝐼𝑜𝑛]௜௡

[𝐼𝑜𝑛]௢௨௧
ቇ + 𝑧ூ௢௡𝐹ΔΨ 

(4) Δ𝜇௦ = 𝑅𝑇ln ቆ
[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௜௡

[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௢௨௧
ቇ + 𝑧ௌ௨௕௦௧௥௔௧௘𝐹ΔΨ 

At time zero in our SSME assay, there is no membrane voltage. Thus, the chemical potentials of 

the ion and substrates are described completely by their respective gradients: 

(5) Δ𝜇௜ = 𝑅𝑇ln ቆ
[𝐼𝑜𝑛]௜௡

[𝐼𝑜𝑛]௢௨௧
ቇ 
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(6) Δ𝜇௦ = 𝑅𝑇ln ቆ
[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௜௡

[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௢௨௧
ቇ 

 

The free energy for the coupled transport reaction is given by: 

(7) ΔG = 𝑛Δ𝜇௜ + 𝑚Δ𝜇௦ 

When ΔG = 0, 

(8) −
𝑛

𝑚
=

Δ𝜇௦

Δ𝜇௜
=

𝑅𝑇ln ൬
[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௜௡

[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]௢௨௧
൰

𝑅𝑇ln ൬
[𝐼𝑜𝑛]௜௡

[𝐼𝑜𝑛]௢௨௧
൰

 

Thus, plotting transported charge against Δμs/Δμi gives an x-intercept at -n/m, allowing 

determination of the transport stoichiometry. For more complete mathematical descriptions of 

transport equations, see previous publications 18,47,48  
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Figure and Tables 

 

Fig. 1 – SSME reversal assay with Gdx. Each assay consists of three stages of buffer perfusion. 

In the first stage, the “non-activating” 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 
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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. 

(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 on-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 on-current. (C) For 

stoichiometry analysis, the on-current is integrated to observe transported charge. (D) Plotting 

integrated on-current as a function of imposed gradient ratios yields null transport at the published 

2H+/Gdm+ stoichiometry, regardless of subtraction of background signal. Data points represent 

average normalized values obtained from four sensors for each (proteo)liposome sample. Y-error 

bars represent standard error of the mean, propagated where necessary, and X-error bars are 

calculated by propagation assuming a 2% error in substrate and ion concentrations. Complete 

buffer conditions can be found in Table 1.  
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Fig. 2 – Internal concentrations can be quantitatively changed on the sensor. (A) Plots of 

currents of successive rinses to change the internal buffer pH 7.00 and 1 mM guanidinium to pH 

6.70 and 1 mM guanidinium. (B) Representative current traces for transport at the low pH 

condition compared with current from the final rinse. (C) and (D) Average integrated current traces 

for each internal buffer condition with signal from E13Q sensors subtracted. (E) and (F) Plots of 

transported charge vs. potential ratios for an internal buffer conditions, with signal from E13Q 

sensors subtracted. Complete buffer conditions can be found in Table 1. Data points represent 

average normalized values obtained from four sensors for each sample condition. Y-error bars 
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represent propagated standard error of the mean and X-error bars are calculated by propagation 

assuming a 2% error in substrate and ion concentrations.  

 

Fig. 3 – CLC-ec1 chloride reversal assay. The SSME reversal assay was performed with CLC-

ec1 sensors with both outward-facing and inward-facing proton and chloride gradients. (A) and 

(B) Depiction of the internal and external buffer conditions during the on-current stage of the 
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SSME assay. (C) and (D) Average integrated current traces for CLC-ec1 sensors. (E) and (F) 

Average integrated current traces for sensors prepared with empty liposomes. (G) and (H) 

Average integrated current traces with signal from empty liposomes subtracted. (I) Plots of 

transported charge vs. chemical potential ratios for CLC-ec1 and empty liposomes with either 

outward-facing or inward-facing gradients. Empty liposome negative controls measured 

significant signal as the chloride gradient increased. (J) Correct stoichiometry of 1H+/2Cl- is 

obtained after subtracting the negative control signal from the sample signal. For (I) and (J), data 

points represent average normalized values obtained from four sensors for each (proteo)liposome 

sample. Y-error bars represent standard error of the mean, propagated where necessary, and X-

error bars are calculated by propagation assuming a 1% error in chloride concentrations and 2% 

error in proton concentrations. Complete buffer conditions can be found in Table 2.  
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Fig. 4 – CLC-ec1 nitrate reversal assay. The SSME reversal assay was performed with CLC-

ec1 sensors with both outward-facing and inward-facing proton and nitrate gradients. (A) and (B) 

Depiction of the internal and external buffer conditions during the on-current stage of the SSME 

assay. (C) and (D) Average integrated current traces for CLC-ec1 sensors. (E) and (F) Average 

integrated current traces for sensors prepared with empty liposomes. (G) and (H) Average 

integrated current traces with signal from empty liposomes subtracted. (I) Plots of transported 
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charge vs. chemical potential ratios for CLC-ec1 and empty liposomes with either inward-facing 

or outward-facing gradients. (J) Plots of integrated nitrate transport currents vs. chemical potential 

ratios with the signal from empty liposomes subtracted. Reversal occurs at a potential ratio below 

0.5, indicating that CLC-ec1 transports nitrate with decreased proton coupling compared to 

chloride, but the reversal point is too similar between the two conditions to distinguish between 

tightly coupled and loosely coupled transport. For (I) and (J), data points represent average 

normalized values obtained from three sensors for each (proteo)liposome sample. Y-error bars 

represent standard error of the mean, propagated where necessary, and X-error bars are 

calculated by propagation assuming a 1% error in nitrate concentrations and 2% error in proton 

concentrations. Complete buffer conditions can be found in Table 2. 
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Fig. 5 – CLC-ec1 transports nitrate with reduced proton coupling due to nitrate leak. 

Sensors were successively equilibrated at seven different anion concentrations: 150mM, 30mM 

and 1mM chloride, and then 1mM, 30mM, 150mM, and 5mM nitrate. For each data point, the 

external buffer was set to create an inward-facing proton gradient, but no anion gradient (A). With 

these conditions, the chemical potentials of the transported substrates are constant. Thus, if 

transport is tightly coupled, the amount of observed transport should not change with changing 

anion concentrations. If substrate leak is possible, it will occur in the opposite direction of the 

electrochemical gradients created by proton:anion antiport, reducing the signal. (B) Integrated 

current does not change as a function of chloride concentration but decreases as nitrate 

concentration increases. This confirms that chloride transport is tightly coupled and indicates that 

nitrate’s reduced proton coupling is due to nitrate leak. Data points represent average normalized 

values obtained from three sensors, with signal from empty sensors subtracted. Error bars 

indicate the standard error of the mean. (C) Average integrated current traces for chloride 

transport, with signal from empty liposome controls subtracted. (D) Average integrated current 

traces for nitrate transport, with signal from empty liposome controls subtracted. 
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Table 1 – Gdx reversal assay conditions 

Fig. 
Internal 

Conditions 
External Conditions 

1 
pH 7.0 
1 mM 
Gdm+ 

pH 7.3 
1 mM 
Gdm+ 

pH 7.3 
500 μM 
Gdm+ 

pH 7.3 
353 μM 
Gdm+ 

pH 7.3 
250 μM 
Gdm+ 

pH 7.3 
125 μM 
Gdm+ 

pH 7.3 
62.5 μM 
Gdm+ 

2B,C,E 
pH 6.7 
1 mM 
Gdm+ 

pH 7.0 
1 mM 
Gdm+ 

pH 7.0 
500 μM 
Gdm+ 

 
pH 7.0 
250 μM 
Gdm+ 

pH 7.0 
125 μM 
Gdm+ 

 

2D,F 
pH 7.0 
500 μM 
Gdm+ 

pH 7.35 
500 μM 
Gdm+ 

pH 7.35 
223 μM 
Gdm+ 

 
pH 7.35 
100 μM 
Gdm+ 

pH 7.35 
44 μM 
Gdm+ 

 

Chemical potential 
ratio (𝛥𝜇ீௗ௠శ/𝛥𝜇ுశ) 

0 1 3/2 2 3 4 

 

Table 2 – CLC-ec1 reversal assay conditions 

Fig. 
Internal 

Conditions 
External Conditions 

3, blue 
pH 4.84 
150 mM 
chloride 

pH 5.24 
150 mM 
chloride 

pH 5.24 
111 mM 
chloride 

pH 5.24 
95 mM chloride 

pH 5.24 
60 mM chloride 

3, red 
pH 4.88 

3 mM chloride 
pH 4.21 

3 mM chloride 
pH 4.21 

5 mM chloride 

pH 4.21 
6.5 mM 
chloride 

pH 4.21 
14 mM chloride 

4, orange 
pH 4.84 

15 mM nitrate 
pH 4.17 

15 mM nitrate 
pH 4.17 

25 mM nitrate 
pH 4.17 

32 mM nitrate 
pH 4.17 

70 mM nitrate 

4, purple 
pH 4.84 

15 mM nitrate 
pH 5.23 

15 mM nitrate 
pH 5.23 

11.2 mM nitrate 
pH 5.23 

9.6 mM nitrate 
pH 5.23 

6.1 mM nitrate 

Chemical potential ratio  
(𝛥𝜇௔௡௜௢௡/𝛥𝜇ுశ) 

0 1/3 1/2 1 
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Supporting Information 

A note on replicates and reproducibility 

As we collected our data, we observed several trends which impacted our subsequent data 

analysis. All Gdx data were collected using four sensors per sample condition (LPR150, LPR400, 

etc.). Each sensor was then used to record two traces per chemical potential ratio, which allowed 

us to assess the reproducibility of the data both from different recordings on the same sensor and 

from recordings of the same conditions across different sensors. Different traces from the same 

sensor overlay strikingly well (Fig. S1A), but there is variability in the amount of signal observed 

across different sensors (Fig. S1B). This is not surprising, as the amount of signal depends on 

the number of liposomes that are adsorbed to the electrode surface during sensor preparation. 

Nevertheless, the signal trends across sensors are consistent (Figs. S1C, S1E, and S2). 

Normalizing the signal observed on a given sensor to the average total signal from that sensor 

accounts for the variation between different sensors (Fig. S1 D,F), and thus, data normalization 

was performed for all samples.  

Analysis of integrated current vs. analysis of peak current 

We analyzed the results of changing the applied proton and substrate gradient on observed 

current using two methods: peak on-current (Fig. S3 and S4) and integrated on-current (Fig. 1). 

Peak on-current is a parameter related to the turnover rate of the transporter and is a commonly 

quantified for SSME experimental analysis27,28,49–51. However, peak current is ultimately a kinetic 

parameter, while transport stoichiometry is a thermodynamic quantity. We therefore considered 

a second parameter by analyzing the integrated current, representing the total net charge 

movement, as a function of the chemical potential ratio. 

The peak current reverses near the expected potential, but changes with both protein 

concentration and the type of negative control (Fig. S4B). This renders it difficult to distinguish 
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between the previously reported 2H+:1Gdm+ antiport stoichiometry and a less likely but still 

theoretically possible 3H+:2Gdm+ antiport stoichiometry. However, plotting the integrated on-

current as a function of chemical potential ratio clearly and precisely yields the published 

2H+:1Gdm+ transport stoichiometry (Fig. 1D). This result is unchanged when either the empty 

liposome or E13Q controls are subtracted. This confirms that the thermodynamic parameter of 

integrated current is the better metric for determining transport stoichiometry in this assay. 

Effect of experimental conditions on transport stoichiometry 

Untangling transporter-mediated leak from coupled transport is a different proposition than 

separating coupled transport from a background signal, as transporter-mediated leak cannot be 

isolated with negative controls. Instead, it is helpful to consider the relationship between the 

kinetic mechanism and the transport thermodynamics of a loosely coupled system. Figure S6 

shows simple kinetic models for both tightly coupled (Fig. S6A) and loosely coupled (Fig. S6B) 

transporters. In a tightly coupled system, there is only one transport pathway, setting a single 

transport stoichiometry that is invariant across experimental conditions. In contrast, the loosely 

coupled model allows both coupled antiport (red cycle) and leak (blue cycles). The apparent 

transport stoichiometry in such a system is a function of the relative flux through the coupled and 

uncoupled (leak) pathways, which depends on the relative rates of substrate binding, substrate 

release, and alternating access. Changing the proton or substrate concentrations will change the 

substrate binding rates, altering the partitioning between pathways, the net flux through leak and 

transport cycles, and the apparent net stoichiometry6,21,37.  

Goldman-Hodgkin-Katz reversal potential and subtracting background signal 

The ability to quantitatively exchange the internal liposomal contents indicates that the integrity of 

the lipid bilayers in our samples are imperfect. While this property is not unique to SSME (no lipid 

bilayer is completely impermeable to ions), it is important to consider the implications that ion leak 
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currents have on our assays. In SSME, charge transport proceeds until the membrane voltage 

reaches the reversal potential32. The Goldman-Hodgkin-Katz (GHK) voltage equation (Eq. S1) 

describes the reversal potential in terms of the relative flux of permeant ions47. For monovalent 

ions, the equation can be written: 
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Where Erev is the reversal potential, R is the universal gas constant, F is Faraday’s constant, C 

and A are monovalent cations and anions, respectively, and P is the relative permeability of each 

ion. This equation holds true as long as the concentrations of the permeable ions are constant. 

While transport must change ion concentrations to some extent, the relative linearity of the graphs 

of transported charge against substrate potential (Fig. 1D, 2E, 2F, 3J, and 4J) indicates that the 

equilibrium voltage is a direct, linear function of the initial chemical gradients. Thus, the 

concentrations must not change significantly during the one second that transport is measured, 

and the GHK equation can be applied.  

The relevant takeaway from the GHK equation for our assay is that ion permeability through the 

lipid bilayer should have a predictable impact on the amount of observed transport. If bilayer 

permeability is much slower than permeability through the transporter, the observed transport at 

a given condition will be a function only of the stoichiometry of the transporter. This is what we 

observe with Gdx, where currents in the negative controls are minimal compared to currents in 

samples containing active transporter. At the other extreme, if bilayer permeability is fast relative 

to coupled transport, then leak currents will dominate and transport currents will be unobservable. 

This explains why stoichiometry determination using our SSME assay fails for low turnover 

transporters such as VcINDY. In between these two extremes are examples such as CLC-ec1, 

where transport is faster than leak, but leak currents are still observable on the timescale of the 

measurements. The GHK equation indicates that signal from the coupled transport process can 
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still be determined under these conditions, as long as the signal due to bilayer permeability can 

be isolated and subtracted. This is precisely what we observe with CLC-ec1. Subtracting the 

empty liposome signal from the CLC-ec1 signal unambiguously yields CLC-ec1’s 2Cl-:1H+ antiport 

stoichiometry.  

Additional experimental conditions can help determine when leak currents can be subtracted 

versus when they are too large to be dealt with effectively. Changing permeant ion concentrations 

while maintaining the ion gradient ratios will change the relative rates of transport and leak 

currents and thus, change the GHK reversal potential. While the thermodynamics of the system 

will be altered, the thermodynamics of a tightly coupled transport process will be constant. Once 

again, this is borne out by the CLC-ec1 data. When only the CLC-ec1 liposome signals are 

considered, the null transport point varies significantly between the outward-facing (150 mM 

internal chloride, Fig. 3I, dark blue) and inward-facing (3 mM internal chloride, Fig. 3I, dark red) 

gradient conditions. However, the empty liposome controls allow the background signal to be 

isolated, and the difference between conditions disappears when the empty liposome signals are 

subtracted (Fig. 3J).  
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Fig. S1 – Examples of replicates and data normalization. (A) Representative current traces 

showing two recordings of a single sensor for each external buffer condition. Current traces for 

the same condition overlay nearly perfectly, indicating that little variability is introduced from 

repeated recordings on a single sensor. (B) Current traces for a single condition (1 mM Gdm+, 

pH 7.3 external) for four different sensors indicate that there is variability in signal intensity across 

different sensors. Nevertheless, each sensor exhibits the same trends in both peak current (C) 
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and integrated current (D) across the different experimental conditions. Normalizing the total 

signal observed on each sensor to the average total signal observed across sensors accounts for 

most of the variability observed between sensors in both peak (E) and integrated (F) currents. All 

data shown is for WT-Gdx LPR 400 liposomes. The same trends in data reproducibility were 

observed for all sample conditions.  
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Fig. S2 – Current traces from all WT Gdx LPR 400 sensors. Amount of transport varied across 

sensors(note the variation in the scale of the y-axis), but signal trends across different external 

buffer conditions is consistent from sensor to sensor. 
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Fig. S3 – Reversal assay data across sample conditions. Representative current traces (left 

column), average peak current (middle column), and average integrated current (right column) for 
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each external guanidinium concentration are shown for WT-Gdx proteoliposomes with an LPR of 

150 (A) and an LPR of 400 (B), E13Q-Gdx proteoliposomes with an LPR of 150 (C) and an LPR 

of 400 (D), and empty liposomes (E). Data points represent average values obtained from four 

sensors for each (proteo)liposome sample. Y-error bars represent standard error of the mean and 

X-error bars are calculated by propagation assuming a 2% error in substrate and ion 

concentrations. Complete buffer conditions can be found in Table 1. 

 

Fig. S4 – Peak current analysis yields the correct stoichiometry. Plots of peak currents 

against the imposed chemical potential ratio with the indicated data treatment. Peak current 

analysis yields a null current at a stoichiometry between 1.5 and 2H+/Gdm+, depending on the 

LPR and on which control (if any) is subtracted. Data points represent average normalized values 

obtained from four sensors for each (proteo)liposome sample. Y-error bars represent standard 

error of the mean, propagated where necessary, and X-error bars are calculated by propagation 

assuming a 2% error in substrate and ion concentrations. Complete buffer conditions can be 

found in Table 1. 
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Fig. S5 – Representative current traces of internal buffer exchange. (A) Observed current 

reaches a baseline level after a sensor previously equilibrated with 150 mM chloride buffer 

undergoes four successive 600 μL rinses of 30 mM chloride buffer. (B) Overlay of the final buffer 

rinse and the subsequent transport current trace. 
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Fig. S6 – Transport models. Depictions of simple kinetic models for tightly coupled (A) or loosely 

coupled (B) transport, where EH is proton-bound transport, ES is substrate-bound transporter, E 

is empty transporter, and the subscript indicates the orientation of the transporter with respect to 

the membrane. In (A), only one transport cycle is available, setting a single transport 

stoichiometry. In (B), coupled antiport is still possible (red cycle), but alternating access of the 

empty transporter can short-circuit transport, leading to proton and substrate leak cycles (blue). 
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Chapter 3 Addendum 

Apart from a general desire to develop a better method of measuring transport stoichiometry, 

our motivation for developing the assay described in this chapter was to use it to test the 

function of EmrE under a variety of experimental conditions. Like CLC-ec1 with nitrate transport, 

the free exchange model predicts that EmrE should transport drug with different stoichiometries 

at different experimental conditions6,17. The data included here is preliminary (only one replicate 

is shown, though qualitatively, results have been consistent across multiple technical and 

biological replicates), but initial SSME reversal assays are consistent with our hypothesis.  

We tested the effects of varying both the drug concentration and the proton concentration on 

EmrE’s stoichiometry. Under all conditions, the size of the proton gradient was constant – 2-fold 

and inwardly directed. To test the effect of the drug concentration, we equilibrated sensors at pH 

7.3 and perfused pH 7.0 buffer with either 10 μM or 40 μM methyltriphenylphosphonium 

(MeTPP+) for the low or high drug concentration experiments, respectively. The internal drug 

concentration was varied to give the indicated chemical potential ratios (Addendum Figure 1A). 

At low drug concentrations, the signal reversed with an apparent stoichiometry of just over 2 

protons per drug. However, at high drug concentrations, the signal no longer reversed, even 

when the 2-fold proton gradient was combined with a 16-fold drug gradient, indicating that 

EmrE’s transport stoichiometry is dependent on drug concentration. 

We then tested the effect of the proton concentration by repeating the assay with 10 μM 

external MeTPP+, but with varied internal and external proton concentrations, with the internal 

pH value 0.3 units higher than the external value. At average pH values of 7.15, 6.85, or 6.55, 

transport direction reversed with an identical apparent stoichiometry of just over 2 protons per 

drug. At pH values below or above this range, the apparent stoichiometry increased, indicating 

an increased prevalence of a proton leak pathway in addition to the coupled antiport pathway. 
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At the most alkaline conditions (average pH values of 7.75 and 8.05), transport never reversed 

direction, even with a 16-fold drug gradient.  

Taken together, these initial results suggest that the loosely coupled free exchange model 

effectively describes EmrE’s drug transport behavior. EmrE is most efficient at neutral or slightly 

acidic pH, as expected given the pH environment across the inner membrane of E. coli. EmrE’s 

loss of efficiency at high drug concentrations is less readily explained, but once again, is better 

understood in a physiological context. EmrE is just one of a large network of multidrug efflux 

pumps that work together to rid E. coli of toxic compounds52. The AcrAB-TolC complex actively 

removes drugs from the periplasm and pumps them across the outer membrane, reducing the 

effective drug concentration that EmrE must manage. Furthermore, the loss of proton-coupling 

efficiency at higher drug concentrations does not necessarily imply a loss of drug efflux efficacy. 

At high drug concentrations, it may be more important for EmrE to be able to quickly remove 

drug from the cytoplasm than to do so with peak thermodynamic efficiency. While these 

experiments will need to be replicated for publication, these results indicate that EmrE is finely 

tuned to function in its native physiological environment. 
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Addendum Figure 1 – EmrE’s transport stoichiometry varies with experimental conditions. (A) 

At low MeTPP+ concentrations, the apparent proton:drug coupling stoichiometry is just above 

2:1 when the internal pH is 7.3 and the external pH is 7.0. At higher concentrations, transport 
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becomes less efficient and transport direction fails to reverse, even at gradient ratios 

corresponding to an apparent stoichiometry of 4:1. (B) At low MeTPP+  concentrations 

([MeTPP+]ext = 16 μM), the apparent proton:drug coupling stoichiometry varies with pH. For all 

conditions, the internal pH is 0.3 units higher than the external pH. Transport is most efficient 

near neutral pH and fails to reverse direction at alkaline pH. 
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Preface 

In this paper, we investigate the anomalous behavior of EmrE’s highly conserved C-terminal 

residue, H110. We find that its protonation state is coupled to the occupancy of the central 

binding site and propose that it could be involved in a secondary gating mechanism to regulate 

proton transport in the absence of drug.  I performed experiments, analyzed data, and wrote, 

the paper, Chao originally conceived the project and performed some initial NMR experiments, 

Emma performed ITC, Anne performed the PRE NMR experiments, and Josephine performed 

one of the NMR pH titrations.
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Abstract 

Ion-coupled transporters must regulate access of ions and substrates into and out of the binding 

site to actively transport substrates and minimize dissipative leak of ions. Within the single-site 

alternating access model, competitive substrate binding forms the foundation of ion-coupled 

antiport. Strict competition between substrates leads to stoichiometric antiport without slippage. 

However, recent NMR studies of the bacterial multidrug transporter EmrE have demonstrated that 

this multidrug transporter can simultaneously bind drug and proton, which will affect the transport 

stoichiometry and efficiency of coupled antiport. Here we investigated the nature of substrate 

competition in EmrE using multiple methods to measure proton release upon the addition of 

saturating concentrations of drug as a function of pH. The resulting proton-release profile 

confirmed simultaneous binding of drug and proton, but suggested that a residue outside EmrE’s 

Glu-14 binding site may release protons upon drug binding. Using NMR-monitored pH titrations, 

we trace this drug-induced deprotonation event to His-110, EmrE’s C-terminal residue. Further 

NMR experiments disclosed that the C-terminal tail is strongly coupled to EmrE’s drug-binding 

domain. Consideration of our results alongside those from previous studies of EmrE suggests 

that this conserved tail participates in secondary gating of EmrE-mediated proton-drug transport, 

occluding the binding pocket of fully protonated EmrE in the absence of drug to prevent dissipative 

proton transport.  

Introduction 

Substrate binding and release is a critical component of the mechanistic cycle for ion-coupled 

transporters. In single-site alternating access transport, a single binding site is alternately exposed 

to either side of the membrane, effectively transporting bound substrate across the membrane. 

Cooperative binding between substrate and ion increases the likelihood of cotransport (symport), 

while competition between substrate and ion favors antiport. Pure exchange of substrate and ion 

results when two conditions are met: 1) if binding of substrate excludes stable binding of the ion 
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and vice versa, and 2) if alternating access of the transporter is only permitted when substrate or 

ion is bound (Fig. 1, left). This simple, attractive model elegantly explains stoichiometric antiport 

of ion and substrate and excludes alternative pathways that would result in dissipative leak of the 

driving ion1,2. However, the inherent difficulty in performing biochemistry and structural biology on 

membrane proteins has limited our ability to rigorously test the assumptions of the pure exchange 

model with a variety of transporters. Our recent studies of the small multidrug resistance 

transporter EmrE show that this drug/proton antiporter can simultaneous bind both substrates, 

violating the simplifying assumptions of the pure exchange model. 

EmrE effluxes a wide range of aromatic cation antibiotics using the proton motive force 

(PMF) across the inner membrane of E. coli, thus conferring resistance to antibiotics matching 

this chemical profile3. EmrE performs antiport of drug and proton through a classic single-site 

alternating access mechanism4. The common binding site for drug and proton is defined by a pair 

of glutamates (E14, one from each monomer within the homodimer, Fig. 2) located deep within 

the membrane5,6. This binding site is alternately exposed to the cytoplasm and periplasm through 

conformational exchange of EmrE during the transport cycle5,7. EmrE’s ease of purification, broad 

substrate specificity, and antiparallel topology have led to its adoption as a model system for 

studying multidrug efflux, membrane protein evolution, and secondary active transport8–10. In 

addition to facilitating genetic analysis, EmrE’s small size makes it an ideal candidate for NMR, 

allowing unprecedented structure-function investigations of an ion-coupled transporter. NMR has 

been used to confirm EmrE’s antiparallel topology11,12, measure the rates of conformational 

exchange (alternating access)13, probe the effects of drug or proton binding on EmrE’s structure 

and dynamics14,15, and determine pKa values for both E14 residues16,17. Through these studies, it 

has become clear that EmrE’s transport cycle is populated by more states than are included in 

pure exchange antiport. 
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Recently, we proposed a new “free exchange” kinetic model for coupled proton/drug 

transport by EmrE which includes all experimentally observed states and transitions of the 

transporter (Fig. 1, right)17. In this model, there are multiple pathways around the transport cycle 

leading to different possible transport stoichiometries including symport, antiport, and uniport of 

both drug and proton. Nevertheless, EmrE does not allow rapid proton leak in the absence of 

drug17. Furthermore, binding of proton and drug to the single site is competitive: drug binding to 

one E14 lowers the proton affinity (pKa) of the second E14, promoting proton release17; while 

protonation of the second E14 lowers the drug affinity (raises the Kd) of the first E14, promoting 

drug release17,18. This competition is critical for ensuring that proton/drug antiport is the dominant 

transport process for common EmrE substrates under physiological conditions, leading to its well-

established function as a proton-coupled drug efflux pump19. Here, we further investigate this 

important competition between drug and protons by examining drug-induced proton release from 

EmrE. The results are generally consistent with the free exchange model but suggest that an 

additional residue may release protons upon drug binding. We trace this deprotonation event to 

H110, EmrE’s C-terminal residue and the only residue other than E14 that has a pKa value near 

neutral pH16. 

High-resolution structures of EmrE in different states of the transport cycle would shed 

light on the coupling mechanism between substrate binding and transport. However, the 

conformational plasticity that enables EmrE to transport diverse substrates also makes it a very 

challenging system for high resolution structural studies15,20. As a result, there are currently only 

low-resolution cryoEM21,22 and X-ray structures available23 for the antiparallel EmrE homodimer 

(Fig. 2). The one region of EmrE that is not visible in these structures is the C-terminal tail. 

Terminal regions of proteins are frequently missing from crystal structures due to their dynamic 

nature and lack of regular structure. However, the NMR spectra of EmrE reveal that the C-terminal 

region of EmrE is not just a floppy tail. The residues in this region, including 105-110, have very 
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unique chemical shifts that are not typical of α-helix or random coil and the peaks are not as 

intense as they would be in an unstructured tail11,14. In addition, residues in this tail are sensitive 

to the occupancy of the binding pocket, with significant chemical shift perturbations upon 

protonation or drug binding (Fig. S1)14. Finally, H110 is highly conserved (Fig. S2)24–26, indicating 

that it may be functionally important. Here, we show that the C-terminal tail of EmrE is strongly 

coupled to the binding domain, suggesting a potential role in secondary gating of EmrE transport.  

Results 

Modeling drug-induced proton release Since drug and proton compete for binding to EmrE, 

addition of drug to EmrE triggers the release of protons from E14 that can be directly measured 

with a pH electrode in a weakly buffered environment. In an earlier study, addition of a constant, 

low concentration of TPP+ to EmrE across a range of pH values produced a bell-shaped proton 

release profile27. This provided experimental confirmation of competitive binding between drug 

and proton for the first time in a solubilized transporter. However, these experimental conditions 

cannot distinguish between pure exchange and free exchange models. This is because drug and 

proton compete for binding to E14 in both models, consistent with a weaker KD
apparent for TPP+ 

binding to EmrE at low pH when proton concentration is high5,17. Thus, addition of a low 

concentration of drug will not be sufficient to compete with and trigger release of protons from 

EmrE at low pH under either model.  

If sufficient drug is added to saturate EmrE at all pH conditions, then the number of protons 

released upon drug binding to EmrE as a function of pH has a very different profile for the pure 

exchange and free exchange models (Fig. 3). Since the pure exchange model forbids 

simultaneous binding of drug and proton, any protons bound to the EmrE dimer initially will be 

released upon addition of a saturating concentration of drug. Thus, the number of protons 

released per EmrE dimer is simply the fraction of EmrE protonated in the drug-free state at the 

start of the experiment: 



190 
 

 

𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = 

 
2 ∙ 10௣ுమ

+  10௣ு∙௣௄ೌభ

10௣ுమ
+ 10௣ு∙௣௄ೌ + 10௣௄ೌ

మ  (1) 

 

We assume cooperative proton binding reflected by a single pKa of 7.3, in agreement with 

previous papers suggesting a pure exchange mechanism with a single pKa for drug-free 

EmrE18,28,29. Allowing asymmetric protonation of drug-free EmrE with two pKa values for E14, as 

shown by NMR16, simply decreases the slope of the curve for proton release as a function of pH. 

In either case, at low pH where EmrE is fully protonated in the absence of drug, addition of a 

saturating drug concentration leads to the release of two protons (Fig. 3A, black). 

For the free exchange model, the number of protons released upon drug binding can be 

calculated from the difference in E14 protonation states in the presence and absence of drug.  

 

𝑝𝑟𝑜𝑡𝑜𝑛𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = (2𝐸𝐻ଶ + 𝐸𝐻ି) − 𝐸𝐷𝐻   (2) 

 

The net protonation state of EmrE in each condition is readily calculated using the E14 pKa values 

(Table 1, Eqns. 3-5). These pKa values were determined from NMR pH titrations of drug-free 

EmrE at 25 °C and 45 °C16, TPP+-bound EmrE at 45 °C17, and TPP+-bound EmrE at 25 °C (Fig. 

S3, S4). 

𝐸𝐻ଶ =
10௣ுమ

10௣ுమ
+ 10௣ு∙௣௄ೌభ + 10௣௄ೌభ∙௣௄ೌమ

 (3)  
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𝐸𝐻ି =  
10௣ு∙௣௄ೌభ

10௣ுమ
+ 10௣ு∙௣௄ೌభ + 10௣௄ೌభ∙௣௄ೌమ

 (4) 

 

                   𝐸𝐷𝐻 =
ଵ଴ష೛ಹ

ଵ଴ష೛ಹାଵ଴ష೛಼ೌయ
 (5)                 

 

At low pH, the free exchange model allows simultaneous binding of one drug and one proton, so 

only one proton will be released (Fig. 3A, blue and red) instead of the two protons predicted by 

the pure exchange model. In order to experimentally distinguish these two models, we first 

needed to establish the TPP+ concentration necessary to saturate EmrE across the entire pH 

range. 

Determination of pH-dependent TPP+ binding affinity We used isothermal titration calorimetry 

(ITC) to determine the KD
app for TPP+ binding to EmrE solubilized in isotropic bicelles at pH 5.5, 

6.5, 7.5, or 8.5 and 45 °C. The titration profile observed at pH 5.5 with ITC directly confirms that 

saturation of the binding site with TPP+ can be achieved even at low pH. Furthermore, the ITC 

data confirms that one drug binds per asymmetric dimer at all pH values (Table S1) as expected 

for TPP+ binding to the single site defined by E14 in EmrE30. Using these experimentally 

determined KD
app values, we calculated the concentration of TPP+ needed to bind at least 99% of 

EmrE present in the proton release assay at each pH value. 

Measurement of proton release by ITC In addition to the thermodynamics of drug binding, ITC 

can provide an indirect but robust measurement of proton release31–33. The enthalpy observed 

upon drug binding (ΔH˚obs) includes both the heat of reaction for protein-drug binding and 

consequent proton release, as well as the enthalpy change due to released protons binding to 

the buffer. By measuring the standard enthalpy change (ΔH˚obs) upon drug binding in multiple 
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buffers with varying heats of ionization (∆Hi
b), the number of protons released upon drug binding 

can be determined from the slope of ∆Hi
b vs. ΔH˚obs, as described in detail in17.  

We measured ΔH˚obs of TPP+ binding to EmrE solubilized in isotropic bicelles from pH 5.5 

to 8.5 at 45°C using at least three buffers at each pH (Table S1, Fig. 3C,E). If drug and proton 

binding were exclusive, as predicted by pure exchange, we would expect to see the release of 

two protons per dimer at low pH.  Instead, slightly more than one proton is released per dimer at 

pH 5.5, in agreement with our previous experimental observation that EmrE can simultaneously 

bind drug and proton. However, the data is not perfectly consistent with the free exchange model: 

more protons are released than predicted near neutral pH (Fig. 3A, red). The free exchange model 

considers only E14 protonation and deprotonation events, as previous mutagenesis studies only 

implicated E14 in drug- and proton-binding by EmrE5,6,27, and E14 is the only protonatable residue 

within the transmembrane helices that define the substrate-binding pore in EmrE (Fig. 2).  Before 

considering the possibility that another residue may also participate in coupled binding/release of 

drug and protons, we first confirmed our experimental observation that the number of protons 

released upon TPP+ binding is inconsistent with an E14-only model using a different experimental 

approach and at a lower temperature (25 °C).  

Direct measurement of drug-induced proton release In the original investigation of drug-induced 

proton release27, 4µM aliquots of TPP+ were added to weakly buffered EmrE solubilized in 

detergent and pH changes were monitored and quantified directly using an electrode. We 

repeated this experiment using EmrE solubilized in bicelles and with 5 mM TPP+ (Fig. 3B,D), a 

concentration sufficient to saturate EmrE at all pH values based on our ITC experiments at 45 °C. 

We have previously shown that KD
app decreases with temperature11. Thus, this TPP+ 

concentration will also be sufficient to saturate EmrE at 25°C where the drug binds more tightly. 

Upon monitoring proton release in this manner, we again found that EmrE releases around one 

proton per dimer at low pH, but releases more protons than expected near neutral pH (Fig. 3A, 
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blue). When considered alongside the ITC experiments, this strongly suggests that a second 

residue, other than E14, releases protons upon binding of drug to EmrE.  

Which other residue could be involved in the coupled binding and release of drug and 

protons? The previous investigation of drug-induced proton release considered E25 and D8427, 

and found that they do not contribute to proton release. This is consistent with our more recent 

NMR-monitored pH titration experiments, which do not show any titration of D25 or E84 near 

physiological pH. Instead, the only residue other than E14 that titrates near neutral pH in our NMR 

experiments is H11016, which has not been previously considered in the proton release 

mechanism. This C-terminal residue is highly conserved among EmrE-like members of the SMR 

family (Fig. S2) but has no known role in EmrE function. Could H110 account for the elevated 

proton release? 

Determination of H110 pKa To test this hypothesis, we performed pH titrations of drug-free and 

TPP+-bound EmrE using 1H-15N HMBC NMR experiments to directly observe the histidine side-

chain (Fig. S5)34. Though HMBC experiments are relatively insensitive, the direct observation of 

the imidazole ring enables an accurate determination of the histidine side chain pKa value. 

Conveniently, EmrE only has a single histidine residue, allowing clean observation of H110 in this 

experiment. 

At 45°C, the rapid rate of alternating access in drug-free EmrE results in intermediate or 

fast exchange of the H110A and H110B peaks such that they are not resolved in the HMBC 

spectra, preventing accurate determination of the H110 sidechain pKa values at that temperature. 

Fortunately, at 25°C the peaks corresponding to H110 from each monomer in the asymmetric 

homodimer are clearly resolved (Fig. 4, S5, S6, S7), allowing the determination of the pKa for 

H110A and H110B separately (Table 1 and Fig. 5). This reveals a drug-induced pKa shift of H110A 

(Table 1), which is in the C-terminal tail of EmrE located on the open side of the transporter. 

Interestingly, there is no drug-induced pKa shift for H110B, which is located on the closed face. 
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The pKa shift of H110A upon TPP+ binding will result in the release of protons from this C-terminal 

residue. Including proton release from H110 along with the proton release from E14 in the free 

exchange model gives a better fit of the experimental proton release data at 25°C (Fig. 6).  

Evidence for coupling of the C-terminal tail to the binding pocket The drug-induced pKa shift of 

H110A (Table 1) and sensitivity of the C-terminal tail chemical shifts to the identity of the bound 

substrate (Fig. S1) could occur through direct interaction with the binding pocket, or indirectly due 

to large-scale conformational change upon drug binding. To investigate this further, we re-

analyzed the effect of pH on the backbone amide groups throughout EmrE as recorded in the 1H-

15N TROSY HSQC pH titration of TPP+-bound EmrE (Fig. S3). We have previously shown that 

pH-dependent chemical shift perturbations of core residues in the binding pocket of drug-bound 

EmrE are the result of protonation of E1416. As expected, residues in the tail of monomer B have 

pH-dependent chemical shift perturbations that are well fit with a pKa value matching the H110B 

side chain pKa value (Table 1, Fig. S4). However, the pH-dependent chemical shifts of residues 

in the monomer A C-terminal tail have pKa values that match the pKa of E14, not H110A. This 

strong coupling between the C-terminal tail of monomer A and E14 suggests a more direct 

interaction of this tail with the core binding domain of EmrE, either with the binding pocket itself 

or with the structured loops surrounding the pocket (Fig. 2). 

Assessing solvent accessibility of H110 If the C-terminal tail of monomer A is interacting with the 

binding pocket in some way, it may be protected from water, since the binding cavity is 

hydrophobic and poorly hydrated relative to the bulk aqueous solution 35. To analyze the solvent 

accessibility of the C-terminus, we recorded spectra with and without a water-soluble 

paramagnetic ion, Mn2+ (Fig. 7). The Mn2+ will cause paramagnetic relaxation enhancement (PRE) 

of nearby nuclei, leading to the disappearance of peaks in the NMR spectra that correspond to 

residues accessible to water. At high pH, the backbone amides of both H110A and H110B are in 

an aqueous environment since these peaks disappear in the presence of Mn2+. However, at pH 
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5.2, the H110 signals remain visible in the spectrum even in the presence of Mn2+, indicating that 

H110 is more protected from water at low pH (Fig. 7). 

Evidence for a second state of H110A At elevated pH, the H110A peaks are broadened in the 

nitrogen dimension, indicative of microsecond to millisecond transitions between different 

conformational states. This is apparent to a certain extent for drug-free EmrE and is even more 

pronounced with TPP+ bound. While no second state is visible in the HMBC spectra, this pulse 

sequence is relatively insensitive and may not detect lowly populated states. To address this, we 

prepared TPP+-bound EmrE selectively labeled with 15N/13C-histidine and acquired TROSY-

HSQC spectra at pH 6 and 8 to observe the backbone amides. Since H110 is the only histidine 

in EmrE, only peaks corresponding to H110 are visible. The increased sensitivity of this pulse 

sequence reveals two peaks in addition to the major states of H110, confirming that H110 has 

multiple conformations when TPP+ is bound (Fig. 8). It likely that H110 also exists in multiple 

conformations for drug-free EmrE, but the highly dynamic nature of EmrE under these conditions 

makes this difficult to demonstrate conclusively.  

Discussion 

Ion-coupled transport requires regulated access of ions and substrates into and out of the binding 

site. Transport will be biased toward symport or antiport depending on whether ion and substrate 

binding is competitive or cooperative, and how the relative rates of alternating access vary when 

the transporter is empty or bound to substrate and/or ion. Cartoon models of transporters often 

exclude states and transitions that would weaken coupling efficiency or lead to leak pathways, 

but few transporters have been studied in sufficient detail to unambiguously support their 

exclusion. Recently, it was shown that the H+/sugar symporter GlcP is capable of H+/sugar 

antiport, in violation of traditional models of symport 36. Instead, the authors proposed a “universal” 

kinetic model of transport, that can accommodate symport, antiport, or uniport depending on the 

rates of the transitions between the various states. This is similar to our free exchange model for 
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EmrE. In the case of EmrE, the rates of alternating access in different substrate-bound and 

substrate-free states have previously been studied14–17,29,35 and do not follow the expected 

patterns for coupled antiport. Both NMR experiments and MD simulations indicate that apo EmrE 

is capable of alternating access13,16,35, and NMR demonstrates that EmrE can simultaneously bind 

and transport drug and proton near neutral pH17. Those results suggest that EmrE should be 

capable of both symport and antiport of drug and protons, and should rapidly leak protons. 

Nevertheless, functional assays demonstrate that EmrE does not leak protons in the absence of 

drug. Furthermore, while liposomal transport assays indicate that EmrE may be capable of both 

symport and antiport, its well-established drug-resistance activity indicates that antiport is the 

dominant function under physiological conditions17. Here we focus on the competition between 

drug and proton binding to EmrE to see if this matches the expectations for an ion-coupled 

antiporter. 

The experiments presented here investigate the competitive binding of drug and protons 

EmrE to better understand how this promiscuous transporter is biased toward net antiport. We 

identify an additional protonatable residue coupled to drug binding, H110, and demonstrate that 

the C-terminal tail of EmrE on the open side of the transporter is strongly coupled to the E14 

binding pocket within TM 1-3. At first, a role for H110 in EmrE’s binding mechanism seems 

surprising. The C-terminal tail of EmrE extends from TM4, which mediates EmrE dimerization and 

is set apart from EmrE’s core binding domain (TM1-3) (Fig. 2)25. Previous Cys-scanning 

mutagenesis studies of EmrE did not reveal a significant role for the C-terminal tail in substrate 

binding or transport6,37,38. However, H110 is highly conserved across the SMR family (Fig. S2), 

suggesting an important but as of yet undiscovered functional role. Consideration of our results 

alongside previous studies of EmrE suggests this conserved tail may participate in secondary 

gating of EmrE transport, occluding the binding pocket of fully protonated EmrE in the absence of 

drug and preventing proton leak. 
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To better understand the functional implications of competition between drug and proton 

binding to EmrE, we measured drug-induced proton release from EmrE as a function of pH (Fig. 

3). At low pH we observed the release of approximately one proton per dimer, which is consistent 

with the simultaneous binding of drug and proton by EmrE and the free exchange model. 

Surprisingly, around neutral pH we observed greater proton release than could be explained by 

consideration of drug and proton-binding at the established “single” binding site defined by E14. 

Our prior NMR-monitored pH titrations showed that H110 is the only other residue that titrates 

near neutral pH16. We observed a drug-induced pKa shift for the imidazole side chain of H110A in 

the presence and absence of TPP+. Incorporating the proton release from H110 into the model 

accounts for the increased proton release near neutral pH.  

In addition to the drug-induced pKa shift of H110, the C-terminus of EmrE is acutely 

sensitive to drug binding. These effects could be due to direct interaction of the C-terminal tail 

with the binding site near E14 or indirectly through changes in the overall conformation when 

EmrE is bound to different drugs. The tail is not resolved in the available crystal and cryo-EM 

structures of EmrE23,39, preventing a direct structural analysis. Re-examination of our previous 

NMR pH titrations monitoring the backbone amides (Fig. S3) revealed that the backbone amides 

in tail A fit to a pKa of 6.3, matching the pKa of E14 in the active site of TPP+-bound EmrE (Table 

1). The large pH-dependent chemical shifts displayed by these residues indicate a significant 

change in chemical environment, which could be consistent with a direct interaction with the 

binding domain. The poor solvent accessibility of H110 at low pH for TPP+-bound EmrE further 

indicates that the tail is located in a less-exposed environment, as would be the case if it folds 

back toward the active site (Fig. 2, dashed line). Interestingly, in a recent molecular dynamics 

study using a complete model of EmrE embedded in a lipid bilayer, the tail of monomer A existed 

in heterogeneous populations, some of which did extend back into the binding pocket for an 
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extended period during the simulation35. Our experimental results, including our observation of 

multiple states for H110, are consistent with this MD simulation.  

If the C-terminal tail can extend into the binding pocket, what is its role in the transport 

mechanism of EmrE? A possible functional mechanism for the C-terminal tail as a secondary gate 

in EmrE begins to emerge from consideration of our data and previously published experiments 

examining the structure and function of EmrE using a variety of experimental approaches.  

In recent MD simulations, the binding pocket spontaneously dehydrated when both E14 

residues were protonated35. This is in agreement with DEER-EPR measurements which showed 

re-packing of the TM3-4 loop to occlude the binding pocket upon lowering the pH from 8 to 5 for 

drug-free EmrE28. Interestingly, this pH-dependent conformational change was also observed in 

E14Q-EmrE, demonstrating that it must depend on the protonation of a residue other than E14. 

The authors proposed protonation of E25 and D84, given the locations of these residues within 

the structure and the effect of mutations at these positions. While this is a logical conclusion, there 

is no evidence for protonation of either E25 or D84 in this pH range in our NMR spectra, which 

provide a more direct probe of electrostatic environments16. However, as shown here, H110 does 

titrate in this pH range and is sensitive to drug binding. Additionally, both co-evolutionary analysis 

and MD simulations suggest interactions between the C-terminal tail and the TM3-4 loop (Fig. 

S8). Furthermore, in the MD simulations, interactions were observed between H110A and the 

TM1-2 loop, where E25 is located. These interactions only occurred when EmrE was fully 

protonated or in an unstable singly protonated state that is likely physiologically irrelevant.  

In consideration of these results, we propose that protonation of H110A at low pH could 

facilitate electrostatic interactions between positive charges in the C-terminal tail (H110 and R106) 

and the negatively charged E25 and D84 in the TM1-2 and TM3-4 loops (Fig. 2, dotted line). 

Formation of such an interaction upon H110A protonation could explain the pH-dependent 

conformational change of the TM3-4 loop to occlude the E14 binding pocket observed by EPR at 
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low pH and is consistent with the NMR pH titration data and evolutionary couplings. If the binding 

pocket is occluded when EmrE is fully protonated, it would prevent proton transport across the 

membrane in the absence of drug. This could explain the most significant shortcoming of the E14-

only free exchange model – the prediction that EmrE should rapidly transport protons across the 

membrane in the absence of drug, in contrast to results from proton leakage assays  that show 

no significant proton leak17.  

However, in order for EmrE to perform coupled antiport of drug and proton, proton 

transport must occur in the presence of drug. In an early NMR study of EmrE, TPP+ binding to 

EmrE was monitored by 31P NMR, allowing direct observation of the drug40. In that study, two 

distinct populations of EmrE-bound TPP+ were observed. At low concentrations, TPP+ bound 

weakly to E25 and D84 via electrostatic interactions. Binding of TPP+ to the canonical binding site 

at E14 only occurred when the TPP+:EmrE dimer ratio exceeded 1:1, even though this site has a 

higher affinity. We propose that the binding of TPP+ to E25 and D84 observed at low drug 

concentrations40 disrupts the electrostatic interactions between these residues and the positively 

charged C-terminal tail. This results in release of the C-terminal tail from interaction with the loops 

surrounding the transport, opening the secondary gate and allowing proton release from and drug 

binding to E14 within the transport pore. While speculative, this mechanism is consistent with the 

experimentally observed behavior of the loop and the tail of EmrE and would explain the tight 

kinetic correlation of drug on-rates and proton off-rates previously observed by stopped flow18. 

Our proposed model is also analogous to a recently uncovered mechanism in MdfA, a 

multidrug/proton antiporter from the major facilitator superfamily with a remarkably similar 

substrate profile to EmrE, in which electrostatic interactions between loop residues around the 

rim of the binding pocket are essential to proper gating of transport41.  

While gating is a common feature of transporters2,42, the presence of a secondary gate in 

EmrE would be remarkable in a such a small transporter. At first glance, distinctions between 
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secondary gating within a free exchange transport model and the pure exchange model of antiport 

might seem trivial, since both mechanisms are gated, limiting proton transport in the absence of 

drug. However, gating EmrE at the fully protonated state, as proposed here, rather than the 

deprotonated state is a crucial distinction. In the pure exchange model, proton leak is prevented 

by stipulating that the empty transporter cannot alternate access. If EmrE can alternate access 

when deprotonated, as demonstrated by NMR15,16 and allowed in the free exchange model, then 

EmrE should confer drug sensitivity under certain conditions.  Indeed, EmrE-mediated sensitivity 

to methyl viologen, a +2 substrate, has been demonstrated both at high pH19 and at neutral pH 

when the E14 pKa is lowered by mutation to aspartate29. This is consistent with electrogenic drug 

uptake. Additionally, this mechanism would explain the ease with which EmrE can be transformed 

from a proton-coupled efflux pump to a polyamine importer by a single point mutation – W63G43. 

Such a mutation would not need to fundamentally alter the dynamics or mechanism of the 

transporter; it would merely need to change EmrE’s binding specificity. Finally, this mechanism 

would represent an inversion of the strict competition stipulated by the pure exchange model. 

Rather than excluding simultaneous drug and proton binding, binding of drug, albeit to a 

secondary site, would be required for proton release. Competition between drug and proton 

remains central to antiport, but the mechanism may be very different than proposed by earlier 

models. 

Experimental Procedures 

Expression and Purification EmrE was expressed and purified as previously described44. 15N- 

labeled samples were grown in M9 media supplemented with 1g/L 15NH4Cl (for HMBC 

experiments) or D2O M9 media supplemented with 0.5g/L 15N isogro (Sigma-Isotec) and 1g/L 

15NH4Cl (for HSQC experiments). Histidine-labeled samples were grown in M9 media, with 33 

mg/L 13C-15N labeled histidine added one hour prior to induction. EmrE purified in DM was 

reconstituted into DMPC or DLPC liposomes at a 1:80 EmrE monomer:lipid molar ratio. Detergent 
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was removed by Amberlite XAD 2 beads, and liposomes were collected by ultracentrifugation. 

Samples were resuspended in NMR buffer containing DHPC at a 1:3 long chain to short chain 

lipid ratio to prepare isotropic bicelles.  

Isothermal Titration Calorimetry ITC titrations were performed in a TA Instruments Low Volume 

Nano calorimeter using the ITCRun software (TA Instruments, Lindon, UT) with 2.5 μL injections, 

stirring at 350 rpm at 45°C.  Each buffer condition was run 2-4 times, with a minimum of 3 buffers 

per pH value between 5.5 and 8.5. At lower pH values, samples contained 20 mM buffer and 20 

mM NaCl. At pH 8.5, all samples contained 50 mM buffer to improve buffering capacity and 

minimize pH drift. Buffer ionization enthalpies were adjusted to 45 °C using the reported standard 

molar heat capacity change at 25 °C45. Each titration was analyzed independently, confirming the 

1 TPP+:EmrE dimer (n=0.5 TPP+/EmrE monomer) binding stoichiometry under all conditions. ITC 

experiments in MOPS at pH 7.5 were performed with both 20 and 50 mM MOPS to confirm that 

observed binding enthalpies were independent of buffer concentration. EmrE in 1:3 DLPC:DHPC 

isotropic bicelles ranged in concentration from 25 - 835 μM EmrE (monomer concentration) and 

TPP+ concentrations varied from 76 μM - 5 mM TPP+, depending on pH, to keep the c-value for 

the ITC experiment in an optimal range.  Sample pH was checked at 45 °C before and after each 

experiment. Data is reported in Table S1. The data was fit as previously described17,46. 

Modeling Proton Release. Proton release from E14 was modeled as described in the main text. 

Proton release from H110A was similarly calculated by subtracting the fraction of protonated 

H110A in TPP+-saturated EmrE from the fraction of protonated H110A in drug-free EmrE, where: 

𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛𝑎𝑡𝑒𝑑 𝐻110஺ = 

10ି௣ு

10ି௣ு + 10ି௣௄ೌ
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using the relevant pKa value from Table 1. The pKa values for H110B were not significantly 

different, so no protons are released from H110B. 

Direct Measurement of Proton Release EmrE in 1:3 DMPC/DHPC isotropic bicelles with 1 mM 

bicine, 0.5 mM MOPS, 0.5 mM MES, 0.2 mM acetate, 100mM NaCl was diluted with bicelles (80 

mM DMPC, 240 mM DHPC) in the same buffer to create stock solutions ranging from 40-200 μM 

(monomer concentration) EmrE. 100 μL EmrE stock solutions were diluted with 800 μL 7.5 mM 

DHPC and 100 mM NaCl, and precise concentrations were determined from the A280 (EmrE  = 

38,368 M-1 cm-1) of this solution immediately before each experiment. 10 mM NaOH or HCl was 

used to bring each sample to desired initial pH. 100 μL of 50 mM TPP+ in 50 mM DHPC and 100 

mM NaCl adjusted to the desired pH was added to saturate EmrE and initiate proton release. 

Proton release was monitored directly with a microelectrode using an HI 2209 analog pH meter 

from Hanna Instruments digitized with a DataQ data logger. Proton release was quantified by at 

least five subsequent additions of 20 nM HCl and NaOH per sample, and proton concentration 

was assumed to be linear within this range. A minimum of five concentrations of EmrE was used 

to monitor proton release at each pH, and a plot of measured proton release vs. dimer 

concentration was used to generate reported values of proton release per dimer. 

NMR pH Titration All pH titration data were collected using a Bruker Avance III HD 900 MHz 

spectrometer with a cryogenic probe on 0.6-1.0 mM EmrE samples in q=0.33 DMPC/DHPC 

isotropic bicelles. Sample buffers contained 100 mM bicine, 50 mM MOPS, 50 mM MES, 20 mM 

acetate, 20 mM NaCl, 2 mM TCEP, 6% D2O, and 0.05% NaN3, with 4 mM TPP+ added to drug-

bound samples. Sample pH was adjusted using a pH electrode and was measured again after 

each NMR experiment to account for any pH drift. pH drifts during 2D NMR experiments were 

only observed for titration points above pH 8 and the average pH value was used.  TROSY-HSQC 

spectra were collected as previously described17. HMBC spectra were collected using a modified 

HSQC sequence with delays during INEPT transfer steps adjusted to suppress one-bond J-
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coupling and select for long-range coupling. Proton and nitrogen chemical shifts were fit using 

IgorPro (Wavemetrics, https://www.wavemetrics.com) to the following equation to determine pKa 

values: 

 

𝛿 =
𝛿ு10ି௣ு + 𝛿஽10ି௣௄ಲ

10ି௣ு + 10ି௣௄ಲ
 

 

Where δH is the chemical shift of the protonated species at low pH, δD is the chemical shift of the 

deprotonated species at high pH, and pKA is the pKa of the titratable group. For drug-bound HMBC 

spectra of H110, broadening of the monomer A peak in the nitrogen dimension prevented 

accurate peak position determination above pH 7.8. Proton peak positions above this pH were 

determined from 1D slices of the 2D HMBC spectra. 

Paramagentic relaxation analysis Four separate uniformly labeled NMR samples were prepared 

as described in 100mM MOPS, 100mM bicine, 20mM acetate, and 20mM NaCl at different pH 

values. Samples contained 0.7mM EmrE in q=0.33 isotropic bicelles as well as 0.05% NaN3, 10% 

D2O, 2mM TCEP, 2mM TPP+, and 2mM DSS. Each sample was adjusted to pH at 35°C and pH 

checked again after data acquisition. To assess paramagnetic relaxation effects, 0.5mM MnCl2 

was added to each sample and another, identical 1H-15N TROSY-HSQC spectrum was collected 

in the same manner.  
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tetraphenylphosphonium; TROSY, transverse relaxation optimized spectroscopy; HSQC, 

heteronuclear single-quantum coherence; HMBC, heteronuclear multiple bond correlation  

spectroscopy
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Table 1. pKa values for E14 and H110 determined by NMR 

 

 

&Drug-free EmrE pKa values are macroscopic pKa values and cannot be unambiguously assigned 
to E14A or E14B. The pKa value for TPP+-bound EmrE is due to protonation of E14B. 

*Determined by TROSY-HSQC monitoring backbone amide chemical shift change with pH (Fig. 
S3, S4). For the C-terminal tail, chemical shift perturbations of S105, R106, and T108 fit to the 
reported pKa values (Fig. S4).  

#H110 pKa value of the side chain imidazole determined from a pH titration with HMBC NMR 
spectra (Fig. 5, S6, S7). 

 

 

 

  

Residue Drug-free TPP+-bound 

25°C   

E14& 6.8 +/- 0.1 16 
8.5 +/- 0.2 16 

6.32 +/- 0.02* 

H110A 7.05 +/- 0.02# 6.77 +/- 0.03# 
H110B 6.98 +/- 0.01# 6.97 +/- 0.03# 

C-terminal tail A N/A 6.34 +/- 0.04* 
C-terminal tail B N/A 7.00 +/- 0.04* 

45°C   

E14& 7.0 +/- 0.1 16 
8.2 +/- 0.3 16 

6.8 +/- 0.1 17 
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Figure 1. Two competing models for antiport. In pure exchange (left), strict competition for the 

single site between drug and two protons, along with prohibition of alternating access in absence 

of substrate or ion, leads to tightly coupled stoichiometric antiport of 2H+/drug. In free exchange, 

competition remains but no restrictions are placed on binding or alternating access, allowing both 

1H+/drug (orange) and 2H+/drug (red) antiport. 
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Figure 2. Structure of TPP+-bound EmrE. Crystal structure (3B5D) 23, with monomer A in 

magenta, monomer B in blue, and TPP+ in orange. The C of E14 is shown as a green sphere. 

The final residue in the structure, S105A, is indicated by a red dot. The location of the C-terminal 

tail is unknown, but it could interact with positively-charged residues in the Monomer B loops 

(dotted line) or fold into the binding pocket itself (dashed line). 
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Figure 3. E14 alone cannot account for drug-induced proton release. A, Proton release per 

EmrE dimer upon the addition of saturating concentration of TPP+ as predicted by pure exchange 

(black line) or free exchange models of transport at 25°C (blue line) or 45°C (red line), assuming 

E14 is the only residue involved. Experimental proton release, whether measured directly at 25°C 

(blue circles) or by ITC at 45°C (red circles), is more consistent with the free exchange model at 

low pH where the two models are most distinct. However, more protons are released upon TPP+ 

binding near neutral pH than would be predicted by the E14-only free exchange model. B, Fit of 

proton release measured directly at 25°C and pH 6  by pH electrode as a function of EmrE 

concentration. The slope indicates the drug-induced proton release per dimer (sample data shown 
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in panel D). C, Fit of enthalpy of TPP+ binding as a function of buffer ionization enthalpy at 45°C 

and pH 7.5. The negative slope represents the proton release per monomer (sample data shown 

in panel E).  D, Representative trace of TPP+-induced proton release at pH 6. At the indicated 

time point, 5 μmol TPP+ was added to a solution containing 7.5 nmol EmrE dimer causing a 

release in protons seen by the drop in pH. This pH drop was converted to nmol H+ by the 

subsequent addition of known quantities of NaOH and HCl to the solution. Additional aliquots of 

HCl and NaOH were added to improve quantitation (data not shown). E, Overlay of representative 

ITC binding curves for TPP+ at 45°C and pH 7.5 in either potassium phosphate (gray), BES (dark 

blue), MOPS (beige), imidazole (brown), or Tris (light blue) buffer (see Table S1 for complete ITC 

data).   
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Figure 4. NMR-monitored pH titration of H110 side chain. A, H110 peaks for each monomer 

in HMBC NMR spectra of drug-free EmrE in isotropic bicelles are clearly resolved at 25C. Three 

or four peaks are observed for each imidazole ring as explained in Fig. S5. As pH changes, the 

peak positions titrate along a line, consistent with a single protonation event. The peak positions 

at low pH fall along this line for both monomers, indicating that the peak overlap at low pH is due 

to similar chemical environments for the two residues, not fast exchange. Thus, the pKa for each 

monomer can be determined separately. Representative peaks are shown (see Fig. S6 for full 

titration). B, During alternating access conformational exchange, EmrE’s antiparallel protomers 

swap conformation. Monomer A is defined as the protomer in which the N and C termini (H110A) 
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are facing the same side of the membrane as the binding pocket, regardless of whether EmrE is 

open-up or open-down.  

 

Figure 5. Determination of the H110 side chain pKa. A, The Hδ2 and Nε2 chemical shifts of H110A 

(filled) and H110B (open) from the HMBC pH titration of drug-free EmrE are fit to determine the 

pKa. Hδ2 and Nε2 data was simultaneously fit to a single pKa for each monomer individually. B, Fit 

of H110A (filled) and H110B (open) from HMBC pH titration of TPP+-bound EmrE. Proton and 

nitrogen were fit together, but due to line broadening at high pH, there is no nitrogen data above 

pH 7.77 for H110A. Summary of pKa values can be found in Table 1. 
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Figure 6. H110 contributes to drug-induced proton release at 25°C. Predicted proton release 

due to the drug-induced pKa shift of E14 (dashed line) or H110 (dotted line) measured by NMR. 

Including both E14 and H110 in the proton-release model (solid line) leads to increased proton 

release near neutral pH and gives a better fit of the data compared to an E14-only model (dashed 

line).  
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Figure 7. H110 is protected from solvent at low pH. TROSY-HSQC NMR spectra of TPP+-

bound EmrE in the absence (top) and presence (bottom) of 0.5 mM of the paramagnetic ion Mn2+. 

At low pH, the H110 signal is not fully relaxed by Mn2+, indicating that it is at least partially 

protected from water under these conditions.  

  



214 
 

 

Figure 8. H110 exists in multiple states when TPP+ is bound. TROSY-HSQC spectra of TPP+-

bound EmrE selectively labeled with 15N/13C-histidine reveal at least two additional histidine peaks 

at both low and high pH. These could correspond to two additional states of H110A, or one 

additional state each of both H110A and H110B. 
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Supporting Information 

 

 

Figure S1 – Effect of bound drug identity on C-terminal tail. Spectra of selected residues from 

EmrE bound to tetraphenylphosphonium (TPP+, black), ethyltriphenylphosphonium (EtTPP+, 

pink), 2,5-diethoxyphenyltriphenyl-phosphonium (DPhTPP+, blue), or methylbenzyltriphenyl-

phosphonium (MBTPP+, green) at pH 7. Residues in the monomer A C-terminal tail (S105, R106, 

T108) display significant chemical shift differences when EmrE is bound to different drugs, as we 

previously reported in 14. These chemical shift perturbations are comparable to those observed 

for residues in the active site, such as A10 which is located only one turn away from E14 in TM1.  
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Figure S2 – Sequence conservation for EmrE. ConSurf analysis 47–50 was performed on the EmrE 

amino acid sequence using either five iterations of PSI-BLAST 51 or one iteration of HMMER 52 to 

search for homologues. Homologous sequences were clustered using CD-HIT with a 90% identity 

threshold, resulting in 477 results from the PSI-BLAST search and 5979 results from the HMMER 

search. 300 representative sequences from each search were aligned using MAFFT 53, and 

calculated conservation scores are shown. 

 

Both homology searches display high conservation of residues that are known to be functionally 

important, including E14. Additionally, in both searches, H110 was shown to be maximally 

conserved. However, the PSI-BLAST alignment displayed significantly greater conservation 

overall. Recent work has shown that the majority of transporters within the SMR family are highly 

selective guanidinium transporters, and that EmrE is a member of a smaller clade of promiscuous 
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toxin efflux proteins within this family 54. 10% of the 300 representative sequences from the 

HMMER search were annotated as SugE, the prototypical guanidinium exporter, while SugE was 

not present at all in the results from the PSI-BLAST search, indicating that the PSI-BLAST search 

returned sequences primarily within the EmrE-like toxin efflux clade while the larger HMMER 

dataset included sequences across the family. Notably, residues with higher conservation in the 

PSI-BLAST search include aromatic residues Y40 and F44 known to be important for binding and 

transport of aromatic cations that are substrates of EmrE 37,55–57. D84 in the TM3-4 loop is also 

much more highly conserved within the EmrE-like clade than in the family overall. 
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Figure S3 – TROSY-HSQC pH titration of TPP+-bound EmrE at 25 °C. All the peaks change 

position with pH, reflecting fast proton on-/off- rates and the global conformational change that 

occurs upon protonation of E14 in EmrE, as we have previously shown at 45 °C 17.  
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Figure S4 – pKa determination for residues in TPP+-bound EmrE from TROSY-HSQC NMR pH 

titration. A) Global fit of backbone amide chemical shifts for selected core residues for monomer 

A (filled symbols, residues 10, 17, 44, 65) or monomer B (open symbols, residues 8, 9, 10, 17, 

65, 69). B) Global fit of C-terminal tail residues in monomer A (filled symbols, residues 

105,106,108) fit to a pKa of 6.3, indicating strong coupling to the binding site, while chemical shifts 



220 
 

of C-terminal tail residues in monomer B (open symbols, residues 106,108) fit to a pKa of 7.0, 

matching the pKa of the imidazole sidechain of H110B. 

 

Figure S5 – Histidine side chain correlations in HMBC spectra. In this two-dimensional NMR 

experiment, magnetization is transferred from the Hδ2 and Hε1 protons to the Nδ1 and Nε2 on the 

imidazole side chains. This leads to the appearance of four peaks in the HMBC spectra of cationic 

histidine, representing the correlation of both protons to both nitrogens. The three-bond Nδ1–Hδ2 
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correlation (red) weakens for neutral histidine, and often disappears from the spectrum at high 

pH. The relative position of the three visible peaks at high pH can be used to calculate the 

tautomer populations of the side chain (4:1 ε/δ for free imidazole). 

 

Figure S6 – Full HMBC NMR-monitored pH titration of H110 for drug-free EmrE. Spectra of 0.8 

mM EmrE in isotropic bicelles at 25C. 
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Figure S7 – HMBC NMR-monitored pH titration of H110 for TPP+-bound EmrE. 0.8 mM EmrE in 

isotropic bicelles saturated with 5 mM TPP+ at 25C. Peaks from monomer A and monomer B are 

resolved at low and neutral pH. Peaks corresponding to H110A are greatly broadened in the 

nitrogen dimension at high pH but can be seen in proton 1D slices (data not shown). Streaking at 

7.7 and 7.9 ppm in the proton dimension are due to the large amounts of TPP+ in the sample. 
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Figure S8 – Evolutionary couplings for EmrE. H110 is highly conserved, suggesting it may serve 

some functional role. To further probe the possibility that the C-terminal tail is coupled to the drug 

binding pocket, we constructed an alignment of 1408 proteins from the SMR family, each with 

less than 50% identity with EmrE, and generated an evolutionary coupling map using EVfold. To 

retrieve EmrE homologues, seven-iterations of PSI-BLAST were performed on June 12, 2018 

using the BLOSUM45 scoring matrix51. For the first five iterations, 1000 sequences were 

retrieved, while 4000 sequences were retrieved for the final two iterations. In between each 

iteration, sequences with greater than 90% identity to EmrE were removed from the Position 

Specific Score Matrix (PSSM). Sequences with less than 50% identity were aligned using Clustal 

Omega58. Residue positions not found in EmrE were removed from the alignment, and the final 
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alignment of 1408 sequences were uploaded to the EVFold server to perform the evolutionary 

coupling analysis59,60. 

 

The map revealed many couplings that were consistent with the known structure and function of 

EmrE, such as extensive couplings from TM1 to TM2 and TM3 lining the drug-binding pocket of 

EmrE. However, the pattern of the couplings is less well defined than for many other helical 

membrane proteins, possibly because of the highly dynamic nature of EmrE. An inherent 

drawback with evolutionary coupling analysis is that highly conserved residues that are important 

for function lack sufficient variation for robust analysis and thus display fewer couplings than 

moderately conserved residues. H110 is highly conserved, so it only displays two weak couplings, 

both to TM4. Nevertheless, other residues in the C-terminal tail display strong couplings to several 

parts of the protein, including TM2 and TM3. Of particular note are couplings from the C-terminal 

tail to the TM3-4 loop, suggesting a conserved interaction between these regions.  
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Table S1. ITC Experimental Data  

pH Buffer 

Buffer 
∆H 

(kJ/mol)* 

[EmrE
] 

(µM)# 

[TPP+] 
(µM) 

ΔH 
(kJ/mol) n# 

Kd
obs  

(nM) 

Blank 

 (µJ) 

5.5 Cacodylate -4.72 660 2810 -39  1 0.55 67000 -5.8 

5.5 Cacodylate -4.72 840 4890 -36  1 0.53 78000 -3.8 

5.5 MES 14.90 810 4560 -48  2 0.56 80000 -10.5 

5.5 MES 14.90 800 4610 -48  2 0.57 73000 -13.7 

5.5 Piperazine 32.83 800 4870 -61  2 0.57 58000 -12.5 

5.5 Piperazine 32.83 800 4980 -61  2 0.56 62000 -12.6 

5.5 Average:     0.56  0.02 70  9 x 103  

6.5 BES 24.21 84 233 -61  4 0.52 2100 -7.2 

6.5 BES 24.21 93 392 -56.4  0.9 0.55 1900 -3.4 

6.5 BES 24.21 94 392 -56  1 0.57 1900 -3.3 

6.5 Imidazole 36.46 111 254 -60  4 0.48 1700 -12.8 

6.5 Imidazole 36.46 92 389 -62  1 0.53 2100 -2.7 

6.5 Imidazole 36.46 91 384 -65  2 0.55 2300 -4.1 

6.5 KPi -1.00 93 308 -28.5  0.8 0.57 1800 -1.7 

6.5 KPi -1.00 57 192 -29  1 0.53 1300 -2.6 

6.5 KPi -1.00 94 394 -30.8  0.7 0.54 1900 -1.3 

6.5 KPi -1.00 95 404 -30  1 0.57 1900 -2.7 

6.5 Average:     0.54  0.03 1900  300  

7.5 MOPS 21.60 30 133 -40  4 0.42 130 -2.0 

7.5 MOPS 21.60 30 117 -40  3 0.45 180 -2.0 

7.5 MOPS 21.60 29 117 -40  5 0.48 150 -2.0 

7.5 MOPS 21.60 29 119 -42  3 0.49 160 -0.3 

7.55 BES 24.21 37 149 -41  2 0.53 210 -2.5 

7.55 BES 24.21 37 130 -51  2 0.45 280 -7.6 

7.55 Imidazole 36.46 33 141 -47.3  0.7 0.59 270 -1.4 

7.55 Imidazole 36.46 34 147 -48.6  0.6 0.57 260 -1.9 

7.55 KPi -1.00 43 307 -15.7  0.6 0.61 120 -1.6 

7.55 KPi -1.00 61 370 -18.7  0.2 0.57 150 -1.1 

7.55 Tris 46.27 31 96 -62  2 0.52 250 -0.9 
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7.55 Tris 46.27 30 97 -63  2 0.48 200 -1.2 

7.5 Average:     0.51  0.06 200  60  

8.5 Bicine 26.34 35 141 -31.6  0.8 0.56 40 -2.7 

8.5 Bicine 26.34 36 154 -32  1 0.54 40 -2.5 

8.5 Bicine 26.34 37 124 -29.3  0.8 0.47 20 0.9 

8.5 Bicine 26.34 38 124 -29  1 0.47 20 0.8 

8.5 Glycylglycine 43.08 32 124 -38.7  0.7 0.44 30 -0.2 

8.5 Glycylglycine 43.08 32 124 -35.1  0.9 0.45 30 -0.1 

8.5 Glycylglycine 43.08 30 121 -35.4  0.7 0.40 20 0.0 

8.5 Glycylglycine 43.08 32 128 -38  1 0.47 30 -0.9 

8.5 Tris 46.27 30 122 -38  2 0.42 50 -2.6 

8.5 Tris 46.27 31 133 -43.5  0.7 0.42 50 -1.3 

8.5 Average:     0.46  0.05 30  10  

*Buffer data taken from 45 and adjusted for temperature as described in the methods. 

#[EmrE] listed is the monomer concentration, n is therefore the stoichiometry of TPP+ bound per EmrE 
monomer, confirming that 1 TPP+ binds per dimer. 
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Preface: This chapter explores an intriguing implication of the free exchange model – that the 

multiple transport pathways exhibited by EmrE could be exploited to turn this model multidrug 

efflux pump into an antibiotic target. A manuscript detailing this work is currently being prepared 

for submission, with Peyton and I as co-first authors. Peyton performed the Biolog screen and 

acquired the S64V NMR spectra, while I performed the SSME transport assays and acquired and 

assigned the E14Q spectra. Will performed the growth assays, and Merissa performed binding 

assays (not included here, but which will appear in the final manuscript). 

Introduction: 

Antibiotic resistance in bacterial infections is a major global health crisis1. Bacteria acquire 

resistance through many methods, including small multidrug resistance (SMR) transporters which 

are found throughout the bacterial kingdom2–5. EmrE is an SMR transporter found in the inner 

membrane of E. coli that confers resistance to several toxic polyaromatic cations. Active efflux of 

toxic molecules by EmrE is driven by the proton motive force (PMF) through coupled antiport of 

substrate and proton as illustrated in Figure 1A. Due to its small size, EmrE has become a model 

system for studying the structure and mechanism of proton-coupled transporters. However, this 

minimal transporter has proven to be surprisingly complex, and EmrE has broken many long-held 

assumptions regarding the mechanism of ion-coupled transport. 
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Transporters have traditionally been classified as antiporters, uniporters, or symporters. Thus, 

the discovery that EmrE could perform coupled 2 H+: 1 substrate antiport of both polyaromatic 

cations6 defined its function for many years. More recently, careful exploration of the states and 

transitions of EmrE using NMR pH titrations and dynamics experiments revealed that many states 

would be significantly populated under physiological conditions, and that all these states could 

readily interconvert7. These results suggested that the minimal model of pure exchange transport 

typically used to represent EmrE function8 was overly simplified. Including all the states and 

transitions observed by NMR leads to a more complex model where proton/substrate symport, 

proton uniport, and substrate uniport are all possible in addition to the well-established 

proton/substrate antiport activity of EmrE (Fig. 1). The biological implications of these alternative 

pathways are significant – while H+-driven antiport results in toxin efflux and a resistance 

phenotype in vivo, all the alternative pathways (symport or uniport) result in toxin influx or PMF 

rundown, and thus would result in a susceptibility phenotype in bacteria.  

While 2H+: 1 substrate antiport has been shown to be the most common pathway of EmrE9, 

substrates may influence EmrE activity by altering the rate of key steps in the transport cycle and 

biasing flux through different pathways. EmrE functions as an antiparallel homodimer with 

glutamate 14 (E14) in TM1 playing a critical role in binding both drug and proton 10,11. Substrate 

can influence E14’s pKa in the drug bound state – which will impact likelihood to have drug only 

or drug and proton bound and thus favor antiport or symport9. Prior studies with a series of 

tetraphenylphosphonium (TPP+) derivatives revealed that the identity of the transported substrate 

significantly alters the rate of alternating access12, a critical step in the transport cycle in which 

EmrE switches between open-in and open-out conformations to move the substrate across the 

membrane. This raises the question of whether the small molecule substrate itself may not only 

alter the rate of transport, but also alter the manner or efficiency of proton coupling. 

There is precedent for a substrate switching functional behavior of an EmrE mutant. The 

W63G mutation extends EmrE’s substrate profile to erythromycin but also confers susceptibility 
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to polyamine compounds13. Here we explore whether substrate identity can switch the transport 

phenotype in the wildtype transporter, hypothesizing that EmrE can perform multiple types of 

proton-coupled and uncoupled transport and that the mode of transport depends on the identity 

of the transported substrate (Fig. 1). Using an unbiased small molecule phenotyping screen, we 

identify a new substrate to which EmrE confers susceptibility, harmane, and then use a 

combination of in vitro and in vivo assays to confirm direct interaction of harmane with EmrE and 

determine its mechanism of action. This work opens the possibility that small molecules can be 

designed that trigger alternative functions of a multidrug transporter, converting a resistance 

phenotype to a susceptibility phenotype and opening a potential target for antibiotic development. 

Results: 

An unbiased small molecule screen reveals a new substrate to which EmrE confers resistance. 

Many substrate screen have been performed on EmrE, but these screens have focused on 

quaternary ammonium compounds (QACs) and quaternary cationic compounds (QCCs) and 

biased the results toward antiport substrates6,14–16. We sought to perform an unbiased compound 

screen on EmrE using the Biolog Phenotypic Microarray assay from Biolog, Inc. This screen has 

been used to uncover diverse substrates of known proteins17 by assessing the metabolism of E. 

coli upon treatment with a small set of diverse compounds not biased by a specific motif or 

mechanism of action. We compared the metabolism of ∆emrE MG1655 E. coli cells transformed 

with either wildtype or non-functional EmrE (E14Q-EmrE). Compounds that led to greater 

metabolic activity when wildtype EmrE was expressed were classified as resistance hits, while 

compounds that reduced metabolic activity in the presence of wildtype EmrE were classified as 

susceptibility hits (Figure 2A, Table 1 – see methods for selection criteria). As shown in Figure 

1A, the screen found hits in both the resistance and susceptibility categories. The canonical EmrE 

substrate methyl viologen (MV2+) was the strongest resistance hit with a score of 8, the highest 

possible. This gave us confidence that the Biolog assay can report on EmrE drug resistance 

phenotypes. However, we were more interested in whether the assay can report on drug 
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susceptibility phenotypes. Two compounds scored -6, indicating reduced metabolic activity for 

wildtype EmrE vs. E14Q for 6 of the 8 concentrations tested: hexachlorophene and harmane. 

Hexachlorophene is nearly insoluble in aqueous buffer, so we continued on with functional 

characterization of harmane. 

We performed microplate growth assays with MV2+ and harmane to determine whether the 

metabolic phenotypes we observed with Biolog also resulted in bacterial growth phenotypes. As 

expected, cells expressing wildtype EmrE continued to grow in the presence of MV2+ while cells 

expressing E14Q-EmrE failed to grow at the same concentration of the compound (Figure 2B). In 

contrast, harmane treatment produced an unprecedented phenotype in EmrE literature. E14Q-

EmrE cells grew in the presence of harmane, but those cells expressing wildtype EmrE had a 

stagnated growth after three to five hours of treatment (Figure 2C). This confirmed that functional 

EmrE – a multidrug resistance transporter – confers susceptibility to harmane.  

Harmane is not transported by EmrE in a coupled manner, but rather induces proton efflux through 

the transporter. 

To better understand the mechanism of this intriguing result, we turned to solid supported 

membrane electrophysiology (SSME) to monitor the transport activity of EmrE reconstituted into 

proteoliposomes (Fig. 2)18. Proteoliposomes reconstituted with E14Q-EmrE were used as 

negative controls and produced minimal signals under all conditions. In the presence of a 2-fold 

inward-facing proton gradient without drug, wildtype EmrE produced a small positive signal, 

consistent with a small amount of uncoupled proton transport into the liposomes. The addition of 

either the canonical antiported substrate methyltriphenylphosphonium (MeTPP+) or harmane to 

both the internal and external buffers greatly increased this signal, consistent with increased 

transport (Fig. 2A-E, black).  

Next, we varied the combination of drug and proton gradients as this should produce 

predictable results for coupled transport19. For antiported substrates, the signal should increase 

when the drug and proton gradients face opposite directions (favoring exchange) and decrease 
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when the gradients face the same direction (favoring co-transport). Symported substrates should 

behave in the opposite manner, with increased transport when the gradients face the same 

direction and decreased transport when they are opposed. MeTPP+ behaved as expected for an 

antiported substrate, but harmane function was inconsistent with either antiport or symport. 

Regardless of the direction of the harmane gradient, the amount of transported charge remained 

constant – always in the direction of the proton gradient and well above the signal observed in 

the absence of harmane. This indicates that rather than being transported by EmrE in a proton-

coupled manner, harmane induces increased uncoupled proton transport by EmrE.  

We then investigated the effect of harmane concentration on the proton transport rate by 

co-varying the internal and external harmane concentration to maintain zero harmane gradient 

while maintaining the same 2-fold proton gradient. The peak current increased with increasing 

harmane concentration and saturated between 32 and 128 μM (Fig. 2F,G). While harmane 

induces uncoupled transport, the hyperbolic dependence of peak current on the harmane 

concentration suggests a direct binding interaction between harmane and EmrE is responsible 

for transport.  

Harmane binding induces broad conformational changes in EmrE, like TPP+. 

To understand the nature of the interaction between harmane and EmrE, we analyzed 

chemical shift perturbations (CSPs) of EmrE by NMR. To maximize the signal-to-noise ratio of the 

spectra, we used S64V-EmrE. This mutant of EmrE is known to slow the rate of alternating access 

of EmrE, increasing spectral quality, while binding compounds to similar affinity as wildtype EmrE 

20. We compared the CSPs of apo, harmane-bound, and TPP+-bound S64V-EmrE to map the 

conformational changes in EmrE upon compound binding. When S64V-EmrE binds TPP+, large 

CSPs occur throughout the protein, with particularly large CSPs in TM1 and TM3 (Fig. 4C,D). 

While harmane binding also effects changes throughout the spectrum, the CSPs are much 

smaller (Fig. 4A,B). Additionally, apart from two residues in TM1 (G17A and T18A), CSPs in the 

loops and tail are comparable to the CSPs in the transmembrane helices.  
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This suggested a potential mechanism of action for harmane’s uncoupling phenotype. A 

recent investigation of coupling between EmrE’s C-terminal residue H110 and the central binding 

site E14 led us to propose that proton transport by EmrE is gated by the C-terminal tail in the 

absence of drug21. Drug binding to a secondary site in the loops, originally suggested by drug-

monitored 31P NMR studies22, could unlock this gate and allow transport to proceed. Could 

harmane binding to this secondary site be responsible for its uncoupling activity? 

NMR of E14Q-EmrE reveals a secondary binding site that differs between resistance and 

susceptibility substrates of EmrE. 

To investigate the potential role of a secondary binding site, we performed NMR studies of 

E14Q-EmrE. This mutation abolishes the central drug binding site and thus, any changes in the 

spectrum upon the addition of drug must be due to binding to the secondary site. Addition of both 

harmane (Fig. 5A,B) and TPP+ (Fig. 5C,D) to E14Q resulted in CSPs throughout the protein. For 

TPP+, these changes were much smaller for E14Q than for S64V, with the largest concentration 

of significant CSPs seen in the C-terminal tail of subunit A. Interestingly, apart from TM1, the 

harmane CSPs were comparable between E14Q and S64V, suggesting that E14Q retains the 

functional binding site for harmane. 

Discussion: 

Recent studies in our lab suggest that the multidrug transporter EmrE may be capable of 

multiple transport functions, including drug uniport, proton uniport, and even proton-coupled drug 

symport in addition to its well-characterized proton-coupled drug antiport activity7,9. As drug 

identity dramatically alters the relative rates of EmrE’s transport pathways12, this raises the 

possibility that certain compounds may be able to bias EmrE toward these additional deleterious 

pathways and cause this multidrug resistance pump to instead confer drug susceptibility. With 

this in mind, we performed a metabolic screen of EmrE using a diversity library from Biolog. 

Despite the small size of the library (238 compounds), we identified several compounds for which 

EmrE conferred susceptibility, including harmane. 
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Using SSME transport assays, we found that harmane is not transported by EmrE in a coupled 

manner but instead, induces uncoupled proton transport. These assays cannot rule out the 

possibility that harmane is also transported by EmrE, but comparison with the microplate growth 

assays suggests that the susceptibility phenotype is due to uncoupled proton transport. Growth 

phenotypes between cells expressing wildtype or E14Q EmrE begin to appear around the 3 hour 

mark, approximately the point at which fermentable sugars are consumed 23 and cells become 

more reliant on the PMF for ATP production. NMR studies identified direct interaction between 

harmane and EmrE, including a peripheral binding site likely responsible for harmane’s 

uncoupling activity. While TPP+ also interacts with this peripheral site, TPP+ interactions with the 

primary binding site are much stronger22,24, whereas CSPs upon harmane binding are comparable 

regardless of the presence of the central E14 binding site. Future work to characterize this site 

and design compounds that preferentially bind to it rather than the central E14 site could yield 

substrates that cause even greater susceptibility phenotypes.  

With the increased threat of antibiotic resistance, it is imperative that we find new ways to 

combat multidrug efflux and resistance. EmrE’s ability to simultaneously confer resistance to 

some substrates and susceptibility to others is unprecedented, but not necessarily unique. In the 

absence of drug, the multidrug efflux pump P-glycoprotein exhibits significant levels of basal ATP 

hydrolysis25. In fact, loose coupling between the driving force, whether that consists of ion 

transport or ATP hydrolysis, and substrate transport may be a requirement of multidrug 

recognition and efflux, as tight binding generally requires highly specific and selective interactions 

between the protein and the substrate26. If loose coupling is required for multidrug efflux, then 

targeting dissipative pathways in these transporters may represent a fruitful avenue for 

combatting antibiotic resistance. 

Methods: 

Microplate Growth Curves 
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Cells expressing plasmids of interest were grown in LB media (tryptone, yeast extract, 30mM 

bistris propane, 100µg/mL ampicillin, pH 7.0) from a single colony to an OD of 0.2. The cells were 

then diluted to a final OD of 0.01 in microplates (Corning, REF: 351172) containing concentration 

ranges of harmane or MV2+. The plates were incubated in a microplate reader (BMG-Labtech) at 

37°C. OD600 (guanidinium and methyl viologen) and OD700 (ethidium bromide) were measured 

every 5 minutes for 20 hours. Experiments were performed in technical and biological triplicate 

and data was analyzed using Excel and Igor Pro. 

Functional Phenotypic MicroArrays 

MG1655 ∆emrE E. coli cells containing either WT- or E14Q-EmrE constructs were grown on LB-

Amp media overnight at 37°C. The phenotype microarray tests followed the established protocols 

of standard PM procedures for E. coli and other gram-negative bacteria (12). PM01-20 plates 

were used to screen both WT- and E14Q- EmrE expressing cells. Overnight plates were 

resuspended in IF-0a inoculating fluid (Biolog) to an optical density of 0.37. The cells were diluted 

by a factor of 6 into IF-0a media plus Redox Dye A and 20mM glucose was added for PM3-8 

plates. Cells were diluted to a 1:200 dilution in IF-10a media (Biolog) with Redox Dye A for PM9-

20 plates. PM plates were inoculated with 100µL of cell suspensions per well. The microplates 

were incubated at 37°C and read using the OmniLog instrument every 15min for 24 h. The area 

under the resulting metabolic curves was determined for cells expressing WT- SMRXx or E14Q- 

SMRXx. The difference was calculated as 

 Delta = (WT-SMRXx  Area) – (E14Q-SMRXx Area)    (1) 

Resulting in positive values for greater respiration by cell expressing WT-EmrE and negative 

values for greater respiration by cells expressing non-functional E14Q-EmrE. The 10% trimmed 

mean was then calculated for each data set (WT replicate 1, WT replicate 2, E14Q replicate 1, 

E14Q replicate 2) separately for each transporter as variation between replicates can arise due 

to minor deviations between plate sets or in the exact concentration of dye or OD of cells upon 

dilution on different days. The standard deviation was then calculated among known non-hits 
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(selecting at least 50 wells out of the 960 total wells in a single data set) to determine the cut-off 

values for actual hits. Individual wells were assessed as hits if the calculated Delta value (equation 

1) was more than two standard deviations from the 10% trimmed mean. For each hit, a value of 

+1 was assigned for resistance hits (positive Delta) and a value of -1 was assigned for 

susceptibility hits (negative Delta). These values were then summed across all eight wells for a 

single compound (4 wells of the same compound per plate set * 2 replicates, with a max score of 

±8. Final resistance or susceptibility hits were assigned if the total score was ≥ +3 (resistance) or 

≤ -3 (susceptibility). This definition was chosen since small total hit scores of ±1 or ±2 could arise 

by chance using the ± 2*SD cutoff to score individual wells. Values of ±3 recognize consistent hits 

across multiple replicates and/or different concentrations of the same compound. Our cutoff is not 

set higher since the 4 wells of each compound on a single plate set include different 

concentrations and some concentrations may not be sufficient to elicit a phenotype. 

Protein expression and purification 

To obtain purified protein, all EmrE mutants were expressed from a pET15b plasmid in M9 media 

and purified using an immobilized nickel and size exclusion chromatography as previously 

described18.For NMR samples, the M9 media was deuterated and 15N-labeled (and 13C labeled 

for assignment samples), and supplemented with 0.5g/L 2H-15N or 2H-13C-15N Isogro. Isotopically 

labeled purified protein was reconstituted into bicelles as previously described for solution NMR 

experiments21. For SSME transport assays, EmrE was reconstituted into 1-palmitoyl-2-oleoyl-

glycero-3-phosphocholine (POPC) liposomes at a 400:1 lipid:protomer mol:mol ratio. After adding 

the detergent solubilized protein, the final lipid concentration was 2.5 mg/mL in a buffer containing 

50 mM MES, 50 mM MOPS, 50 mM bicine, 100 mM NaCl, and 2 mM MgCl2 at pH 7. Detergent 

was removed by Biobeads as previously described21, and liposome aliquots were flash frozen 

and stored at -80°C until needed for experiments. 

NMR spectroscopy 
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75% of the backbone resonances of apo E14Q-EmrE was assigned at pH 5.8 by standard triple 

resonance experiments (TROSY-HNCA, TROSY-HNCO, TROSY-HN(CO)CA). TPP+-bound 

E14Q was assigned by titration of TPP+. 2D TROSY-HSQCs were acquired with a 900 MHz 

Bruker spectrometer equipped with a cryoprobe using standard pulse sequences with gradient 

coherence selection.  

Solid supported membrane electrophysiology 

All SSME data was acquired an a Nanion SURFE2R N1 instrument. Liposome aliquots were 

thawed, diluted 2-fold, and briefly sonicated. 10 μL of liposomes were added to prepare 3 mm 

sensors according to a standard protocol (Chapter 3). Prior to experiments, sensor capacitance 

and conductance values were obtained to ensure sensor quality. For all experiments, buffers 

contained 50 mM MES, 50 mM MOPS, 50 mM bicine, 100 mM NaCl, and 2 mM MgCl2 with internal 

pH values of 7.3 and external pH values of 7.0. For inward-facing drug gradients, external drug 

concentration was 8 μM and internal drug concentration was 0.5 μM. For outward-facing drug 

gradients, internal drug concentration was 8 μM and external drug concentration was 0.5 μM. 

Both internal and external drug concentration was 8 μM for the zero gradient data. For data 

acquisition, sensors were equilibrated with internal buffer and transport was initiated by perfusion 

of the external buffer before re-equilibration with the internal buffer. Signals were obtained by 

integrating the current during perfusion of the external buffer, with the final 100 ms of the initial 

buffer equilibration used as the baseline. Reported data are average values of at least three 

sensors, with error bars representing the standard error of the mean. 
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Figure 1 – Transport pathways in the free exchange model and their expected phenotypes. 
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Figure 2 – Biolog screen results and hit validation. (A) Plot of hit scores vs. compound number 

for the Biolog screen (data can be found in Table 1). (B) Growth curves of wildtype (black) or 

E14Q (red) ΔemrE-MG1655 E. coli with 500 μM methyl viologen. (C) Growth curves of wildtype 

(black) or E14Q (red) ΔemrE-MG1655 E. coli with 130 μM harmane.   
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Figure 3 – SSME characterization of transport behavior. (A) Cartoon scheme of gradient 

directions for panels (B-E). MeTPP+ (B and D) behaves as expected for an antiported substrate, 

with increased signal when the drug and proton gradients are oriented in opposite directions and 

a reversal of transport direction when the large MeTPP+ gradient is oriented in the same direction 

as the smaller proton gradient. Harmane (C and E) increases the transport signal compared to a 
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background without drug. While the direction of the harmane gradient does not affect the amount 

of observed transport (E), increasing harmane concentrations lead to an increased rate of proton 

transport (F and G). 
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Figure 4 – CSP analysis of drug binding to S64V-EmrE. CSPs for harmane-bound vs. drug-free 

(A and B), TPP+-bound vs. drug-free (C and D), and harmane-bound vs. TPP+-bound (E and F). 

CSPs are plotted onto the full-length MD structure27 using the indicated color scale, with 

unassigned residues colored gray. 
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Figure 5 – CSP analysis of drug binding to E14Q-EmrE. CSPs for harmane-bound vs. drug-free 

(A and B), TPP+-bound vs. drug-free (C and D), and harmane-bound vs. TPP+-bound (E and F). 

CSPs are plotted onto the full-length MD structure27 using the indicated color scale, with 

unassigned residues colored gray. 
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Table 1 – Biolog Screen Compound Scores 
# Compound Score # Compound Score 

1 Harmane -6 52 Cytosine-1-beta-D-arabinofuranoside -1 
2 Hexachlorophene -6 53 Bleomycin -1 
3 Menadione, sodium bisulfate -5 54 Oxophenylarsine -1 
4 18-Crown-6 ether -5 55 Cadmium chloride -1 
5 Cefoperazone -4 56 Tetraethylthiuram disulfide -1 
6 Nitrofurazone -4 57 Ciprofloxacin -1 
7 Oxytetracycline -4 58 Doxycycline Hydrochloride -1 
8 Cobalt chloride -4 59 Furaltadone -1 
9 Spectinomycin -4 60 Hygromycin B -1 

10 Ethionamide -4 61 2,4-Diamino-6,7-diisopropylpteridine -1 
11 Rolitetracycline -3 62 Phleomycin -1 
12 Geneticin disulfate (G418) -3 63 3-Amino-1,2,4-triazole -1 
13 Ruthenium red -3 64 Chlorambucil -1 
14 Antimony (III) chloride -3 65 Chromium (III) chloride -1 
15 Troleandomycin -3 66 Sisomicin -1 
16 Cefoxitin -3 67 Rifamycin SV -1 
17 Coumarin -3 68 Streptomycin -1 
18 Nickel chloride -3 69 2-Hydroxy-1,4-Naphthoquinone -1 
19 Oleandomycin, phosphate salt -3 70 L-Glutamic acid g-monohydroxamate -1 
20 Erythromycin -3 71 Gentamicin -1 
21 Dodine -3 72 Phenyl-methylsulfonyl-fluoride -1 
22 Glycine HCl -3 73 Tobramycin -1 
23 Spiramycin -3 74 Oxolinic acid -1 
24 Tylosin tartrate -2 75 Dihydrostreptomycin -1 
25 Trifluoperazine -2 76 Cefmetazole -1 
26 Zinc chloride -2 77 Sulfanilamide 0 
27 Aztreonam -2 78 Sodium metavanadate 0 
28 Amikacin -2 79 Polymyxin B 0 
29 Carbenicillin -2 80 Cefotaxime 0 
30 Ornidazole -2 81 Nalidixic acid 0 
31 8-Hydroxyquinoline -2 82 3,5-Dinitrobenzoic acid 0 
32 Neomycin -2 83 Cefuroxime 0 
33 Cefamandole nafate -2 84 4-Hydroxycoumarin 0 
34 5- Fluorouracil -2 85 Potassium chromate 0 
35 Guanidine hydrochloride -2 86 Atropine 0 
36 Puromycin -2 87 3,4-Dimethoxybenzyl alcohol 0 
37 Cesium chloride -2 88 Sodium Bromate 0 
38 Pyrithione -2 89 Myricetin 0 
39 Sodium Azide -2 90 Lomefloxacin 0 
40 Lidocaine -1 91 Polymyxin B 0 
41 Enoxacin -1 92 Hydroxylamine 0 
42 2- Phenylphenol -1 93 Phenethicilllin 0 
43 7-Hydroxycoumarin -1 94 Fusidic acid, sodium salt 0 
44 2,2`- Dipyridyl -1 95 Sodium Nitrite 0 
45 Guanazole -1 96 Josamycin 0 
46 Gallic acid -1 97 Lincomycin 0 
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47 Ampicillin, Sodium salt -1 98 trans-Cinnamic acid 0 
48 D-Cycloserine -1 99 Ofloxacin 0 
49 Thioridazine -1 100 Captan 0 
50 Trimethoprim 0 101 Procaine 0 
51 Pentachlorophenol 0 102 Nordihydroguaiaretic acid 0 

 Compound Score # Compound Score 
103 Plumbagin 0 155 Sulfamonomethoxine 0 
104 Blasticidin S 0 156 a-Monothioglycerol 0 
105 Azlocillin 0 157 Lauryl sulfobetaine 0 
106 Sodium orthovanadate 0 158 Sulfamethazine 0 
107 Domiphen bromide 0 159 Niaproof 0 
108 Nafcillin 0 160 Benzethonium Chloride 0 
109 Sodium Arsenite 0 161 Boric acid 0 
110 Orphenadrine 0 162 Glycine hydroxamate 0 
111 Cefazolin 0 163 6-Mercaptopurine monohydrate 0 
112 5-Fluoro-5`-deoxyuridine 0 164 Ferric chloride 0 
113 EGTA 0 165 DL-Propanolol 0 
114 Chlorhexidine diacetate 0 166 Sodium Selenite 0 
115 CCCP 0 167 5-Azacytidine 0 
116 Chlortetracycline 0 168 Cinoxacin 0 
117 Rifampicin 0 169 Sulfathiazole 0 
118 Kanamycin 0 170 DL-Serine hydroxamate 0 
119 Sodium periodate 0 171 Diamide 0 
120 Cephalothin 0 172 Chlorodinitrobenzene 0 
121 Demeclocycline 0 173 Vancomycin 0 
122 Phosphomycin 0 174 Chloramphenicol 0 
123 Piperacillin 0 175 Colistin 0 
124 Sulfisoxazole 0 176 Benserazide 0 
125 Chloramphenicol 0 177 5,7-Dichloro-8-hydroxyquinoline 0 
126 L-Aspartic-b-hydroxamate 0 178 Sodium Caprylate 0 
127 Cloxacillin 0 179 Protamine sulfate 1 
128 Sodium metaborate 0 180 Thiamphenicol 1 
129 Nitrofurantoin 0 181 Paromomycin 1 
130 Trifluorothymidine 0 182 Patulin 1 
131 Sodium pyrophosphate 0 183 2-Nitroimidazole 1 
132 Ketoprofen 0 184 Pridinol 1 
133 INT 0 185 Penimepicycline 1 
134 Cefsulodin 0 186 Oxacillin 1 
135 Capreomycin 0 187 Carbenicillin 1 
136 Tannic acid 0 188 Apramycin 1 
137 Sodium Cyanate 0 189 Amitriptyline 1 
138 DL-Methionine hydroxamate 0 190 1,10-Phenanthroline 

Monohydrate 
1 

139 Lithium chloride 0 191 DL-Thioctic acid 1 
140 Hydroxyurea 0 192 Penicillin G 1 
141 Chlorpromazine 0 193 EDTA 1 
142 Sodium Arsenate 0 194 Dequalinium chloride 1 
143 Fusaric acid 0 195 2,4-Dintrophenol 1 
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144 Sulfachloropyridazine 0 196 Aluminum sulfate 1 
145 Sulfadiazine 0 197 Promethazine 1 
146 Hexammine cobalt (III) chloride 0 198 Dodecyltrimethyl ammonium 1 
147 Minocycline 0 199 Triclosan 1 
148 Salicylate, sodium 0 200 Tinidazole 1 
149 Tolylfluanid 0 201 Semicarbazide hydrochloride 1 
150 Alexidine 0 202 Poly-L-lysine 1 
151 Sorbic acid 0 203 Azathioprine 1 
152 Thallium (I) acetate 1 204 Amoxicillin 1 
153 Pipemidic Acid 1 205 Dichlofluanid 1 
154 Sulfamethoxazole 1 206 Norfloxacin 2 
# Compound Score # Compound Score 

207 Sodium Dichromate 1 223 Sodium metasilicate 2 
208 Potassium tellurite 1 224 Sodium Tungstate 2 
209 Caffeine 1 225 9-Aminoacridine 2 
210 Iodoacetic acid 1 226 Moxalactam, sodium salt 2 
211 Compound 48/80 1 227 Potassium tellurite 2 
212 Oxycarboxin 1 228 Tetrazolium violet 3 
213 Ceftriaxone 1 229 FCCP 3 
214 4-Aminopyridine 1 230 Methyltrioctylammonium chloride 3 
215 Thiosalicylate 1 231 Manganese chloride 3 
216 b-Chloro-L-alanine 1 232 Proflavine 4 
217 Novobiocin 1 233 Sanguinarine chloride 4 
218 D-Serine 1 234 Acriflavine 4 
219 4-Chloro-3,5-dimethyl-phenol 1 235 Cetylpyridinium chloride 4 
220 Cupric chloride 1 236 Chelerythrine chloride 5 
221 Tetracycline 2 237 Crystal violet 6 
222 5-Chloro-7-iodo-8-hydroxy-quinoline 2 238 Methyl viologen 8 
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Chapter 6 

Allosteric regulation of proton transport by the multidrug efflux pump EmrE 

Nathan E. Thomas, Merissa Brousseau, and Katherine A. Henzler-Wildman 

Preface 

Our investigation of EmrE’s C-terminal residue H110 led us to propose a role for EmrE’s C-

terminal tail in gating proton transport by EmrE in the absence of drug (Chapter 4). The evidence 

for this hypothesis was circumstantial, based on coupling between the highly conserved H110 

and the E14 binding site, suggestion of a peripheral binding site in the literature, and the failure 

of the free exchange model to account for EmrE’s behavior in the absence of drug. Here, we 

directly test this hypothesis by preparing a mutant of EmrE that lacks the C-terminal tail. 

Consistent with our hypothesis, this mutant exhibits increased proton transport in the absence of 

drug and surprisingly, displays altered dynamics as well. I designed and supervised experiments, 

analyzed data, and wrote the chapter, while Merissa performed the majority of the bench work 

and helped analyze the microplate and SSME transport data. 

Introduction 

Secondary active transporters utilize the energy stored in electrochemical gradients to power the 

uphill movement of substrates across the membrane. In the single site, alternating access (SSAA) 

mechanism, coupled transport is a result of a dynamic regulation mechanism1. The transporter is 

structured such that a substrate binding pocket is exposed to one side of the membrane at a time. 

Substrate binding to this site induces a conformational change which closes access to the site 

from one side of the membrane and opens access to the other side, moving bound substrate 

across the membrane in the process. This strict mechanism, wherein conformational exchange 

requires substrate binding, prevents dissipative substrate leaks and ensures a high degree of 

transport coupling between substrates and the electrochemical gradients. 
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E. coli EmrE is a model system for studying proton-coupled drug efflux2. The functional dimer’s 

pair of membrane embedded E14 residues define EmrE’s single site in the SSAA paradigm, 

where competition between drug and proton for binding to E14 forms the basis of the coupling 

mechanism3–6. However, NMR investigations demonstrate that E14 can bind proton and drug in 

a variety of configurations and that EmrE can alternate access in every configuration7–10. To 

account for the NMR observations, we proposed a kinetically controlled free exchange model of 

coupled transport11. Simulations demonstrate that this model can account for concentrative drug 

uptake in the presence of a proton gradient12, but EmrE’s ability to alternate access rapidly in the 

absence of bound substrate breaks the central allosteric regulation mechanism of the SSAA 

model. Alternating access in the absence of substrate should allow for rapid proton transport in 

the absence of drug, unnecessarily dissipating the energy stored in the proton motive force (PMF). 

In contrast, experimental data shows that rapid proton transport by EmrE requires drug11, 

indicating that the free exchange model is missing a key regulatory mechanism of EmrE.  

In a recent study, we found that protonation of EmrE’s C-terminal residue, H110, is coupled to the 

drug occupancy of the E14 binding site13. While the functional effect of this coupling was unclear, 

we suggested that it could be involved in preventing dissipative proton transport in the absence 

of substrate. We hypothesized that when both E14 and H110 are fully protonated, the C-terminal 

tail occludes the central binding pocket to prevent proton release. An early NMR investigation of 

tetraphenylphosphonium (TPP+) binding to EmrE identified a weak drug binding site in the loops14. 

We proposed that drug binding to this peripheral site could release the tail, allowing protons to 

leave the central binding pocket and drugs to enter. Here, we provide functional evidence that 

EmrE’s C-terminal tail gates proton release from the central E14 binding site. Furthermore, we 

find that alternating access dynamics are controlled not just by the occupancy of the E14 binding 

site but through coordination between the central binding site, the peripheral site in the loops, 

andthe tail. This reveals a remarkable allosteric regulation mechanism through which EmrE’s 
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central binding pocket and C-terminal tail work together to bind substrates, alternate access, and 

couple transport of drugs and protons.  

Results 

Microplate growth assays demonstrate Δ107-EmrE is functional 

To test our hypothesis that EmrE’s C-terminal tail is involved in gating proton transport, we 

prepared a mutant of EmrE lacking the final four residues of the protein (hereafter referred to as 

Δ107), moving the C-terminus from the highly conserved H110 residue to R106. We then ran 

microplate growth assays to test the effect of this mutation on EmrE’s function in ΔemrE-MG1655 

E. coli cells. If the C-terminal tail is involved in gating proton transport, we might expect the cells 

expressing Δ107 to grow worse than cells expressing WT in the absence of drug due to dissipation 

of the PMF. Furthermore, if the primary role of the tail is to regulate proton transport rather than 

drug transport or a more structural role, then Δ107 should still be able to confer resistance to 

EmrE’s drug substrates.  

The results of these experiments are shown in Figure 1. In the absence of drug, cells expressing 

Δ107 grow worse than cells expressing the non-functional mutant E14Q. The difference in growth 

between Δ107 and WT is smaller and varies across biological replicates, likely the result of 

stochastic selection of impaired PMF suppressor mutations15,16. Any difference between Δ107 

and WT disappears when ethidium is added to the growth media, indicating that Δ107 is capable 

of conferring resistance to this canonical EmrE drug substrate. While these results are consistent 

with our hypothesis, the cellular phenotype for removing the C-terminal tail from EmrE is minor. 

Discerning the functional role of the C-terminal tail requires carefully controlled in vitro assays 

using purified protein. 

NMR spectroscopy 



256 
 

We next turned to solution NMR to better understand the effect of the Δ107 mutation on EmrE’s 

structure and function. EmrE’s small size makes it an ideal candidate for NMR, which has been 

used extensively to characterize its structure and dynamics7–11,13,14,17–20. We used 1H-15N 

transverse relaxation optimized heteronuclear single-quantum coherence (TROSY-HSQC) 

spectroscopy to initially survey the structure and dynamics of Δ107. In the asymmetric antiparallel 

homodimeric structure of EmrE, each residue exists in two unique environments due to the distinct 

conformations of subunit A and B, and thus each residue in the protein sequence has two distinct 

chemical shifts. Alternating access switches the conformations of the subunits, as the subunit 

initially in conformation A adopts conformation B and vis a versa, resulting in chemical exchange 

that can be detected by NMR. The rate of this alternating access can fall into three exchange 

regimes on the NMR timescale. In the slow exchange regime, the chemical shift difference 

between conformation A and B for a given residue is much larger than the alternating access rate 

and the two conformations are visible as separate peaks in the spectrum. In the fast exchange 

regime, the alternating access rate is much larger than the chemical shift difference and single 

peaks appear at the population weighted average (50:50 for EmrE) of the chemical shifts for each 

state. Finally, the intermediate exchange regime results when the alternating access rate is similar 

to the chemical shift difference, producing broadened peaks and poor spectral quality. Thus, the 

simple appearance of TROSY-HSQC spectra of EmrE can provide great insight into the 

alternating access dynamics of the protein. 

In the absence of drug, the spectral quality of Δ107 is poor (Fig. 2A). Addition of the tight-binding 

drug substrate tetraphenylphosphonium (TPP+) to the same sample slows down the 

conformational exchange rate and shifts the spectra into the slow exchange regime (Fig. 2B), 

demonstrating that the original poor spectral quality is due to conformational exchange on the 

intermediate to fast timescale or structural heterogeneity in the absence of substrate. For TPP+-

bound WT EmrE, this results in the appearance of approximately two peaks for every residue in 
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the protein, corresponding to the two conformations of the antiparallel, asymmetric dimer18. These 

two conformations are also apparent in the Δ107 spectrum, but many small peaks are also 

present, indicating the existence of additional minor conformations. The appearance of these 

minor peaks suggests a role for the C-terminal tail in regulating the conformational dynamics of 

EmrE.  

The loss of spectral quality for TPP+-bound Δ107 at pH 7.7 provides further evidence for this role. 

Many peaks broaden, and several peaks disappear entirely, which indicates that at elevated pH, 

the spectrum of drug-bound Δ107 is moving from the slow exchange regime to the intermediate 

exchange regime. While multiple chemical exchange events can affect the exchange regime of 

NMR spectra, including the substrate on-/off-rate or the exchange rate of backbone amide protons 

with water, the most significant rate for the spectral quality of EmrE is the rate of alternating 

access. When WT is bound to TPP+, the alternating access rate is firmly within the slow exchange 

regime for the vast majority of residues at high field. Protonation of the free E14 residue does not 

significantly change the rate of alternating access, and if anything, slightly increases this rate 

(8.9±1.2 s-1 when protonated, 7.0±0.6 s-1when deprotonated)11. The increased dynamics evident 

in the spectra of TPP+-bound Δ107 at pH 7.7 suggest that the alternating-access rate of drug-

bound EmrE may no longer be independent of pH when the C-terminal tail is removed.  

Before assessing the effect of pH on the alternating access rate of TPP+-bound Δ107, we first 

performed an NMR pH titration to determine the E14 pKa in the truncated mutant. While 

protonation of E14 does not affect the alternating access dynamics of WT, it does cause a 

conformational change that can be detected by chemical shift perturbations (CSPs) throughout 

the spectrum. Plotting peak positions as a function of pH reveals that a single pKa can account 

for the pH dependent CSPs, allowing the determination of the E14 pKa for TPP+-bound WT 

(6.8±0.5 at 45 °C)11. We expected that a similar approach would allow the determination of the 

E14 pKa for TPP+-bound Δ107. Instead, it soon became apparent that many residues in Δ107 
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sense more than one protonation event. Some peaks moved significantly between pH 5.33 and 

6.43, even changing direction during the course of the titration to more alkaline conditions (Fig. 

3A), while others barely moved at low pH but titrated significantly at higher pH (Fig. 3B). To 

minimize the effect of the lower pKa value, we fit the pKa using only well-resolved residues that 

primarily sensed the higher pKa, which gave an estimated pKa of 7.2±0.2. 

Dynamic crosstalk between the central binding site and the tail 

We then used ZZ-exchange spectroscopy to determine the alternating access rate at two different 

pH values. In this technique, a delay is inserted in the pulse sequence between the recording of 

the 15N and 1H chemical shifts. If conformational exchange occurs during this delay, cross-peaks 

will appear in the spectrum with the 15N chemical shift of the original state and the 1H chemical 

shift of the new state. Plotting the composite ratio of the cross-peak and the auto-peak intensities 

as a function of the delay eliminates other parameters to first order, allowing for determination of 

the exchange rate using a simple equation that depends only on the forward and reverse rate 

constants (kf=kr=k for EmrE) and time (composite peak ratio = k2t2)18. The results of these 

experiments are shown in Figure 4. At pH 5.5, the composite peak ratios for three well-resolved 

residues give an alternating access rate of 6±1 s-1 for protonated TPP+-bound Δ107, somewhat 

slower than for WT. The reduction in signal quality at pH 7.7 restricted the analysis to a single 

residue (N81), but the apparent alternating access rate of 12±1 s-1 was consistent across three 

different delays. This elevated rate, more than twice the measured rate of protonated TPP+-bound 

Δ107, provides clear evidence that the C-terminal tail plays a role in regulating the conformational 

dynamics of EmrE. 

The effect of removing the C-terminal tail on the alternating access dynamics of EmrE stands in 

contrast to the canonical SSAA model, which stipulates that alternating access should be 

regulated only by the occupancy of a single substrate binding site. Analysis of E14Q EmrE 

provides further evidence that control of alternating access in EmrE is more complicated than 
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envisioned by the SSAA model. This mutation prevents binding of drug to the central site defined 

by E14 and is thought to mimic protonation of the active site. However, unlike protonated WT 

which alternates access rapidly, the spectrum of E14Q is in the slow exchange regime (Chapter 

5). Removing the C-terminal tail from E14Q further alters the dynamics and shifts the spectrum 

into intermediate exchange, with doubled peaks for a few residues, single peaks for others, and 

many peaks broadened into the noise. This confirms that the C-terminal tail has a profound impact 

on the structure and dynamics of EmrE whether or not the central E14 binding site is present. 

Stunningly, addition of TPP+ to Δ107-E14Q slows the alternating access dynamics and shifts the 

spectrum towards slow exchange (Fig. 5). Many peaks remain broadened out, but intense peaks 

such as the C-terminal R106 are visibly doubled. As the E14Q mutation removes the central 

binding site, TPP+ can only bind to peripheral sites in the loops. EmrE’s alternating access rate 

must be governed by complex allosteric regulation between the central binding site, peripheral 

sites in the loops, and the C-terminal tail. 

The C-terminal tail gates proton release by EmrE 

Finally, we directly assessed the effect of the C-terminal tail on EmrE’s transport behavior using 

solid supported membrane electrophysiology (SSME). In this technique, proteoliposomes are 

adsorbed onto a membrane bound to a gold electrode sensor. The large number of liposomes 

adsorbed onto a single sensor allows detection of currents that are too small to measure using 

traditional electrophysiological methods, such as the currents produced by many secondary active 

transporters. Transport is initiated by perfusing buffer containing a substrate over the sensor. 

Current from charge moving into or out of the liposomes can then be measured by capacitive 

coupling between the membranes and the electrode.  

For our experiments, we prepared sensors from liposomes reconstituted with WT or Δ107. 

“Empty” liposomes which had undergone a simulated reconstitution process were used as a 

control to account for the background signal. We then ran transport assays by perfusing pH 7.0 
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buffer over sensors equilibrated at pH 6.5 in the absence of drug. Any uncoupled proton transport 

down the resulting outward-facing proton gradient should lead to a negative current. While both 

WT and Δ107 sensors produced negative currents, the signal from the Δ107 was nearly three 

times larger (Fig. 6A). It is possible that the difference in the amount of transport could be due to 

a difference in the number of liposomes adsorbed onto the sensors, rather than a functional 

difference between WT- and Δ107. To account for this possibility, we ran assays with the same 

proton gradient, but with 16 μM harmane in both the internal and external buffer. Harmane is an 

uncoupling substrate which causes EmrE to rapidly transport protons without counter transport of 

drug (Chapter 5). If the difference in transport signal between WT and Δ107 is due to unregulated 

proton transport, then the addition of harmane should lead to comparable amounts of transport 

between the two samples. In fact, the integrated current traces for Δ107- and WT are nearly 

indistinguishable when harmane is present (Fig. 6C). This provides strong evidence that EmrE’s 

C-terminal tail functions to regulate proton transport in the absence of drug.  

We then performed a final experiment to investigate the nature of this regulation. According to our 

hypothesis, the C-terminal tail functions as a secondary gate to occlude the binding pocket when 

EmrE is fully protonated, thereby preventing proton release and mitigating dissipative proton 

transport in the absence of drug. At pH 6.5, the sensors were equilibrated below the relevant pKa 

values of WT (6.8 and 8.5 for E14, 7.0 for H110). If protonation of these residues is required for 

the gate to close, then raising the pH should loosen the gate and increase uncoupled proton 

transport. We equilibrated sensors at pH 7.0 and repeated the assays in the absence of drug with 

an external pH of 7.5, maintaining the magnitude of the proton gradient but reducing the proton 

concentration. Consistent with our hypothesis, the signal from the WT sensors increased 

significantly, while the Δ107 signal remained the same (Fig. 6B). This demonstrates that flux 

through fully protonated EmrE is gated by the C-terminal tail in the absence of drug. 

Conclusions 
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Previous NMR studies of EmrE have observed behavior that contradicts the canonical single site 

alternating access model of secondary active transport8–11. To account for the NMR data, we 

proposed a free exchange model of coupled transport, where alternating access is permitted in 

every proton and/or drug binding state and coupled transport is achieved by kinetic control of the 

variety of transport pathways. While this model provides a good description of EmrE’s behavior 

in the presence of drug, it predicts that dissipative proton transport in the absence of drug should 

be much faster than has been observed experimentally.  

After observing coupling between the active site and protonation of the C-terminal residue H110, 

we hypothesized that EmrE’s C-terminal tail acts as a secondary gate to inhibit proton transport 

in the absence of drug. The data reported here provides strong evidence for this hypothesis and 

reveals complex allosteric coupling between the tail, loops, and the central E14 binding site. Using 

SSME transport assays, we found that EmrE lacking a C-terminal tail (Δ107) rapidly transports 

proton in the absence of drug, unlike WT EmrE, but the difference between Δ107 and WT is 

abolished in the presence of drug. This phenotype is also seen in cells, where Δ107 fully capable 

of conferring drug resistance but displays impaired growth in the absence of drug. Using NMR, 

we found that the Δ107 mutation changes the dynamics of EmrE and causes the alternating 

access rate to be pH sensitive when drug is bound. The dynamic effects of removing the tail are 

even more evident in the E14Q mutant background. While E14Q spectra are normally in the slow 

exchange regime, Δ107-E14Q alternates access much faster, shifting the spectra into the 

intermediate exchange regime. Surprisingly, despite lacking a central binding site, the alternating 

access dynamics of this mutant are drug sensitive.  

Taken together, these results demonstrate that allosteric crosstalk between the C-terminal tail, a 

drug binding site in the loops, the tail, and the central E14 binding site plays a vital role in EmrE’s 

function. In the absence of drug, EmrE can bind protons, but proton release is inhibited by the C-
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terminal tail gate. When drug is introduced, the peripheral binding site in the loops triggers a rapid 

response14, opening the gate and allowing proton-coupled drug efflux to proceed.  

Methods 

Microplate assays 

The indicated EmrE mutants were cloned into pWB vectors, low copy number plasmid vectors 

with a p15A origin and pTrc promoter, and transformed into ΔemrE-MG1655 E. coli. For 

experiments, LB plates were streaked and grown overnight at 37°C. In the morning, single 

colonies were picked to inoculate liquid LB cultures at 37°C. Once liquid cultures reached log 

phase growth, they were diluted back to an OD600 of 0.2 and further diluted 20-fold into microplates 

with LB media containing the indicated amount of ethidium. Growth in microplates at 37°C was 

monitored for 15 hours using a TECAN Spark microplate reader at OD700 to prevent interference 

from ethidium absorbance at 600 nm. Reported growth curves and final ODs are mean values of 

technical triplicates, with errors calculated using the standard error of the mean.  

Protein expression and purification 

To obtain purified protein, all EmrE mutants were expressed from a pET15b plasmid in M9 media 

and purified using an immobilized nickel and size exclusion chromatography as previously 

described18. 

For NMR samples, the M9 media was deuterated and 15N-labeled (and 13C labeled for assignment 

samples), and supplemented with 0.5g/L 2H-15N or 2H-13C-15N Isogro. Isotopically labeled purified 

protein was reconstituted into bicelles as previously described for solution NMR experiments21. 

For SSME transport assays, EmrE was reconstituted into 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine (POPC) liposomes at a 400:1 lipid:protomer mol:mol ratio. After adding the 

detergent solubilized protein, the final lipid concentration was 2.5 mg/mL in a buffer containing 50 
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mM MES, 50 mM MOPS, 50 mM bicine, 100 mM NaCl, and 2 mM MgCl2 at pH 7. Detergent was 

removed by Biobeads as previously described21, and liposome aliquots were flash frozen and 

stored at -80°C until needed for experiments. 

NMR spectroscopy 

70% of the backbone resonances of TPP+-bound Δ107-EmrE was assigned at pH 5.5 by 

combining standard triple resonance experiments (TROSY-HNCA, TROSY-HNCACB, TROSY-

HNCO, TROSY-HN(CO)CA) with ZZ-exchange data. 2D TROSY-HSQC or TROSY-selected ZZ-

exchange spectra were acquired on an 800 MHz Varian spectrometer equipped with a cryoprobe 

using standard pulse sequences with gradient coherence selection. For NMR pH titrations, 

samples were prepared at the extreme pH values measured, with intermediate pH values 

obtained by mixing the initial two samples. 

Solid supported membrane electrophysiology 

All SSME data was acquired an a Nanion SURFE2R N1 instrument. Liposome aliquots were 

thawed, diluted 4-fold, and briefly sonicated. 10 μL of liposomes were added to prepare 3 mm 

sensors according to a standard protocol (Chapter 3). Prior to experiments, sensor capacitance 

and conductance values were obtained to ensure sensor quality. For all experiments, buffers 

contained 50 mM MES, 50 mM MOPS, 50 mM bicine, 100 mM NaCl, and 2 mM MgCl2 at the 

indicated pH value and indicated drug concentration. For data acquisition, sensors were 

equilibrated with internal buffer and transport was initiated by perfusion of the external buffer 

before re-equilibration with the internal buffer. Signals were obtained by integrating the current 

during perfusion of the external buffer, with the final 100 ms of the initial buffer equilibration used 

as the baseline. Reported data are average values of at least three sensors, with error bars 

representing the standard error of the mean. 
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Figure 1 – Microplate growth assays. E. coli expressing WT, E14Q, or Δ107 were grown in MHB 

media in microplates. Growth was monitored by following the OD reading at 700nm, due to the 

absorbance of ethidium at 600 nm. (A) In the absence of drug, cells expressing Δ107 grow worse 

than cells expressing the non-functional mutant E14Q. The difference between cells expressing 

WT and Δ107 was smaller and varied between biological replicates. (B) Both WT and Δ107 

expressing cells were able to grow in the presence of 300 μM ethidium, while cells expressing 

E14Q were not. (C) Comparison of OD700 values after 15 hours of growth. 
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Figure 2 – 1H-15N TROSY-HSQC spectra of Δ107. (A) In the absence of drug at low pH, the 

spectrum is in the fast to intermediate exchange regime as the result of rapid alternating access. 

(B) Addition of 5mM TPP+ at low pH shifts the spectrum into the slow exchange regime, with 

peaks for both conformations for each residue within the asymmetric antiparallel dimer. Weak 

peaks indicating additional minor states are also visible throughout the spectrum. Raising the pH 

to 7.7 reduces the spectral quality, as peaks broaden or disappear entirely. 
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Figure 3 – pH titration of TPP+-bound Δ107. In an NMR pH titration, the peak position is a 

population weighted average of the chemical shifts of the different protonation states. Peaks 

sensing a single pKa should titrate along a straight line. (A) Several peaks in Δ107 exhibit curved 

titration paths and move significantly between both pH 5.33 and 6.43, and between 6.43 and 7.47. 

(B) Other peaks do not titrate at lower pH but do titrate near neutral pH. Well-resolved peaks that 

primarily sensed the protonation event around neutral pH were fit to a single pKa using both the 

(C) 1H and (D) 15N chemical shifts, yielding an apparent pKa of 7.2±0.2. 
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Figure 4 – ZZ-exchange of TPP+-bound Δ107. ZZ-exchange spectra with the indicated delays 

are shown for (A) pH 5.5 and (B) pH 7.7. (C) The composite peak intensity ratios for G80, N81, 

and L83 fit to an exchange rate of 6±1 s-1 at pH 5.5. At pH 7.7, only N81 had a full set of well-

resolved auto- and cross-peaks, which fit to an exchange rate of 12±1 s-1. 
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Figure 5 – 1H-15N TROSY-HSQC spectra of EmrE lacking a central binding site. (A) E14Q spectra 

are in the slow exchange regime, both in the presence and absence of drug. Figure is reproduced 

from Chapter 5. (B) The combined Δ107-E14Q mutant has drug-dependent dynamics. Without 

drug, the spectrum is in the fast to intermediate exchange regime, while the addition of 16mM 

TPP+ shifts the spectrum into the intermediate to slow exchange regime. 

Apo 
16mM TPP+ 

Apo 
16mM TPP+ 

B 
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Figure 6 – SSME transport assays. (A-C) Integrated current traces for the experimental 
conditions shown in (D). Proton transport in the absence of drug is greater for Δ107 vs. WT at 
both low pH (A) and higher pH (B), but proton transport by WT is increased at higher pH, 
consistent with a model that requires EmrE to be fully protonated in order for the C-terminal gate 
to close. (C) The addition of the uncoupler substrate harmane unlocks the gate and abolishes the 
difference in proton transport between WT and Δ107. 
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Conclusions and Future Directions 

We now have a nearly complete picture of the proton/drug coupling mechanism of EmrE. 

Instead of a tightly coupled mechanism with a single transport cycle and a single transport 

stoichiometry, the loosely coupled free exchange model allows EmrE to utilize multiple transport 

pathways and multiple transport stoichiometries. The existence of these additional pathways is 

supported by transport assay data using both traditional liposomes (Chapter 1) and solid 

supported membrane electrophysiology (Chapter 3). Kinetic simulations demonstrate that the 

free exchange model can effectively describe proton-coupled active transport of drug (Chapter 

2). In the absence of drug, EmrE does not rapidly transport protons despite rapid conformational 

exchange between the subunits (Chapter 1). This is explained by a secondary gating 

mechanism involving coupling between the C-terminal tail, an allosteric site in the loops, and the 

central E14 binging site (Chapters 4 and 6). When EmrE is fully protonated, the C-terminal tail 

occludes the binding pocket to prevent proton release. Drug binding to the allosteric site in the 

loops releases the tail, allowing protons to release and transport to proceed. 

 This picture of EmrE’s transport mechanism may be nearly complete, but many portions 

of the picture remain blurry. A central limitation of our current understanding of EmrE is our lack 

of a high-resolution structure of the protein. While it played a vital role in our understanding of 

EmrE’s antiparallel topology, the original crystal structure was solved to just 3.8 Å, only contains 

coordinates for the alpha carbons, and is missing the C-terminal tail1. A more recent full-length 

MD model of the structure provides additional insight, but this structure’s treatment of a critical 

residue, S64, may limit its accuracy2. Experimental determination of EmrE’s structure has been 

hindered by its highly dynamic nature. To address this, we screened for EmrE mutants that 

retained drug binding ability but lost function (Appendix A). One mutant, S64V, exhibits slow 

dynamics in all binding states and produces high quality NMR spectra. Using this mutant bound 

to a fluorinated tetraphenylphosphonium derivative, we were able to solve a high-resolution 

structure of the binding pocket using 19F REDOR NMR3 (Appendix B). However, this structure 
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lacks sufficient restraints in the loops or tail regions, which limits its usefulness in understanding 

EmrE’s allosteric regulation mechanism.  

 Our understanding of this allosteric regulation mechanism and the relationship of EmrE’s 

behavior with and without drug is still in its infancy. We know that an allosteric site exists, but 

the exact location of this site, which residues are involved, and its structure is still unclear. It 

seems likely that one or both of the loop carboxylate residues are involved – E25 and D844,5.  

Mutating these residues does not appear to be critical for EmrE’s function6,7, though there is a 

report that the E24D mutation changes the drug specificity of a different SMR transporter8. The 

ability of these mutagenesis studies to uncover subtle phenotypes related to proton leak is 

unclear, as the authors were more interested in drug resistance phenotypes. In addition, two of 

these studies were performed very early in the history of SMR research before it was even 

established that E14 was the central shared binding site for drug and proton.  

Our increased understanding of EmrE’s mechanism in the intervening twenty years 

should allow us to perform more carefully controlled mutagenesis studies of the loop regions of 

EmrE in the future, for example, by combining mutations to the loop residues with mutations to 

the central binding site or the tail. NMR will be useful for tracking perturbations to EmrE’s 

structure upon the addition of drug and for investigating the effects of binding to this site on the 

alternating access dynamics and dynamics of the tail. Stopped-flow experiments could be used 

to directly measure the proton-off rate under a variety of experimental conditions, which would 

allow us to expand the kinetic description of the free exchange model to include the allosteric 

gating mechanism. Future small molecule screens may identify substrates that bind 

preferentially to the allosteric site, which would enable further studies on the impact of this site 

on EmrE’s transport in the absence of a traditional drug substrate. Ultimately, successfully 

characterization of the allosteric gating mechanism will require creative synthesis of a variety of 

approaches. If EmrE has taught us anything, it is to always expect the unexpected. 
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Appendix A 

Identification of an alternating-access dynamics mutant of EmrE with impaired transport 

Chao Wu1a, Samantha A. Wynne2b, Nathan E. Thomas3, Eva-Maria Uhlemann3c, Christopher G. 

Tate2, Katherine A. Henzler-Wildman1,3 

1 Department of Biochemistry and Molecular Biophysics, Washington University School of 

Medicine in St. Louis, MO 63110 

2 MRC Laboratory of Molecular Biology, Cambridge CB2 0QH, UK 

3 Department of Biochemistry, University of Wisconsin-Madison, Madison WI 53706 

a Present address: Department of Pathology and Immunology, Washington University School of 

Medicine in St. Louis, MO 63110 

b Present address: Wellcome Sanger Institute, Hinxton, Cambridge CB10 1SA 

c Present address: Department of Biochemistry, Microbiology and Immunology, University of 

Saskatchewan, Saskatoon, SK, S7N5E5, Canada 

Preface: In this paper, we report our attempts to find an EmrE mutant with impaired dynamics 

that would be aid determination of a high-resolution EmrE structure. Chao performed NMR 

experiments, analyzed data, and wrote the first draft, Samantha created the mutant library and 

ran the resistance assays, I wrote the final draft, and Eva performed the in-cell transport 

experiments. 

Abstract: Proteins that perform active transport must alternate the access of a binding site, first 

to one side of a membrane and then to the other, resulting in the transport of bound substrates 

across the membrane. To better understand this process, we sought to identify mutants of the 

small multidrug resistance transporter EmrE with reduced rates of alternating access. We 

performed extensive scanning mutagenesis by changing every amino acid residue either to Val, 
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Ala or Gly, and then screening the drug resistance phenotypes of the resulting mutants. We 

identified EmrE mutants that had impaired transport activity but retained the ability to bind 

substrate and further tested their alternating access rates using NMR. Ultimately, we were able 

to identify a single mutation, S64V, which significantly reduced the rate of alternating access but 

did not impair substrate binding. Six other transport-impaired mutants did not have reduced 

alternating access rates, highlighting the importance of other aspects of the transport cycle to 

achieve drug resistance activity in vivo. To better understand the transport cycle of EmrE, efforts 

are now underway to determine a high-resolution structure using the S64V mutant identified 

here. 

Introduction  

The small multidrug resistance transporter EmrE harnesses the energy of the proton 

motive force (PMF) to confer resistance to a wide array of toxic cations [1]. EmrE functions as 

an antiparallel homodimer, with a shared binding site for both protons and drug-substrates [2–

5]. The dynamic process of switching conformations so that this binding site alternates between 

inward-facing and outward-facing is the key step in moving substrates across the membrane 

(Fig. 1). When this alternating access process is prevented by specific cross-linking, EmrE is 

rendered nonfunctional, providing experimental confirmation that alternating access is required 

for transport [6]. 

Multiple labs have investigated the impact of individual mutations on EmrE function. 

Several common themes emerged from these studies, such as the importance of Glu14 as a 

shared binding site both for drugs and protons, the role of transmembrane helices 1, 2 and 3 

(TMs 1-3) as the core substrate binding domain, and the role of TM4 as a dimerization domain. 

These studies identified specific residues critical for drug binding, drug specificity, proton-drug 

coupling, and dimerization [2,7–17]. However, no individual sites have previously been identified 

as critical for alternating access. 
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EmrE is the most studied member of the Small Multidrug Resistance (SMR) family and is 

the only SMR for which even modest resolution structures are available [3,4,18]. These 

structures provided crucial insight into the surprising asymmetric, antiparallel topology of EmrE, 

but the lack of side chain information hinders a deeper understanding of the transport 

mechanism. More recently, two models of the EmrE structure have been published [19,20] 

based on molecular dynamics simulations of EmrE embedded in lipid bilayers. While these 

models provide useful information on the transport cycle [19] and dimerization [20] of EmrE, 

they are ultimately based on the earlier low-resolution experimental structures. There are 

several potential reasons why a high-resolution structure has proven elusive. First, EmrE is 

quite small, with short loops connecting four transmembrane helices in only 110 total amino 

acids. The lack of soluble domains hampers three-dimensional crystallization, and strategies 

that have proven useful for solving the structure of other integral membrane proteins have been 

unsuccessful for EmrE. Second, EmrE is inherently dynamic. In fact, there is no known 

condition under which wild type EmrE is not dynamic; alternating access occurs even when 

neither proton nor drug is bound [21–24]. This natural plasticity is proposed to be an important 

property enabling its very broad multidrug binding capability [23] but is problematic for the 

determination of high-resolution structures. Therefore, we have a second motivation in 

identifying a mutant that suppresses the inherently dynamic nature of EmrE in order to 

determine a higher resolution structure and better understand how this small protein interacts 

with such a broad class of substrates. 

Here, we identify a critical residue in EmrE, S64V, which alters the rate of alternating 

access but does not significantly change the affinity for substrate binding. 

Results 

Identification of Functionally Important Residues in EmrE  
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To screen for potential dynamics mutants, we sought to identify EmrE point mutations 

that inhibited transport, but which did not significantly affect substrate binding. First, wild type 

EmrE was mutated at every residue (except the N-terminal Met) to the amino acids Ala, Gly or 

Val as described in the Methods. In a few positions Leu was introduced if the native amino acid 

was already Ala, Gly, or Val. Previous scanning mutagenesis of EmrE used Cys or Trp 

substitutions to probe residue accessibility, identify the dimer interface, and to insert spin labels 

for EPR studies [8,9,11,13,16,25,26]. However, Ala, Gly and Val are more common in 

transmembrane helical regions than Cys or Trp [27,28]. Substitutions with these three amino 

acids are well tolerated throughout a membrane protein and have been used previously to 

isolate conformational specific mutants of the tetracycline carrier TetA(B) [29]. After two rounds 

of mutagenesis, all but five mutants were made (F44A, W63V, F79G, D84A, I88G). The EmrE 

mutants were then tested for their ability to confer resistance to three canonical EmrE 

substrates: methyl viologen, acriflavine, and ethidium bromide (Fig. S1-S3, Supplementary Data 

Table 1). Two concentrations of each substrate (see Methods) were chosen for testing. These 

concentrations were selected so that E. coli strain JM109 containing the plasmid pKK223-3 was 

unable to grow even at the lower concentration and leaky expression of wild type emrE from the 

same plasmid was still able to confer resistance and permit growth of JM109 at the higher 

concentration. Growth was scored as robust at both concentrations of a given substrate (++), 

growth at both substrate concentrations but notably reduced relative to WT at the higher 

concentration (+), growth only at the lower substrate concentration (+/-) or no growth at either 

substrate concentration (-) for each of the three different substrates. 

Mapping the transport activity of the EmrE mutants onto the recent all-atom model [19] 

of EmrE (Fig. 2A) highlights the similarity between the functionally important residues identified 

experimentally and regions of high sequence conservation as identified using ConSurf (Fig. 2B). 

The screen identified residues in TM1-3 lining the substrate binding pocket known to be 
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important for drug- and proton-binding (for example, Glu14, Leu47, and Trp63) [2,11,12], as well 

as residues in the TM4 dimerization interface (Gly90, Ile94, and Gly97) [10,13,20]. As expected, 

many locations were sensitive to the identity of the substituted amino acid (Fig. 3A). For 

example, mutation of Ala10 – located just one helical turn away from the Glu14 binding site – to 

the bulkier valine abolished resistance to all three substrates, while mutation to glycine did not 

impair the resistance phenotype.  In addition, by testing growth on three different EmrE 

substrates, our scan highlights residues where mutation has a potential effect on drug selectivity 

(Fig. 3B). Many residues thought to interact with substrates, such as Leu7 and Phe44 [8], 

conferred varying levels of resistance to different drugs. This supports the hypothesis that 

substrates with widely variant structures do not necessarily interact with identical amino acid 

residues and could affect the EmrE structural intermediates differently [30]. Interestingly, a 

number of residues from the TM2-3 loop and from TM4 had an effect on substrate selectivity, 

even though these regions are not part of the previously-identified substrate binding site [2–5].  

Identification of potential EmrE dynamics mutants  

Alternating access between outward-open and inward-open states is essential for EmrE 

to confer drug resistance [6] but is not necessary for drug binding. Therefore, in order to identify 

mutants of EmrE with impaired alternating access rates, we first identified mutants with impaired 

resistance phenotypes that were not thought to be involved in direct interactions with substrates. 

The mutants chosen were M21G, A59L, S64V, G67A, G90V, G97V, I101G, N102A and N102V. 

We then tested the 3H-TPP+-binding affinity of the selected mutants (Table 1). G67A and G97V 

were excluded at this stage because expression was very low, and they did not give good 

saturation binding curves, suggesting they would not be able to be purified for structure 

determination. Four mutants showed affinities of 3H-TPP similar to wild type EmrE (S64V, 

I101G, N102A, N102V), two mutants had affinities 2-3 fold lower (M21G, G90V) and one was 

10-fold lower (A59L). The location of all seven mutations is shown on the recently published 
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refined atomic model of the complete structure of EmrE (Fig. 4A). M21G and A59L are located 

near the ends of the first and second TM helices, respectively. S64V is close to the 65GVG67 

TM3 kink region, which is important for inward-open/outward-open interconversion and 

multidrug recognition according to cryo-EM and NMR studies [4,5,30–32]. G90V is located in 

the established G90/G97 TM4 dimerization motif [10,13]. Finally, I101G, N102A, and N102V are 

located in TM4, but have not been directly implicated in dimerization.  

Mutants with altered dynamics inhibit EmrE–mediated drug efflux 

To confirm the impaired transport phenotype, the M21G, A59L, S64V, I101G, and 

N102A mutations were further characterized using an ethidium efflux assay in E. coli (Fig. 4B). 

This assay provided a kinetic assessment of EmrE activity, compared to the plate assay that 

simply reflected whether drug efflux was sufficient to enable survival over 24 hours. The results 

confirmed that efflux of ethidium from E. coli was indeed slower for each of the EmrE mutants 

than for wild type EmrE, and the slower efflux is not a result of decreased EmrE expression (Fig. 

4C). This is consistent with the hypothesis that the impaired drug resistance activity of these 

EmrE mutants is due to a reduced rate of alternating access. 

The effect of the mutations upon EmrE dynamics was then assessed using NMR 

spectroscopy, a technique that is uniquely suited to provide information simultaneously about 

both protein structure and dynamics. We acquired 1H-15N TROSY HSQC spectra of each mutant 

in q=0.33 DMPC/DHPC bicelles bound to TPP+ and compared them to TPP+-bound WT EmrE 

under the same conditions (Fig. 5 and S4). In the WT spectrum, two peaks are visible for each 

residue, reflecting the distinct chemical environments for each protomer in the asymmetric 

dimer. Peak doubling is still visible in the spectra for at least some residues in six mutants, 

indicating that the asymmetric EmrE dimer remains intact. The only exception is G90V-EmrE, 

which has fewer peaks and a poorly resolved spectrum, suggesting a loss of its unique tertiary 
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structure of the asymmetric dimer. This is consistent with previous demonstrations that the 

dimer is destabilized when G90 or G97 is mutated [10,13]. 

The 1H-15N TROSY spectra also provide substantial insight into protein dynamics. While 

each protomer in the asymmetric dimer of EmrE is in a unique chemical environment, the 

protomers swap conformations during alternating access [5]. The presence of pairs of relatively 

sharp peaks for each amino acid in the WT EmrE spectrum indicates that this alternating access 

rate is slow on the NMR timescale (kex < , where  is the chemical shift difference between 

the two exchanging states) when TPP+ is bound. If this process were fast on the NMR timescale 

(kex > ), then the spectrum would reflect an average of the two chemical environments and 

only a single peak per amino acid would be visible. Dynamics on intermediate timescales result 

in significant broadening of the peaks in the NMR spectrum. Despite our expectations that 

impaired transport would arise from reduced dynamics, five mutants displayed enhanced 

dynamics. The 1H-15N TROSY spectra of I101G, A59L, N102A, and N102V (Fig. 5 and S4) 

displayed progressively increased line broadening and each pair of peaks shifted toward each 

other, eventually coalescing into a broad single peak for many residues. It is important to note 

that the effect of dynamics on peak widths and intensities is not limited to alternating access 

conformational exchange. The enhanced line broadening may also reflect greater structural 

heterogeneity or increased motion within the “ground-state” structure. This is a more likely 

explanation for M21G, which has significant loss of peak intensity while still having well-resolved 

peak doubling. 

Importance of the TM3 kink for alternating access and drug transport by EmrE 

In contrast to all other mutants, S64V-EmrE displayed pairs of sharp, well-resolved 

peaks throughout the spectrum. The 1H-15N TROSY spectrum of this mutant was similar to WT 

EmrE, indicating that it has a very similar asymmetric dimer structure. Indeed, chemical shift 

changes were greatest in the immediate vicinity of the mutation, as shown on the three-
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dimensional structure in Figure 6. Since the chemical shifts reflect the unique environment of 

each nucleus, these data indicated that the three-dimensional structure of the asymmetric EmrE 

homodimer was very similar in WT EmrE and S64V-EmrE.  

To determine whether S64V exhibited slower dynamics, NMR exchange spectroscopy 

was used to directly determine the alternating access rate. For a static structure, the ZZ-

exchange spectrum will be identical to the 1H-15N TROSY spectrum. However, if alternating 

access occurs during the delay period in the ZZ-exchange experiment, additional cross-peaks 

appear in the spectrum (Fig. 7A-C). By varying the mixing time, the build-up of cross-peaks and 

decay of autopeaks can be fit to quantitatively determine the kinetics of alternating access (Fig. 

7D), as we have previously shown for WT EmrE [5]. The S64V alternating access rate 

measured with these experiments is 0.6 ± 0.1 s-1, 8-fold slower than WT EmrE under the same 

conditions (4.7 ± 0.6 s-1) [32]. In addition, the individual peaks in the spectra are even more 

intense and uniform in shape, suggesting less structural plasticity in this mutant on all 

timescales.  

Finally, we used isothermal titration calorimetry data to determine the affinity of S64V for 

several different drug substrates. The data show that S64V-EmrE binds TPP+, MeTPP+, and 

EtTPP+ with affinities nearly identical to WT EmrE (Table 2, S1, S2, and Fig. S6). This is 

consistent with the NMR chemical shift data indicating very little difference in the structure of 

this mutant and confirms that impaired transport is not due to difference in drug binding affinity. 

Thus, we have successfully discovered a dynamics mutant that has a reduced rate of 

alternating access without disrupting the structure or substrate affinity of EmrE. 

Discussion 

In this study, we aimed to identify mutations that suppressed the ability of EmrE to 

exchange between conformations open to either side of the membrane. To this end, we 

performed the single most extensive mutagenesis scan of EmrE to date, testing the effect of 
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mutations to one of three amino acids (alanine, glycine, or valine) at each position on resistance 

to three canonical EmrE substrates (ethidium, acriflavine, or methyl viologen). From this screen, 

we selected several mutants that exhibited impaired drug resistance but normal drug binding for 

further dynamics study. In a kinetic assay, all of the mutants had reduced rates of PMF-driven 

drug efflux in E. coli. Alternating access in the drug-bound state is the rate limiting step in the 

transport cycle of TPP+ by wild-type EmrE [21,33]. Thus, we hypothesized that the reduced rate 

of drug efflux by these mutants was due to a decrease in the rate of this critical step. 

Surprisingly, the rate of net drug efflux from E. coli for our mutants does not correlate simply 

with the rate of alternating access observed by NMR.  

How might the rate of drug efflux be reduced despite an increased rate of alternating 

access? EmrE’s transport mechanism is complex [21,34,35], so it is possible that the mutations 

drastically reduced the rates of steps other than alternating access, thereby changing which 

step is rate-limiting. However, in light of the overall increased dynamics displayed by the mutant 

spectra, it is important to note that decreased transporter dynamics are not required for a 

decreased rate of transport. Efficient drug efflux requires allosteric communication between 

various regions of the protein, such that large-scale dynamic motions, including the loop and 

helix rearrangements necessary for alternating access, are properly coordinated to binding of 

drug and proton. Loss of this coordination could increase the rate of drug or proton leak 

pathways, reducing the efficiency of transport even when alternating access is fast [36]. 

Unfortunately, the lack of a high-resolution EmrE structure precludes a deep 

understanding of its allosteric couplings. Nevertheless, there are several examples of known 

allosteric mechanisms that are essential for proper transport. The first and most important is the 

relationship between the alternating access rate of EmrE and the occupancy of the E14 binding 

site. This rate varies over several orders of magnitude depending on the identity of bound drug, 

while in the absence of drug it increases upon protonation [22,32,37]. A second allosteric 



284 
 

coupling involves the TM2-3 loop, which exhibits increased dynamics upon protonation of E14. 

This loop is proposed to be involved in a latching mechanism, wrapping around TM1 to stabilize 

the closure of the transport pore on one side of the membrane and prevent proton leak. 

Mutation of this loop to destabilize the latch can abolish drug resistance (I54G, repeated here in 

Table S1) and increase the alternating access rate (I54L) [37]. A final set of couplings involve 

the TM1-2 and TM3-4 loops. In an electron paramagnetic resonance (EPR) study, it was shown 

that these loops close to form an occluded state upon protonation of a residue apart from E14 

[35], which our NMR data suggests is H110 [22,34]. Recently, we demonstrated further coupling 

between the C-terminal tail, which includes H110, and the occupancy of the E14 binding site. 

Consideration of these couplings led to our proposal of an allosteric gating mechanism to 

prevent futile proton transport in the absence of drug [34]. 

It seems likely that mutations that increase the alternating access rate of EmrE disrupt 

one or more of these mechanisms, resulting in the impaired drug resistance phenotype. A59L is 

located at the beginning of TM3, possibly disrupting stable closure of the TM2-3 loop. Similarly, 

M21G is located at the end of TM1 and could disturb EmrE gating by disrupting the coupling of 

TM1, which contains the critical E14 residue, with the rest of the transporter. Previous 

comparison of the NMR chemical shifts of TPP+-bound EmrE showed very little difference 

between TM1 and TM2 in the two protomers of the asymmetric homodimer [31], suggesting that 

the first few helices move together as the protein switches between open-in and open-out 

conformations. Loss of this coordinated movement could disrupt the transition and gating of 

EmrE. 

It is more difficult to rationalize the effects of I101G, N102A, and N102V within our 

current understanding of EmrE structure and function. The primary role of TM4 is thought to be 

dimerization [10,38], holding the small EmrE homodimer together while it undergoes the large-

scale conformational changes needed to alternate access. However, mutations at positions 101 
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and 102 did not disrupt the EmrE dimer in previous mutagenesis studies and do not disrupt 

dimerization in the mutants examined here [13]. 

The answer could lie in the importance of the 65GVG67 motif, which forms a hinge point in 

TM3 [10]. In the available moderate resolution structures, this kink is only found in monomer A 

of the EmrE homodimer [3,4,18]. The NMR chemical shift data confirms this difference in TM3 

structure between the two halves of the dimer [5]. Thus, the TM3 helices must alternately kink 

and straighten as EmrE transitions between open-in and open-out conformations during each 

transport cycle. It is perhaps not surprising then that the one slow dynamics mutant of EmrE we 

identified, S64V, is adjacent to this motif. Interestingly, residues 101 and 102 also pack against 

this region. Re-examining our previous studies of WT EmrE bound to diverse substrates 

confirms the coupling between TM3 and this segment of TM4: large chemical shift changes are 

observed for TM4 residues at the level of the TM3 kink when EmrE is bound to different 

substrates [32]. We previously attributed this to indirect effects from structural changes in the 

TM3 kink that are necessary for EmrE to accommodate diverse substrates. However, the 

dramatic phenotypes of I101G, N102A, and N102V presented here suggest that mutation of 

these residues may instead disrupt a critical function of the TM3 kink. We are currently exploring 

the effects of additional substitutions at position 64 and the effect of the S64V mutation on each 

step in the transport cycle. Ultimately, a deep understanding of the importance of this region, 

and of EmrE’s broader transport mechanism, will require a high-resolution structure. This effort 

is underway, facilitated by the slow dynamics of the S64V mutant presented here.  

Materials and Methods 

Screening for putative dynamics mutants  

Every codon in the gene encoding EmrE was mutated using degenerate 

oligonucleotides that converted a given codon to GBN, where B either is T, C or G and N is any 
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base. Thus, every amino acid residue was changed either to Val, Ala or Gly [29]. The mutagenic 

reactions (QuikChange II, Agilent) were performed on the wild type EmrE gene inserted under 

the control of the tac promoter in plasmid pKK223-3 (making plasmid pKK56 [1]), transformed 

into E. coli strain JM109 and colonies grown on 2xTY agar plates containing 100 µg/ml 

ampicillin. Eight colonies were picked from each mutagenic reaction, grown overnight at 37˚C in 

1 ml 2xTY in a deep-well block, and then this culture was diluted 1000-fold. The ability of each 

EmrE mutant to transport substrates out of E. coli was then assessed by spotting 5 l of the 

diluted culture onto 2xTY agar plates either containing methyl viologen (50 µM or 200 µM), 

acriflavine (116 µM or 463 µM), ethidium bromide (400 µM or 1500 µM) or control plates 

containing no substrate. DNA sequencing was performed in parallel to determine which 

mutations were present in each EmrE mutant. In the first round of mutagenesis, 109 amino acid 

residues corresponding to residues 2-110 of EmrE were mutated and 276 of the possible 327 

mutants were obtained (Fig S1, S2). The remaining 51 mutants were made using 

oligonucleotides designed specifically to introduce a single amino acid residue, sequenced and 

then tested for their growth phenotype on the three substrates (Fig S3). Five mutants were not 

made (F44A, W63V, F79G, D84A, I88G). Growth was scored as robust at both concentrations 

of a given substrate (++), growth at both substrate concentrations but notably reduced relative 

to WT at the higher concentration (+), growth only at the lower substrate concentration (+/-) or 

no growth at either substrate concentration (-) for each of the three different substrates. Neither 

JM109 or JM109(pKK56) grew in the presence of any of the substrate concentrations tested. 

Selected mutants with impaired transport, as indicated by severe defects in the growth assays 

were then checked for substrate binding using [3H]-TPP+ binding assays performed with the 

selected EmrE mutants purified in DDM detergent using previously published methods [39]. 

Data were gathered from a single experiment performed in triplicate. Reported errors are 

standard error of mean (SEM). 
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ConSurf analysis Sequence conservation analysis using ConSurf [40–42] was performed on the 

EmrE amino acid sequence using one iteration of HMMER to search for homologues with E-

value cutoff of 0.0001 against protein database of UNIREF-90. A total of 300 sequences with 

that sample the list of homologues to reference sequence were selected out of homology 

search. These sequences were aligned using MAFFT. Calculated Bayesian conservation scores 

were mapped on the structure. 

Sample preparation  

WT and mutant EmrE was expressed, purified, and reconstituted into DLPC or DMPC 

liposomes as previously described [5,32]. Detergent was removed by Amberlite XAD-2 resin, 

and 6:0 DHPC was added to form isotropic bicelles as described in [43]. Single point mutants 

were constructed using QuikChange (Stratagene). 

In-cell assay  

These assays were carried out using BL21(DE3) E. coli transformed with empty pET15b 

vector or pET15b-EmrE with the specified WT or mutant sequence. The cells were grown in M9 

minimal media with 100 μg/ml of ampicillin at 37 ˚C until the OD600 reached 0.4. Then cells were 

induced with 0.33 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) at the same temperature 

for 30 minutes. After induction, cell density was adjusted to OD600 = 0.4 followed by incubation 

with 2.5 μM ethidium bromide and 40 μM carbonyl cyanide p-chlorophenylhydrazone (CCCP) 

for an hour to load ethidium bromide into the cells. The cell cultures were then stored on ice until 

assays were complete. For each experiment, 2 ml of cell culture was spun down and 

immediately resuspended in 1 ml fresh M9 media with 2.5 μM ethidium bromide. Fluorescence 

of ethidium bromide was monitored with an excitation wavelength at 545 nm and emission 

wavelength at 610 nm. The time course of fluorescence was plotted after normalization to the 

initial value of each run.  

Western Blot analysis of EmrE expression levels  
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Cells prepared for the in-cell transport assay as described above were induced and 

adjusted to OD600nm =0.4. A 1 ml aliquot of this cell suspension was pelleted by centrifugation 

and resuspended in 40 μl of SDS-PAGE sample buffer. A 5 µl sample was loaded on a 4-12% 

Bis-Tris NuPAGE gel (Thermo Fisher) and, following electrophoresis, transferred onto 

Immobilon PVDF membrane (EMD-Millipore). The blot was probed with anti-His6-HRP 

conjugated antibody (QIAGEN) at 1:10,000 dilution, following manufacturer’s instructions. 

Bands were visualized with ECL Prime Western blotting kit (GE) according to the standard 

protocol. HyBlot Films (Denville) were exposed for 3 min and captured with EZ doc imaging 

system (BioRad). 

NMR spectroscopy and data analysis  

NMR data were collected using samples with 0.8-1.5 mM 2H,15N EmrE in DMPC/DHPC 

bicelles (q = 0.33, with a protein to DMPC molar ratio of 1:50) and 100 mM MOPS, 10-30 mM 

NaCl, 2 mM TCEP, 8-10 % D2O, pH 7 at 45 ˚C on a Varian 700 MHz spectrometer with a room 

temperature probe unless otherwise noted. All NMR spectra were processed with NMRPipe [44] 

and analyzed in CcpNmr Analysis [45]. For the TPP+-bound EmrE, 2 mM TPP+ was added to 

ensure EmrE saturation. 2D 1H,15N TROSY-HSQC and TROSY-selected ZZ-exchange 

experiments [46] with a lipid flip-back pulse [5] were carried out with a recycle delay of 2 s and 

128-144 increments. 

Chemical shift differences (Δδ), between TPP+-bound WT and S64V EmrE were calculated 

as a weighted average of the differences in amide proton (ΔδH) and nitrogen (ΔδN) chemical 

shifts according to: 

∆𝛿 =  ට∆𝛿ு
ଶ +  (0.154 ∆𝛿ே)ଶ . (1) 

The conformational interconversion rate, kconf, were analyzed from the ZZ-exchange data 

as previously described[47] using the composite peak ratio method with an 11.1 ms offset time, 

t0, to account for the back-transfer time in the pulse sequence22. The composite peak ratios of 
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intensities of the auto-peaks (IAA, IBB) and cross-peaks (IAB, IBA) were fit to the following equation 

as a function of the delay time, t,: 

Ξ(t) = 
ூಲಳ(௧)ூಳಲ(௧)

ூಲಲ(௧)ூಳಳ(௧)ିூಲಳ(௧)ூಳಲ(௧)
≅ 𝑘௖௢௡௙

ଶ (𝑡 − 𝑡଴)ଶ.  (2) 

For TPP+-bound EmrE, at least two planes were collected with different mixing times and 

the mixing times were adjusted according to the conformational interconversion rate of each 

mutant. For S64V, the slow rate of alternating access requires long mixing times in order for 

measurable cross-peak build up and the large size of bicelle-solubilized EmrE leads to relatively 

fast relaxation, which limits the total possible mixing time. Thus, for TPP+-bound S64V-EmrE, 

mixing times of 100 ms and 200 ms were used in DLPC bicelles and 200 ms and 225 ms in 

DMPC bicelles. For TPP+-bound WT-EmrE in DMPC bicelles, conformational exchange is faster 

and 4 planes with mixing times of 20 ms, 50 ms, 90 ms, and 125 ms were used to quantify the 

rate of alternating access. The rate was determined by global fitting of all residues with resolved 

auto- and cross-peaks in the spectra, and the standard deviation of the rates determined by 

separately fitting individual residues was used to estimate the error of the rates.  

Isothermal titration calorimetry All isothermal titration calorimetry (ITC) experiments were 

performed on a TA instruments Nano-ITC calorimeter as previously described [32]. Data were fit 

to a model of ligand binding to n independent and identical sites plus a constant baseline due to 

mixing using the NanoAnalyze software EmrE was reconstituted into DMPC/DHPC (q = 0.33) 

isotropic bicelles in 20 mM potassium phosphate, 20 mM NaCl, pH 7, 45 ºC and loaded into the 

cell at 40-60 μM for tetraphenylphophonium (TPP+) titrations and 500 μM for titration with 

methyltriphenylphophonium (MeTPP+) or ethyltriphenylphosphonium (EtTPP+). TPP+ 

concentration in the syringe was 150-200 μM. MeTPP+ and EtTPP+ concentrations were 2-4 

mM with buffer and bicelle conditions that exactly matched the protein solution in the cell. 

Titrations replicates are listed in Table S1 and S2. Reported errors are standard error of mean 

(SEM). 
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NMR Assignment Deposition  

NMR assignments were deposited to the Biological Magnetic Resonance Database 

(BMRB) under accession number 27902. 
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Figure 1 Alternating-access of EmrE. EmrE binds both protons and polyaromatic cation 

substrates at a shared binding site defined by the two E14 residues from the two protomers of 

the functional homodimer. Alternating accessibility of this binding site to either side of the 

membrane occurs when the two protomers in the antiparallel homodimer swap conformational 

states (illustrated by the different shapes drawn for each protomer). EmrE couples proton import 

to export of toxic substrates, conferring resistance to these compounds to E. coli.  
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Figure 2 Functionally critical residues in EmrE identified from screening are evolutionarily 

conserved. A, Summary of plate assay results from Supplementary Data Table 1 mapped on to 

the complete structural model of EmrE [19]. Gray, no effect (++) of mutation to V, A, or G at that 

position on resistance to any of the tested compounds. Blue, modest effect (+) of mutation on 

resistance profile. Magenta, significant effect (+/-) of mutation on resistance profile. Red, severe 

defect (-) in growth or resistance to all tested compounds upon mutation of that position to any 

other amino acid. B, Evolutionary conservation profile calculated using ConSurf.  



293 
 

 

 

Figure 3 Locations critical for function depend on identity of substituted amino acid and identity 

of drug. A, locations where the identity of the substituted amino acid affects the ethidium 

bromide resistance phenotype highlighted in red. B, locations where different drug substrates 

led to different growth phenotypes for one of the substituted amino acids (blue) or multiple 

amino acids (red). 
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Figure 4 In-cell transport data confirm impaired transport phenotype. A, position of putative 

dynamics mutants on the structure, with wild-type residue identities indicated. B, efflux of 

ethidium from BL21 (DE3) E. coli cells transformed with either empty vector or the indicated 

EmrE mutant results in a decrease in fluorescence. C, Western blot of selected EmrE mutants 

demonstrates that expression levels are similar to WT-EmrE.  
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Figure 5 TROSY-HSQC spectra for TPP+-bound WT-EmrE and selected mutants. The S64V 

spectrum has sharper peaks than the WT spectrum, suggesting that this mutation decreases 

the dynamics of EmrE. A59L and I101G both exhibit significant line broadening, indicative of 

increased dynamics. Interestingly, peak doubling is still evident in the I101G spectrum, 

indicating that this TM4 mutation alters EmrE’s dynamics without disturbing dimerization. The 

spectrum of all seven mutants can be found in Fig. S4. 
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Figure 6 S64V mutation perturbs TM3 kink region locally. Chemical shift differences between 

WT- and S64V-EmrE were plotted onto structure. The largest perturbations are seen in the 

immediate vicinity of the TM3 kink. Nevertheless, several smaller changes are seen throughout 

the protein, suggesting several long-range allosteric effects of the S64V mutation. 
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Figure 7 S64V mutation slows down conformational interconversion rate of EmrE. A, TROSY-

HSQC (black) overlay with a ZZ-exchange plane with a mixing time of 200 ms (red) for TPP+-

bound S64V-EmrE. B, detail showing the pair of G90 peaks, and their cross-peaks in the ZZ-

exchange spectrum. B, detail showing the pairs of L83 and H110 peaks, and their cross-peaks 

in the ZZ-exchange spectrum. D, composite peak ratio fitting as a function of mixing time for 
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TPP+-bound S64V-EmrE in DMPC (solid black) or DLPC (solid red) bicelles. The dotted line 

indicates the fit of TPP+-bound WT EmrE (data in Fig. S5).  
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Supporting Information 

 

Figure S1 Resistance screen of substitutions at positions 2-56 Mutations were made with 

degenerate primers, and sequencing was performed in parallel with resistance screen 
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Figure S2  Resistance screen of substitutions at positions 57-110 Mutations were made 

with degenerate primers, and sequencing was performed in parallel with resistance screen 
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Figure S3 Resistance screen of remaining substitutions Mutations were made using 

QuikChange 
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Figure S4 TROSY-HSQC spectra for TPP+-bound WT-EmrE and mutants 
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Figure S5. Alternating access rate of TPP+-bound WT and S64V-EmrE in DMPC/DHPC 

isotropic bicelles. A, TROSY-HSQC (black) overlay with a ZZ-exchange plane with a mixing 

time of 90 ms (green) for TPP+-bound WT EmrE in DMPC bicelles. B, composite peak ratio 

fitting as a function of mixing time for TPP+-bound WT EmrE in DMPC bicelles (open circles, 

dotted line) and S64V-EmrE in DMPC bicelles (filled circles, solid line). The data is shown for 

multiple residues from across the protein, and the fitted line is a global fit. 
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Figure S6 S64V-EmrE binds a variety of ligands Representative traces of isothermal titration 

calorimetry experiments for S64V binding to tetraphenylphosphonium (TPP+), methyltriphenyl-

phosphonium (MeTPP+), and ethyltriphenyl-phosphonium (EtTPP+). 
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Table S1. ITC Data for TPP+ Binding to EmrE in Isotropic Bicelles*  

 Kd (µM) ∆H (kJ/mol) n 
S64V-EmrE 0.628 -56.0 0.465 
 0.483 -51.6 0.535 
 0.500 -50.9 0.526 
 0.680 -50.9 0.503 
 0.686 -53.0 0.469 
WT-EmrE 0.589 -34.3 0.455 
 0.325 -28.7 0.506 
 0.395 -27.8 0.477 
 0.569 -23.6 0.531 

*q=0.33 DMPC/DHPC isotropic bicelles at pH 7 

 

Table S2. ITC Data for Different Ligands Binding S64V-EmrE*  

 Kd (µM) ∆H (kJ/mol) n 
EtTPP+ 12.9 -46.8 0.474 
 20.5 -62.7 0.568 
MeTPP+ 56.2 -41.9 0.474 
 46.3 -34.5 0.481 

*q=0.33 DMPC/DHPC isotropic bicelles at pH 7 
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Preface Here, we use the S64V dynamics mutant along with a fluorinated ligand to solve the 

structure of the EmrE binding pocket with 1H-19F REDOR NMR. Alexander and Venkata 

performed the NMR experiments and MD simulations, Grant prepared and purified the protein, I 

performed the SSME assays, and Mohammad and E. A. synthesized the ligand. 

Abstract  

The dimeric transporter, EmrE, effluxes polyaromatic cationic drugs in a proton-coupled manner 

to confer multidrug resistance in bacteria. Although the protein is known to adopt an antiparallel 

asymmetric topology, its high-resolution drug-bound structure is so far unknown, limiting our 

understanding of the molecular basis for promiscuous transport. Here we report a 2.1 Å structure 

of drug-bound EmrE in phospholipid bilayers, determined using 19F and 1H solid-state NMR and 

a fluorinated substrate tetra(4-fluorophenyl) phosphonium (F4-TPP+). The drug-binding site, 

constrained by 213 protein-substrate distances, is dominated by aromatic residues such as W63 
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and Y60, but is sufficiently spacious for the tetrahedral drug to reorient at physiological 

temperature. F4-TPP+ lies closer to the proton-binding residue E14 in subunit A than in subunit B, 

explaining the asymmetric protonation of the protein. The structure establishes a molecular basis 

for multidrug recognition by EmrE and for future design of substrate inhibitors to combat antibiotic 

resistance.  

Introduction  

Antibiotic resistance is a rising public health crisis. Active drug efflux by multidrug resistance 

(MDR) transporters is of particular concern because it allows bacteria to mount rapid defense 

against toxic compounds. Active efflux of harmful metabolites, antiseptics, antibiotics, and toxins 

that either naturally occur in the environment or are produced by competing bacteria or by host 

organisms allow bacteria to survive these challenging conditions. The broad substrate specificities 

of MDR transporters provide redundancy and can lead to unexpected outcomes with inhibition of 

individual transporters. To effectively curb this antibiotic resistance mechanism requires a 

molecular understanding of the mechanism of substrate recognition and specificity. Here we 

present atomic-level experimental distance restraints that define the location of a substrate in the 

transport pathway of EmrE. EmrE is a member of the Small Multidrug Resistance (SMR) 

transporter family in E. coli. In vivo, it has been implicated in pH and osmotic stress response 1, 

biofilm formation 2, and resistance to many quaternary cationic compounds, including the topical 

antiseptic acriflavine 3, 4. Many SMR transporters have been implicated in resistance to clinically 

relevant drugs in pathogenic organisms such as mycobacterium tuberculosis 5, 6 and 

Acinetobacter baumanii 7. Although EmrE has not been directly involved in resistance to clinical 

antibiotics by pathogenic E. coli, resistance is readily selected for in vitro, by mutation of only 1-3 

residues 8. Thus, structure determination of the EmrE-substrate complexes is relevant for 

elucidating the mechanism of action of the SMR family of transporters. In addition, EmrE is one 

of the smallest known proton-coupled transporters and thus serves as a model for understanding 

proton-coupled transport 9.  
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To date, the available EmrE structural models have modest resolution and lack details for 

understanding how multiple substrates are recognized by the protein. EmrE transports a wide 

array of polyaromatic cations in vitro, including ethidium, methyl viologen, acriflavine, 

dequalinium, and tetraphenylphosphonium 10-12. Low-resolution cryo-electron microscopy (EM) 

maps and NMR chemical shift changes suggest that the protein’s transmembrane (TM) helices 

undergo large-scale reorientation to accommodate these diverse substrates, but these data do 

not indicate how the substrates interact with specific residues in the protein 13, 14. Biophysical and 

mechanistic studies have revealed unexpected complexity in the transport process 15-21, giving 

evidence that EmrE may function not only as a proton-coupled antiporter, pumping toxic 

polyaromatic cations out of E. coli (Fig. 1A), but also as a proton-coupled symporter or uncoupled 

uniporter 15, 17. Either symport or uniport has the potential to confer susceptibility rather than 

resistance because the inward proton motive force and negative-inside membrane potential in 

bacteria would lead to concentrative uptake of toxic cations. To elucidate how EmrE interacts with 

and transports diverse substrates with divergent biological outcomes, high-resolution structural 

information of the substrate-EmrE complex is essential.  

 

The functional unit of EmrE is an antiparallel, asymmetric homodimer. Cryo-EM, X-ray 

crystallography, and EPR studies have established the global topology and asymmetry of the 

dimer. Cryo-EM maps of EmrE in 2D crystals formed in lipid bilayers 22 gave the first indication 

that the dimeric protein had no obvious two-fold symmetry. This surprising result was later 

confirmed in moderate resolution (7.5 Å in-plane, 16 Å perpendicular to the membrane) 3D cryo-

EM structures with and without the tight-binding substrate tetraphenylphosphonium (TPP+) 23. 

These 2D maps and 3D structures 13, 24 also indicated that the substrates bind at the homodimer 

interface, but asymmetrically between the two subunits. A subsequent 3.8 Å crystal structure of 

the backbone of TPP+-bound EmrE 25 showed an antiparallel topology for the homodimer, which 
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was controversial because it was the first example of a dual topology integral membrane protein. 

However, subsequent NMR and single-molecule FRET experiments on wild-type EmrE in lipid 

bicelles demonstrated that the asymmetric antiparallel dimer was capable of undergoing 

alternating access (Fig. 1A) 26, and crosslinking that blocked this process also blocked transport 

in vivo 19. Dual topology was further supported by mutagenesis 27-29, DEER EPR 30, 31, and studies 

of the EmrE homolog Gdx 32. The recent discovery of a second family of antiparallel homodimeric 

bacterial membrane proteins, the Fluc channels 33, further established dual topology. Orientational 

data from solid-state NMR confirmed the asymmetry of the EmrE dimer 20, 21, 34, and showed that 

the glutamate residue (E14) 35, which binds both protons and substrates, differs between the two 

subunits. Despite the well-established dual topology and asymmetry of EmrE, no atomic structure 

of the substrate-binding site is known.  

 

The lack of higher-resolution structural information for EmrE is not surprising, because the protein 

is small and lacks large soluble domains that are usually required to obtain high-quality crystals 

or particle alignment for cryo-EM studies. The protein is also flexible and dynamic, as evidenced 

by NMR 17-20, 26, 34, EPR 30, 31, and cryo-EM 13, 24 data. These dynamics are important for multidrug 

transport and recognition but pose challenges for structure determination. NMR is one of the best 

techniques for determining the structure of small and dynamic proteins, but the plastic nature of 

the substrate-free EmrE still leads to significant line broadening in the spectra. Even with 

substrate-bound protein, the rate of alternating access is faster than the cross-peak buildup rates 

in 2D correlation spectra.  

 

Recently, we discovered a point mutant of EmrE, S64V-EmrE, which has the same affinity for 

TPP+ and related substrates but slower internal dynamics and alternating-access rates 36. The 

reduced dynamics allowed us to determine an experimental high-resolution structure of the 

substrate-bound protein using magic-angle-spinning (MAS) solid-state NMR spectroscopy. We 
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exploit a fluorinated TPP+ derivative, tetra(4-fluorophenyl) phosphonium (F4-TPP+) (Fig. 1A), 

which resembles TPP+ in the transport activity, and employ a multidimensional 19F NMR technique 

37 to measure a large number of protein-substrate distances. The resulting binding-site structure 

and the observed drug dynamics provide atomic insights into the mechanism of promiscuous 

substrate recognition and transport by this protein.  

 

Results  

Our structure determination of the EmrE-TPP+ complex is enabled by three experimental 

advances: a recently developed long-range 1H-19F distance measurement NMR technique 37, 

synthesis of fluorinated TPP+, and the slow-exchanging S64V-EmrE 36. Because of the large 

magnetic dipole moments of 1H and 19F spins, 1H-19F distances up to ~2 nm can be measured 

using a two-dimensional rotational-echo-double-resonance (REDOR) NMR technique 37. To 

utilize this technique, we synthesized F4-TPP+ (Fig. S1A, B), which has the same three-

dimensional structure as TPP+ but slightly larger cationic charge of the central phosphorous due 

to the electronegative fluorines (Fig. S1C). To assess whether fluorination affects the protein 

conformation, we measured the chemical shifts of S64V-EmrE bound to F4-TPP+ versus TPP+ 

under identical conditions in DMPC/DHPC bicelles (q=0.33, pH 5.8, 45°C) using solution NMR. 

The amide chemical shift difference between proteins with bound F4-TPP+ versus TPP+ (Fig. 1B) 

is small, and is less than the chemical shift difference between the two subunits of the dimer (Fig. 

1C). The chemical shift differences between F4-TPP+- and TPP+-bound protein mainly localize to 

residues in TM1–3 helices that are known from mutagenesis to interact with the substrate 31, 38-42. 

2D ZZ-exchange spectrum of F4-TPP+ bound protein shows no conformational dynamics within 

200 ms (Fig. S2), indicating that alternating access is slower for S64V-EmrE bound to F4-TPP+ 

than to TPP+ 36. The slower alternating-access rate with bound F4-TPP+ facilitate the 

measurement of protein-substrate distances. But given the lack of observable alternating access, 

we first verified that F4-TPP+ is indeed transported by EmrE. 
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F4-TPP+ is an antiported substrate of EmrE 

We used solid-supported membrane electrophysiology to monitor liposomal transport of F4-TPP+ 

by wild-type (WT) EmrE (Fig. 1D, Fig. S3). The assay starts with equal concentrations of both 

proton and substrate on either side of the liposome. Changing the external buffer creates an 

inward-facing pH gradient triggering transport, and net charge movement is recorded by the 

sensor. Combining this pH gradient with varying F4-TPP+ gradients allows for investigation of the 

proton/substrate coupling behavior of EmrE. In the absence of a drug gradient, protons are 

transported down their gradient into the liposome, creating a positive signal for transported 

charge. This signal is increased by an outward-facing F4-TPP+ gradient (favoring antiport). 

However, a large inward-facing F4-TPP+ gradient reverses the transport direction, driving protons 

against their concentration gradient out of the liposomes. This reversal of current is indicative of 

coupled transport and demonstrates that F4-TPP+ is antiported by EmrE. Although the timescale 

of transport differs between transporters, similar reversal of current is observed for 

proton/guanidinium antiport by the EmrE homolog Gdx.  

 

The substrate is dynamic in the binding pocket of membrane-bound EmrE  

The four fluorines of F4-TPP+ provide a direct probe of substrate dynamics and interaction with 

the protein. The 19F NMR spectra of F4-TPP+ bound to S64V-EmrE in DMPC bilayers show 

strongly temperature-dependent spinning sideband intensities and linewidths (Fig. 2A). At a 

sample temperature (Teff) of 245 K, the 19F linewidth is about 5.7 ppm, and the sideband intensity 

envelope fits to a rigid-limit chemical shift anisotropy (CSA) of 60.1 ppm and an asymmetry 

parameter of 0.8, indicating that the drug is immobilized.43 At 285 K, most sideband intensities 

remain, but each peak in the sideband manifold resolves into multiple components, indicating that 

the fluorines experience a heterogeneous environment. At 308 K, in the liquid-crystalline phase 

of the DMPC bilayer, the 19F spectrum collapses into a narrow isotropic peak at -106 ppm, 
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indicating that the ligand undergoes near-isotropic motion at rates faster than the 19F CSA of ~34 

kHz. These substrate dynamics coincide with the onset of the protein dynamics, as seen in the 

13C NMR spectra, which exhibit lower intensities above the membrane phase transition 

temperature (Fig. 2C).  

 

To further understand the heterogeneous environment of F4-TPP+, we measured the 19F direct-

polarization (DP) spectrum under 35 kHz MAS to detect only the isotropic peaks. The spectral 

lineshape is complex, and can be deconvoluted into five components (Fig. 2B). A small sharp 

peak (0.2 ppm linewidth) at -105.7 ppm can be attributed to free F4-TPP+ in solution. Three broad 

peaks with linewidths of 1.9 – 4.2 ppm are observed from -102 to -108 ppm. Most interestingly, 

we observed a sharp peak at -110 ppm with a linewidth of 1.0 ppm. These four components vary 

in intensity from 6% to 50% of the full spectral intensity, thus cannot be simply assigned to each 

of four fluorines. When the 19F intensity was cross-polarized (CP) from protein carbons 44, 45, the 

-103 ppm, -105 ppm, and -110 ppm peaks are preferentially enhanced, indicating that these 

resonances arise from fluorines that are in close contact with protein carbons. The -110 ppm 

signal exhibits the largest intensity increase, indicating that this peak results from a fluorine that 

is both structurally ordered and the closest to the protein. In contrast, the -106 ppm peak is 

preferentially suppressed in the 13C-19F CP spectrum, indicating that this fluorine is the furthest 

from the protein. We attribute this peak partly to lipid-bound F4-TPP+, consistent with previously 

reported 31P and 13C spectra of TPP+ 46, which also detected nonspecific lipid-bound ligand in 

addition to EmrE-bound ligand.  

 

The partially resolved 19F isotropic chemical shifts allow us to probe millisecond-timescale ligand 

dynamics using a 2D 19F-19F exchange experiment (Fig. 2D). With a fast MAS frequency of 38 

kHz and a short mixing time of 10 ms, we measured motional exchange, with minimal spin-

diffusion effects 47. No cross peaks were observed at 265 K, consistent with the absence of 19F-
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19F spin diffusion under this condition. In contrast, at 285 K, cross peaks between -110 ppm and 

other peaks are observed, indicating that F4-TPP+ reorients on the 10 ms timescale. Cross-peak 

intensity buildup (Fig. 2E) indicates a time constant of 16±2 ms for the exchange, indicating that 

F4-TPP+ reorients, possibly by tetrahedral jumps, in the binding pocket with a rate of ~50 s-1 at 

ambient temperature.  

 

Conformation of the EmrE dimer in DMPC bilayers  

To investigate the conformation of EmrE in lipid bilayers and to obtain the amide 1H chemical 

shifts that are required for measuring protein-substrate distances, we recorded four 1H-detected 

3D correlation spectra of CDN-labeled EmrE that was back-exchanged in protonated buffer. The 

hCANH and hCO(CA)NH spectra correlate intra-residue chemical shifts whereas the hCA(CO)NH 

and hCONH spectra correlate inter-residue chemical shifts 48 (Fig. S4). At 55 kHz MAS, the 

DMPC-bound protein exhibits narrow linewidths of 0.2 ppm for 1H, 0.8 ppm for 15N, and 0.5 ppm 

for 13C, indicating high conformational homogeneity. Fig. 3 and Fig. S5A show representative 3D 

strips to illustrate resonance assignment. Overall, monomer A peaks display higher intensities 

than monomer B (Fig. S6B), indicating that monomer B of the dimer is more dynamic, except for 

residues C-terminal to TM3, where the trend is reversed 17. Additional sidechain 13C chemical 

shifts were obtained from a 3D NCACX spectrum (Fig. S5B). Altogether, we assigned the HN, 

15N, and 13C and 13CO chemical shifts of 72 residues in monomer A and 54 residues in monomer 

B (Table S1). The C and CO chemical shifts confirm that the protein is predominantly -helical 

49, with inter-helical loops at residues 25-35, 50-55, and 75-85, in good agreement with the 

secondary structure determined in solution (Fig. S7) and with low-resolution cryo-EM and crystal 

structures 8, 25. The two subunits exhibit small average chemical shift differences: 0.47 ppm for 

C and CO, 0.30 ppm for 1HN, and 1.0 ppm for 15N. Among the four TM helices, TM3 displays the 

largest conformational asymmetry: for example, V64 CO, I68 C, and I71 C exhibit 13C chemical 
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shift differences of 2.9 ppm, 5.4 ppm, and 3.3 ppm, respectively (Fig. S6A). The chemical shifts 

show excellent agreement between bilayers and bicelles (Fig. S8), with average 13C, HN and 15N 

chemical shift differences of 0.23 ppm, 0.29 ppm, and 0.78 ppm, respectively, indicating that the 

substrate-bound EmrE conformation is similar between these two environments.  

 

1H–19F distances restrain the structure of the substrate-binding pocket  

With the 15N and 1H chemical shifts assigned, we turned to the 1H-19F REDOR experiment 37 to 

measure protein-substrate distances. We detected REDOR dephasing in 2D hNH spectra, which 

exhibit both backbone HN signals and the sidechain indole H signals of the important residue 

W63 (Fig. 4A). Two REDOR spectra were measured at each mixing time, one without 19F pulses 

(S0) and one with (S) to induce distance-dependent dipolar dephasing. The difference spectrum 

selectively exhibits the signals of HN sites that are in close proximity to the substrate fluorines. 

Thus, the difference spectra not only encode distance information but also have enhanced site 

resolution, allowing the assignment of substrate-proximal HN sites based on the 3D experiments. 

At a mixing time of 1.68 ms, the S spectrum already exhibits signals from aromatic residues 

such as W63 and Y60 in TM3 and from aliphatic residues such as E14 and S43A. Increasing the 

REDOR mixing time yielded more S peaks, indicating the detection of additional residues that 

are further away from the substrate. The largest number of S signals is observed for TM3 

residues, spanning residues A59 to S72 (Fig. 4C). Difference intensities are also observed for 

TM1 residues A13 to T18 in subunit A and TM2 residues such as Y40 and S43. In comparison, 

no difference intensities are detected C-terminal to the TM3 helix, indicating that the substrate-

binding pocket is comprised solely of TM1-3 helices.  

 

We quantified 1H–19F distances by fitting the mixing-time dependent S/S0 ratios (Fig. 4B): faster 

decays indicate shorter HN-F distances. Residues such as W63A show rapid dipolar oscillations, 
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indicating that they lie immediately adjacent to the substrate. The S/S0 ratios decay to about 0, 

indicating that all binding sites are saturated with TPP+. In comparison, some residues such as 

R82A show minimal decay, indicating that they are far from the fluorines. Best-fit distances were 

obtained by minimizing the root-mean-square deviation (RMSD) between the measured and 

simulated S/S0 ratios (Fig. S9). Many TM1-3 residues show significant dipolar dephasing that is 

fit to distances of less than 10 Å (Fig. 4C, D), whereas residues in TM4, the TM1-TM2 loop and 

the TM3-TM4 loop display minimal dephasing and are more than ~10 Å from the fluorines. These 

distances constitute the basis for constraining the structure of the protein-substrate complex.  

 

Structure of the EmrE-TPP+ complex in lipid bilayers: an aromatic-rich binding pocket  

We combined 213 protein-substrate H-F distances with 186 pairs of chemical-shift derived (, ) 

torsion angles and 95 Χ1 torsion angles (Table 1) to calculate the structure of the EmrE-TPP+ 

complex. Because the solution-state chemical shifts are very similar to the solid-state values and 

are more extensively assigned, we used the solution NMR chemical shifts in the final structure 

calculation. The use of solid-state NMR chemical shifts did not cause any qualitative difference. 

The structure calculation consisted of two stages: docking of F4-TPP+ into previous molecular 

dynamics (MD) simulated apo structural models in DMSO, followed by all-atom MD refinement of 

the docked protein-ligand complexes in explicit DMPC bilayers. Both stages used the measured 

distance restraints and torsion angles, but the 1H–19F distances were input with four-fold ambiguity 

at the docking step (Table S2) while structurally assigned at the second step (Table S3). Two 

MD apo structural models were used for docking 50, 51. The substrate clustered to a single position 

in one model 50 (Fig. S10A) but diverged to four positions in the second model 51 (Fig. S10B), 

only one of which lies at the dimer interface. Thus we removed the outcome of the second model 

from further analysis. In the uniquely docked model, TPP+ is surrounded by TM1–3 helices of 

subunit A and TM3 of subunit B. Among the 20 lowest-energy docked structures, the phosphorus 

and its directly bonded carbons in TPP+ have an RMSD of 2.3±0.6 Å, while the protein shows an 
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all-atom RMSD of 0.5±0.1 Å. Importantly, docking allowed the assignment of the specific 

phenylene H atoms, replaced by fluorine here, that dephase each protein HN (Table S3). With 

the HN-F pairs thus assigned and the overall ligand position constrained, we then refined the 

protein structure in DMPC bilayers (Fig. S10C), again restrained by 1H–19F distances and (, , 

X1) torsion angles.  

 

We used two of the four lowest-energy HADDOCK models to refine the structure of the complex 

in two independent MD runs, in order to assess the consistency of structure calculation. The two 

ensembles (Fig S10D) are each well clustered but show modest differences from each other. The 

protein heavy-atom RMSD was 1.43±0.12 Å for the run 1 ensemble and 1.52±0.21 Å for the run 

2 ensemble (Fig. S10D, F), and increases to 2.12 Å between the two lowest-violation structures 

from each ensemble. The structural differences between the two runs are manifested more in 

subunit B than subunit A, with TM1B and TM2B helices becoming less tilted in run 2 than in run 

1. The position of the C-terminal ends of TM3A and TM3B also deviate between the two runs 

(Fig. S10D). These differences are consistent with the aforementioned experimental data that the 

B monomer is more dynamic than the A monomer, and the chemical shifts are most asymmetric 

in the C-terminal end of TM3. TPP+ has the same orientation between the two ensembles (Fig. 

S10F) but its center is shifted slightly closer to subunit A in run 2 than run 1. The RMSD between 

the two runs for the TPP+ center, defined as the phosphorous atom and its four directly bonded 

carbons, is 2.56 Å. Despite these differences, the two ensembles are sufficiently similar (Fig. 

S10G) that they can be combined into a single structural ensemble. We chose ten conformers 

from the two runs with the lowest violations with the experimental distance restraints to constitute 

the final NMR structure ensemble (Fig. S10D,H).  
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The NMR structural ensemble of the EmrE F4-TPP+ complex shows TM1-3 residues to interact 

with the substrate while the two TM4 helices associate to stabilize the dimer (Fig. 5A, Fig. S10D, 

H). This architecture is in good agreement with low-resolution cryo-EM and X-ray data 25, 52. In 

each monomer, E14 in TM1 and Y40 in TM2 approach the substrate from one side, while Y60 

and W63 of TM3 approach the substrate from another side at an angle of ~100˚ from the E14/Y40 

pair (Fig. 5B). Among these four residues, Y40 is the furthest away from the substrate (Table 2). 

The relative proximities of these aromatic and polar residues to F4-TPP+ are in good agreement 

with biochemical data that W63 and Y60 are essential for substrate binding and transport, 

whereas Y40 regulates substrate specificity 9. Between the A and B subunits, the two E14 

sidechains are approximately colinear and lie on two opposite sides of TPP+. However, E14’s 

displacement relative to the substrate is asymmetric. The distances from the phosphorous to the 

two E14 C atoms, averaged over the structural ensemble, are 5.4 Å to monomer A and 7.1 Å to 

monomer B. The four phenylene H corners of the substrate are also asymmetrically positioned 

relative to E14: the nearest H lies 4.8 Å away from E14A C while the nearest H lies 6.0 Å from 

E14B C. Taken together, these structural features suggest that monomer A provides more 

stabilization to the substrate. This is consistent with the weaker intensities of monomer B peaks 

than monomer A, suggesting that monomer B is more dynamic. Importantly, one of the four 

phenylene H atoms, designated as F3 (Fig. 5B), is held by a cage of four functional residues: 

W63A, W63B, Y60A and E14B, with distances of 4.7 Å, 4.8 Å, 5.2 Å, and 6.1 Å to W63A N, 

W63B N, Y60A O, and E14B Crespectively (Table 2). Thus, the F3-bearing phenylene ring 

is well constrained by multiple -, CH-, and electrostatic interactions, making this fluorine most 

likely responsible for the narrow -110 ppm peak in the 19F NMR spectrum (Fig. 2B). This binding-

site geometry indicates that multivalent aromatic and polar interactions play the dominant role for 

TPP+ binding by EmrE. The aromatic-rich binding pocket is further supported by 13C-19F REDOR 
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spectra (Fig. 4E), which show difference intensities at the 13C chemical shifts of binding-site 

residues such as W63, Y60, F44, E14, G65, G67, S43, and V64.  

 

This NMR structure of the EmrE-TPP+ complex shows TPP+ at a similar location as the MD model 

(Fig. 5C, Fig. S10I), but differs significantly in terms of the substrate orientation and the positions 

and orientations of the protein residues. In the NMR structure, the two W63 indoles are roughly 

perpendicular to each other, with the W63A indole plane aligned with the nearest TPP+ phenylene 

plane. In comparison, the MD model puts the two W63 indole rings roughly parallel to each other, 

and both are perpendicular to the closest TPP+ ring. In the MD model, the two E14 residues 

approach the substrate at different angles and displacement compared to those of the NMR 

structure. Finally, the shape of the binding pocket is more elongated in the experimental structure 

than in the MD model: the inter-protomer distances between the two E14 C carbons and between 

the two W63 N atoms are ~11 Å and ~7 Å in the NMR structure, whereas the corresponding 

distances in the MD model are 10.5 Å and 9.4 Å. The residues in the NMR structure model are 

more loosely packed compared to the MD model. For example, the E14B-Y60A-W63B triad show 

distances of 3.9–5.5 Å among the Cα, O, and N atoms in the NMR structure (Fig. 5B), while the 

corresponding distances in the MD structural model are much shorter, to 3.2 – 3.8 Å, suggesting 

hydrogen-bonding. On the other side of TPP+, the equivalent triad of E14A-Y60B-W63A is even 

looser, with inter-atomic distances of 6-11 Å.  

 

Discussion  

The results shown here provide the first precise experimental definition of the geometry of the 

substrate-binding pocket of EmrE. The large number of protein-substrate 1H-19F distances (Fig. 

S10E) 37, measured in bilayer-bound EmrE, indicates the relative proximities of residues at the 

binding pocket. The inequivalent substrate position between the two subunits 48 gives insight into 
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the asymmetric protonation of the two E14 residues 17, 18. In our structure, E14A C is closer to 

the TPP+ phosphorus and the nearest fluorine than E14B C (Table 2), suggesting that E14A is 

negatively charged to have favorable electrostatic attraction with the positively charged F4-TPP+. 

E14A is also further away from W63A and Y60B than E14B is from W63B and Y60A (Fig. 5B). 

These structural differences are consistent with the distinct chemical shifts of E14A and E14B, 

with E14A exhibiting larger C, C and C chemical shifts than E14B (Table S1). A previous NMR 

study of E14-labeled EmrE bound to ethidium bromide reported similar aliphatic chemical shift 

differences as seen here 35, but in addition measured the carboxyl chemical shifts at a low 

temperature of 200 K. E14A and E14B were found to have C chemical shifts of 180.9 ppm and 

178.3 ppm, respectively. Since protonated carboxyl groups have smaller isotropic chemical shifts 

on average than deprotonated ones 53, this C chemical shift difference suggests that E14B is 

protonated while E14A is deprotonated in the presence of ethidium. Therefore, this result is 

consistent with our assignment of E14A to be negatively charged and in closer proximity to the 

positively charged TPP+. In addition, solution NMR pH and TPP+ titrations with bicelle-bound 

EmrE also suggested asymmetric binding of TPP+: only E14B remained titratable, with a pKa of 

6.8, implying that TPP+ is closer to E14A, preventing its protonation 17. These data, taken together, 

indicate that TPP+, as well as other EmrE ligands, bind the dimer asymmetrically, closer to subunit 

A than to subunit B,  

 

The present data also report the first direct observation of substrate dynamics in the EmrE binding 

pocket, coupled with protein dynamics. These dynamics are manifested by the 19F NMR spectra 

of the substrate at physiological temperature and the temperature-dependent 13C spectra of the 

protein (Fig. 2). It is also hinted at by the TM2 and TM3 helix orientational changes between the 

two MD runs (Fig. S10). How does the structure of the complex, solved at low temperature, 

explain these substrate and protein motions, and how do these motions relate to promiscuous 
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substrate binding and transport? The present structure shows that the binding pocket is 

established by many aromatic and polar residues, which provide multivalent interactions with the 

substrate that are not easily perturbed by a single mutation at residue 64. At the same time, the 

binding pocket is spacious: the inter-residue distances are in general much longer than the 

hydrogen-bond length, and the protein-drug distances are also sufficiently large to allow drug 

reorientation. This spacious and multivalent binding pocket is fully consistent with the similar 

binding affinities of TPP+  for the mutant and WT EmrE, and is also consistent with the ability of 

the protein to bind multiple drugs indiscriminately. However, binding is not equal to transport. 

Efficient translocation of the drug requires coordinated motion of the protein between the outward-

facing and inward-facing conformations. Although S64V-EmrE binds substrates with nearly 

identical, sub-micromolar, affinity as wild-type EmrE, it has a slower transport rate and an 8-fold 

slower alternating-access rate than the WT protein 36. This slower transport rate implies a reduced 

ability of the mutant to undergo coordinated conformational motions. We observed less helical 

chemical shifts for V64 in monomer B than in monomer A, suggesting helix disorder in TM3 of 

monomer B 13, 52. The fact that this TM3 disorder is observed in the more dynamic monomer (Fig. 

S6) suggests that the local motion of monomer B might regulate the ability of the dimer to undergo 

conformational interconversion, which is required for drug efflux. Direct comparison of the mutant 

with the WT structure and dynamics will be necessary in the future to determine whether 

increased dynamics of monomer B facilitates or impedes the alternating-access motion.  

 

Between different members of the tetrahedral ligands, higher binding affinity is correlated with 

slower transport 14. When the same ligand binds different mutants, then the anti-correlation 

between binding affinity and protein dynamics decreases 36. These data suggest that the ligand 

geometry and protein structure both affect the binding-site structure and alternating-access rate, 

but in a partially independent manner. Future studies to determine how the EmrE binding-site 
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structure changes with the ligand, pH, and protein mutation, will be informative to define the 

conformational landscape of this promiscuous SMR transporter.  

 

The contribution of MDR transporters to bacterial virulence and antibiotic resistance has led to 

significant interest in developing efflux pump inhibitors. The goal is to block transport activity in 

order to reduce bacterial virulence, restore antibiotic efficacy, and provide tools to understand the 

complex toxin efflux network in bacteria 54-59. These inhibitors often resemble substrates and 

compete for substrate binding or prevent the protein from undergoing the conformational changes 

that are required for transport 60, 61. The structure presented here provides an initial guide for 

structure-based design of EmrE inhibitors to probe EmrE function within the E. coli MDR efflux 

network in vivo. As a model system, EmrE has provided rich insight into the complexity of proton-

coupled transport. Biophysical studies have revealed its ability to perform different types of 

coupled transport that would lead to either resistance or susceptibility in vivo 15, 17. Mutagenesis 

of EmrE and other SMR homologs demonstrate the ease with which SMR transporters may be 

converted between these two phenotypes and confirm that a single transporter can confer 

resistance to some substrates and susceptibility to others 8, 62. Application of the approach used 

here to additional substrates will provide a foundation for understanding the multidrug poly-

specificity of EmrE and how different substrates can interact with EmrE to trigger opposing 

biological outcomes of resistance or susceptibility.  
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Table 1. NMR and refinement statistics for F4-TPP+ bound S64V-EmrE structure in lipid bilayers.  
 
 Monomer A Monomer B 
NMR distance and dihedral constraints   
Dipolar Coupling Measurements 42 30 
    Distance Constraints 119 94 
Total dihedral-angle restraints   
     99 86 
     99 87 
    1 53 42 
   
Structure statistics    
Violations (mean  s.d.)   
    Distance constraints (Å)     0.012 ± 0.082 0.015 ± 0.059 
    Max. distance-constraint violation (Å)  1.32 1.17 
      Dihedral-angle constraints (°) 0.096 ± 1.402 0.294 ± 2.428 
      Dihedral-angle constraints (°) 0.071 ± 0.667 0.417 ± 3.279 
    Max.   dihedral-angle violation (°)   33.4 29.1 
    Max.   dihedral-angle violation (°)   10.5 43.1 
Average pairwise r.m.s.d (Å)a     
    Protein Heavy atom for TM helices 2.05 ± 0.55 
    Protein Backbone for TM helices 1.67 ± 0.52 
    Ligand Heavy 1.98 ± 0.64 
    Ligand Center b   1.58 ± 0.68 

 

a Pairwise r.m.s.d. was calculated among 10 lowest-violation structures between the two independent MD 
runs after the refinement had equilibrated. 
b Ligand center is defined as phosphorus and the four directly bonded carbon atoms of F4-TPP+.  
 
 
Table 2. Protein-substrate distances extracted from the NMR-refined structural models. The 
average distances and standard deviations are from the ensemble of 10 minimum constraint-
violation structures in the final 150 ns of the two MD trajectories.  
 

 Monomer A Monomer B 
P – E14 C  5.4 ± 0.6 Å 7.1 ± 0.7 Å 
P – Y40 O 6.9 ± 0.8 Å 14.5 ± 2.1 Å 
P – Y60 O  8.3 ± 0.6 Å 6.7 ± 0.7 Å 
P – W63 N 5.7 ± 0.8 Å 5.0 ± 0.5 Å 
Min. F a – E14 C  4.8 ± 0.6 Å 6.0 ± 0.5 Å 
Min. F a – Y40 O 5.7 ± 0.4 Å 10.7 ± 1.4 Å 
Min. F a – Y60 O 5.2 ± 1.3 Å 5.5 ± 0.9 Å 
Min. F – W63 N 4.7 ± 0.6 Å 4.8 ± 0.5 Å 
A.B.F b – E14 C  9.0 ± 1.4 Å 6.1 ± 0.5 Å 
A.B.F b – Y60 O  5.2 ± 1.3 Å  9.9 ± 2.6 Å 
A.B.F b – W63 N  4.7 ± 0.6 Å 4.8 ± 0.5 Å 

 
a Distance of the nearest fluorine to the specified protein atom.  
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b Distance from the fluorine atom (annotated as F3) that interacts within the aromatic box of W63 
and Y60 to the specified protein atom.  
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Figure 1. EmrE binds and transports F4-TPP+ in a similar fashion to TPP+. (A) Schematic model 

of the alternating-access mechanism of the asymmetric EmrE homodimer to export polyaromatic 

substrates out of bacterial cells. The F4-TPP+ structure is shown on the right. (B) Amide HN and 

15N chemical shift difference between F4TPP+- and TPP+-bound S64V-EmrE in lipid bicelles. Red: 

subunit A; Blue, subunit B. The small chemical shift differences indicate that substrate fluorination 

has little effect on the protein structure. (C) Amide HN and 15N chemical shift difference between 

subunits A and B of bicelle-bound S64V-EmrE. Red: F4-TPP+ bound protein data; Black: TPP+-
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bound protein data. Similar structural asymmetry between the two subunits is observed for the 

two substrates. (D) ∆pH-driven liposomal transport assays of F4-TPP+ using solid-supported 

membrane electrophysiology. When the proton and F4-TPP+ gradients are in opposite directions, 

net current increases, but when they are in the same direction, net current decreases, indicating 

that F4-TPP+ is a canonical antiport substrate of EmrE. The E14Q data serve as controls. Raw 

current traces and additional details are shown in Figure S3. 
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Figure 2. 19F MAS NMR spectra of F4-TPP+ bound to S64V-EmrE in DMPC bilayers. (A) Variable-

temperature 19F DP spectra measured under 10.5 kHz MAS. The substrate has an isotropic 19F 

chemical shift of -106 ppm. The 19F linewidths and spinning sideband intensities are strongly 

dependent on temperature. At 245 K, the substrate is immobilized, whereas at 308 K, the 

substrate is nearly isotropically mobile. The minor sharp peaks at -80 ppm and -116 ppm in the 

high-temperature spectrum are attributed to residual 4-fluoroiodobenzene and tris(4-

fluorophenyl)phosphine from the F4-TPP+ synthesis. (B) 19F DP spectrum measured at 285 K 

under 35 kHz MAS. Spectral deconvolution gives five components, indicating that the ligand 

experiences a heterogeneous structural environment. 13C-19F cross-polarization (CP) spectrum 

enhanced three out of the five components, indicating that these species are closest to the 13C-

labeled protein. (C) Variable-temperature 13C CP MAS spectra of DMPC-bound S64V-EmrE. The 
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spectral intensity decreases with increasing temperature, indicating that the protein becomes 

more dynamic at higher temperatures. (D) 2D 19F-19F correlation spectrum of F4-TPP+ with 10 ms 

mixing. The spectra were measured under 38 kHz MAS. Exchange peaks are observed at 285 K 

but not at 265 K, indicating that the exchange is due to substrate reorientation. (E) Intensity 

buildup curves of cross peaks (shown as blue crosses in D) give an average exchange time 

constant of 16 ± 2 ms.  
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Figure 3. 1H-detected 2D and 3D correlation MAS NMR spectra of F4-TPP+ bound S64V-EmrE 

in DMPC bilayers. (A) 1H-15N 2D correlation spectrum measured under 55 kHz MAS. Selected 

resonances are assigned based on 3D correlation spectra. (B) Representative strips, for residues 

T56–W63 in subunit A, of the four 3D 1H-detected correlation spectra for resonance assignment. 

Aliphatic 13C chemical shifts were assigned using hCANH and hCA(CO)NH experiments, while 

CO chemical shifts were assigned using the hCO(CA)NH and hCONH experiments. All spectra 

were measured under 55 kHz MAS on CDN-labeled protein at a sample temperature of 285 K.  
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Figure 4. EmrE to F4-TPP+ distances measured using 1H-19F and 13C-19F REDOR experiments. 

(A) Representative S0 (red) and S (blue) 2D REDOR-hNH correlation spectra, measured with 

mixing times of 1.68 ms and 3.78 ms. Assignment is shown for selected resolved peaks in the S0 

spectrum. More difference peaks are observed in the 3.78 ms S spectrum than in the 1.68 ms 

S spectrum, as expected. (B) Representative 1H-19F REDOR S/S0 dephasing curves with best-

fit simulations. Fast and slow dephasing, corresponding to short and long distances, are shown 

in blue and black, respectively. (C) C secondary chemical shifts (grey bars) of F4-TPP+ bound 

EmrE, indicating four TM -helices separated by short loops. Residues whose HN atoms show 

difference signals in the 2D REDOR spectra are indicated by magenta circles at the bottom. Best-

fit HN-F distances are indicated by blue circles. Residues in TM3A, TM3B, and TM1A display short 
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distances to F4-TPP+. (D) Topology of the eight TM helices in the dimeric EmrE, with monomer A 

helices shown in orange and monomer B helices shown in blue. (E) 13C-19F REDOR S0 and S 

spectra, coadded from spectra recorded with mixing times of 0.92, 2.0, 3.0, and 4.5 ms. The S 

spectrum is plotted to be 32 x scaled up relative to the S0 spectrum to better show the signals of 

13C sites that are close to the substrate. Note the preferential increase of aromatic 13C intensities 

in the 100-160 ppm region in the S spectrum compared to the control S0 spectrum. This is 

consistent with the predominance of aromatic residues at the binding site. Selected peaks are 

assigned based on the chemical shifts known from the 3D correlation spectra (Table S1).  
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Figure 5. Experimentally constrained structure model of the EmrE-TPP+ complex in DMPC 

bilayers at low pH. (A) Side view (left) and bottom view (right) of the topology of the complex. The 

ligand (purple) lies closer to monomer A (orange) than monomer B (blue). (B) Distance-

constrained NMR structure model of the binding site. Key residues, including E14, Y40, Y60 and 

W63, surround the substrate. One of the four phenylene H atoms, marked as F3, is tightly 

coordinated by residues from both monomer A (yellow) and monomer B (green). The right side 

shows a bottom view of all aromatic residues (W63, Y60, F44, and Y40) near the substrate. (C) 

MD simulated structure model biased to the low-resolution crystal structure. The substrate and 
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key binding-site residues show various differences in position and orientations compared to the 

experimental NMR structure.  
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Methods 

Synthesis of tetra(4-fluorophenyl) phosphonium iodide 

Into a 50 ml heavy-wall pressure vessel with a PTFE internal-thread cap with a magnetic stir bar, 

4-fluoroiodobenzene (1.4g, 1.0 equiv), tris(4-fluorophenyl)phosphine (2.0g, 1.0 equiv), Pd(OAc)2 

(0.021g, 1.5 mol%), and mixed xylenes (15 mL) were added. The tube was flushed with nitrogen, 

capped, and the reaction mixture stirred at 140°C for 2 hours. The product, tetra(4-fluorophenyl) 

phosphonium iodide, precipitates during the course of the reaction. Once cooled, the product was 

isolated by filtration, washed with small portions of fresh xylenes, and air-dried. The pure tetra(4-

fluorophenyl) phosphonium iodide product was isolated as a pale ivory solid (3.2 g, 95% yield).  

 

S64V-EmrE Expression and Purification 

S64V-EmrE was expressed and purified as previously described 36, using the same procedure as 

for WT EmrE 63. For 13C,15N-labeled S64V-EmrE, the protein was expressed using media 

containing 2.5 g/L U-13C glucose, 1 g/L 15NH4Cl, 0.5 g/L 13C,15N-labled ISOGRO (Millipore-Sigma). 

2H,13C,15N (CDN) S64V-EmrE was expressed in 2H2O media containing 2.5 g/L U-2H,13C glucose, 

1 g/L 15NH4Cl, 0.5 g/L 2H,13C,15N-labled ISOGRO. 2H,15N (DN)-labeled S64V-EmrE was 

expressed in 2H2O media containing 1 g/L 15NH4Cl and 0.5 g/L 2H,13C,15N-labled ISOGRO. Lysis 

and purification were performed as previously reported 14, 63 using Ni-NTA affinity column followed 

by thrombin cleavage of the His-tag and size exclusion chromatography on a S200 column in 

buffer containing 50 mM MES, 20 mM NaCl, 10 mM decyl-maltoside, 5 mM BME, pH 5.8. 

 

Solid-Supported Membrane-based Electrophysiology Experiments 

WT EmrE and E14Q EmrE was expressed and purified as previously described 17. 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 
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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. Protein 

was reconstituted into POPC liposomes at a 1:400 protomer : lipid molar ratio, and detergent was 

removed with Amberlite XAD-2. Liposomes were collected, aliquoted, and flash frozen. 

Immediately prior to measurements, liposomes were thawed, diluted 2-fold with pH 7.3 buffer, 

and briefly sonicated.  

 

All electrophysiology measurements were recorded and analyzed using a Surf2er N1 solid-

supported membrane-based electrophysiology (SSME) instrument from Nanion Technologies. 

Prior to measurements, sensors were equilibrated on the instrument with multiple washes with 

pH 7.30 buffer containing 0.5 μM F4-TPP+ while recording currents. Washes were performed until 

successive washes produced no observable current. Transport was initiated by perfusion of pH 

7.00 buffer containing 10 μM F4-TPP+ to simultaneously set inward-facing proton and drug 

gradients. Transport currents were recorded during 1.5 seconds of perfusion of the external buffer 

and integrated to obtain transported charge. After these measurements, sensors were washed 

with pH 7.30 buffer containing 10 μM F4-TPP+ while recording currents. Washes were again 

performed until successive washes produced no observable current. (0.5 μM F4-TPP+ for outward-

facing gradient, 10 μM F4-TPP+ for inward-facing or no gradient). Transport was initiated by 

perfusion of pH 7.00 buffer containing 0.5 or 10 μM F4-TPP+ to simultaneously set inward-facing 

drug and/or proton gradients. Reported values are the average of replicates on three different 

sensors, and error bars are the standard error of the mean. 

 

Reconstitution and Preparation of Solid-State NMR samples 

13C,15N-labeled S64V-EmrE was reconstituted into DMPC (Avanti Polar Lipids) liposomes at a 

EmrE monomer to lipid molar ratio (P : L) of 1 : 50 or 1 : 25. DMPC was resuspended in 50 mM 

MES, 20 mM NaCl, pH 5.8 buffer at 20 mg/mL. The lipid mixture was incubated at 45 ºC for 1 h 
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to hydrate, then bath-sonicated for 1 min before addition of 0.5% octyl-glucoside (OG) followed 

by 30 s bath sonication. The lipid mixture was incubated at 45ºC for an addition 15 min before 

mixing with purified S64V-EmrE solution. After 20 min room temperature (RT) incubation, 

Amberlite (Supelco) was added (3 x 30mg Amberlite per mg total detergent) to remove the 

detergent. The amberlite was removed after 16-24 hours by simple filtration. Liposomes were 

collected by ultracentrifugation (165,000 xg, 6 ºC, 2 h.) and resuspended in a small volume (~20 

mg/mL lipid conc.) of buffer. To ensure complete detergent removal, the sample was dialyzed 

against 1 L of the same buffer (50 mM MES, 20 mM NaCl, pH 5.8) with buffer change every 24 

hours over a 72 hour period. The sample was then incubated with excess solid F4-TPP++ at RT 

with end-to-end mixing for at least 16 hours. Excess F4-TPP++ was removed using 

microcentrifugation (10,000 rpm., 5 min). Proteoliposomes were then pelleted at 100,000 g, 4 ºC, 

2 h in an ultracentrifuge. A similar method was used to prepare the CDN-S64V-EmrE sample, 

except that the protein was reconstituted into DMPC-d54 liposomes at a P : L of 1 : 25 . 

Proteoliposomes were dried to ~40% hydration by mass in a desiccator. Samples were 

centrifuged into 3.2, 1.9, and 1.3 mm MAS rotors. Three 1.9 mm rotors were packed: 1) a CDN-

EmrE sample containing 3.6 mg protein in 16.0 mg proteoliposomes, 2) a CN-labeled EmrE 

sample (P : L = 1 : 25) containing 3.4 mg protein in 14.9 mg proteoliposomes, and 3) a CN-labeled 

EmrE sample (P : L = 1 : 50) containing 1.9 mg protein in 15.0 mg proteoliposomes. A 1.3 mm 

MAS rotor was packed with 0.9 mg CDN-EmrE in 3.9 mg proteoliposomes. The 3.2 mm 

Revolution NMR rotor was packed with 5 mg CN-EmrE in 39 mg proteoliposomes (P : L=1 : 50).  

 

Reconstitution and Preparation of Solution NMR Samples 

All solution NMR samples were reconstituted into DMPC/DHPC isotropic bicelles (q=3) at a 75:1 

lipid to EmrE monomer ratio. The reconstitution was performed similarly to the solid-state NMR 

sample up to the point where liposomes were pelleted at (165,000 g, 6 ºC, 2 h). Once pelleted, 

the sample was resuspended in buffer containing 3-fold higher concentration of 1,2-dihexanoyl-
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sn-glycero-3-phosphocholine (DHPC-6). Samples were then subjected to 3 cycles of freeze-thaw. 

The pH of the final samples was adjusted to 5.8 at 45ºC using a Hamilton biotrode microelectrode. 

The sample was then incubated with excess solid F4-TPP++ at 45ºC overnight. Excess F4-TPP++ 

was removed using microcentrifugation prior to transferring solution to NMR tubes. 

 

Solid-state NMR Experiments  

The MAS NMR experiments were conducted at 600, 700, and 800 MHz Bruker NMR 

spectrometers. 1H-19F REDOR distance measurements were conducted under 38 kHz MAS at an 

effective sample temperature (Teff) of 285 K on a Bruker Avance III HD 600 MHz (14.1 T) 

spectrometer at MIT using a 1.9 mm HFX probe. 1H-detected 3D correlation experiments for 

resonance assignment were conducted on 1.3 mm HCN probes under 55 kHz MAS between 280 

and 285 K on the 600 MHz spectrometer and an Avance NEO 700 MHz (16.5 T) spectrometer at 

Bruker Biospin (Billerica, MA). 13C-detected 3D correlation experiments were conducted under 14 

kHz MAS using a 3.2 mm BlackFox HCN probe on an 800 MHz spectrometer.64. The effective 

sample temperatures were estimated from the water 1H chemical shifts using the equation Teff (K) 

= 96.9(7.83 – H2O) where H2O is the observed chemical shift of water 65. The corresponding 

thermocouple-reported set temperature (Tset) is given in Table S4. There is no chemical shift 

difference between fast and slow MAS, and the samples were maintained at similar near ambient 

temperature by choosing appropriate bearing temperatures. Thus, the protein conformation is 

unchanged by fast MAS compared to slow MAS.  

 

Pulse sequences for the 1H-detected experiments and 19F solid-state NMR experiments are 

shown in Fig. S4, with experimental parameters given in Table S4. In general, N-C correlation 

experiments used specific CP for polarization transfer 66. 13C-13C correlation was achieved using 

the CORD spin diffusion sequence 67 under slow MAS (14 kHz) and the DREAM sequence for 

one-bond 13C–13C transfer under fast MAS (55 kHz).68 High-power 1H decoupling used either 
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continuous wave (CW) or TPPM 69 schemes, and low-power 1H decoupling was achieved with 

the WALTZ-16 scheme.70 Proton-detected MAS NMR experiments employed MISSISPPI to 

suppress the water signal.71 Four 1H-detected 3D correlation experiments were used to assign 

the 1H, 15N and 13C chemical shifts of bilayer-bound S64V-EmrE. The hCANH and hCO(CA)NH 

experiments allow intra-residue assignment while the hCA(CO)NH and hCONH experiment allow 

inter-residue assignment.  

 

19F chemical shifts were externally referenced to the -122.1 ppm signal of 5F-tryptophan on the 

CF3Cl scale 72 and 15N chemical shifts were externally referenced to the 15N peak of N-acetylvaline 

at 122.0 ppm on the liquid ammonia scale. 1H and 13C chemical shifts were internally referenced 

to match the DSS-referenced chemical shifts of the solution-state 1H and 13C values. The solids 

2D 13C-13C correlation spectrum was calibrated by referencing the T28AB C peak to 70.3 ppm. 

For the hNH, hCANH, hCONH, and hCA(CO)NH spectra, we chose G67A as the reference signal, 

setting the 1H chemical shift to 9.0 ppm, 13C to 47.1 ppm, the V66 13CO to 178.1 ppm, and V66C 

to 67.1 ppm (Table S1). The hCO(CA)NH spectrum was referenced similarly by reference to 

solution-state chemical shifts. However we noticed temperature-induced perturbations between 

redundant 13CO shifts in the hCONH and hCO(CA)NH spectra; as a result, we calculated the 

average perturbation in the hCO(CA)NH spectrum relative to the hCONH spectrum for 10 13CO 

shifts, and applied an additional +0.4 ppm correction change to the 13C dimension of the 

hCO(CA)NH spectrum.  

 

Solution NMR Experiments 

TROSY-selected ZZ exchange 73 spectra were collected on an 800 MHz Varian VNMRS DD 

spectrometer equipped with a 5 mm cold probe (1H/13C/15N) using VnmrJ 4.0. The VT setpoint 

was set at 45ºC and data were collected with 200 ms mixing for ~5 days, yielding no discernable 
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exchange cross peaks. Data were processed using NMRPipe 74 and NMRFAM-Sparky 75 was 

used to analyze spectrum. 

 

Solid-state NMR Spectral Analysis and Distance Extraction  

1D and 2D MAS NMR spectra were processed in the Bruker Topspin software package. 

Frequency-domain addition of 3D correlation spectra was performed using a Python script that 

made use of NMRGlue and NumPy Python packages.76, 77 Chemical shift assignment and plotting 

of 3D strip spectra were performed in NMRFAM-Sparky 78. Comparisons of solid-state and 

solution NMR chemical shifts and monomer A and B chemical shifts were computed in Python 

and plotted with Matplotlib.79 Protein backbone torsion angles were predicted using the TALOS-

N software 49 from measured chemical shifts, excluding all 1H chemical shifts and applying a 

deuterium isotope correction to the C and C chemical shifts.   

 

REDOR HN-19F distance restraints were extracted as described before.37, 80 Briefly, peak volumes 

in the 2D 1H–19F REDOR-edited hNH S0 and S spectra were integrated to obtain the intensity 

ratios S/S0 for all mixing times. We then simulated the two-spin REDOR dephasing curves for 

distances of 3.0 – 15.0 Å in 0.1 Å increments using the SIMPSON software package 81. These 

numerical simulations included the magnitude () and asymmetry () of 19F CSA, but left the tensor 

orientations unknown (i.e. Euler angles of 0, 0, 0). Finite-pulse effects were explicitly encoded in 

the NMR parameters. RF inhomogeneity was accounted for by simulating for pulse flip angles of 

180˚ to 145˚ in 5˚ increments, weighted by a half-Gaussian function centered at 180˚.37, 80 The 

REPULSION168 scheme with 32 gamma angles was used for powder averaging 82. The best-fit 

1H–19F distance was extracted by minimizing the RMSD between the simulated and measured 

S/S0 values. The uncertainty in the best-fit distance was set by an RMSD threshold of 0.2, as this 

was the maximum scatter observed for sites that do not dephase; distances below this RMSD 



349 
 

value were considered significant (Fig. S9). In cases where little to no dephasing was observed, 

we set the distance upper uncertainty to 40 Å, which is approximately the longest possible 

distance in the dimer. For residues whose signals overlap in the 2D hNH spectrum, the lower-limit 

distance uncertainty was increased.  

 

Solution NMR Assignment Spectra 

Solution chemical shift assignments were assigned using the following suite of three-dimensional 

NMR spectra with non-uniform sampling (NUS): TROSY-HNCA and TROSY-HNCACB spectra 

were recorded on a 900 MHz Bruker Avance III HD equipped with a 5 mm triple resonance 

cryoprobe (1H/13C/15N) running Topspin NMR 3.5. Temperature was set to 45ºC. The TROSY-

HNCA83-85 (Bruker trhncaetgp2h3d) was acquired with 1024 complex points in the direct 

dimension (1H) and 604 non-uniformly sampled complex points in the indirect dimensions (max 

increments 36 (15N) and 48 (13C)) for 35% sampling. 64 scans were acquired per increment with 

a 2s delay. Spectral widths were 16.34 ppm centered at 4.58 ppm (1H), 31.3 ppm centered at 

116.5 ppm (15N) and 29.5 ppm centered at 55.6 ppm (13C). The TROSY-HNCACB 83-85 (Bruker 

trhncacbetgp2h3d) was acquired with 1024 complex points acquired in the direct dimension (1H) 

and 740 non-uniformly sampled complex points in the indirect dimensions (max increments 36 

(15N) and 64 (13C)) for 32% sampling. 128 scans were acquired per increment with a 2s delay. 

Spectral widths were the same as the HNCA except for 13C, which was 63.1 ppm centered at 43.6 

ppm.  

 

The TROSY-HN(CO)CA, TROSY-HNCO (BioPack ghnco_trosy_3DA), and TROSY-HN(CA)CO 

86-90 spectra were collected on a 600 MHz Varian VNMRS DD console equipped with a 5 mm cold 

probe (1H/13C/15N) using VnmrJ 4.0. The TROSY-HNCO was acquired with 1024 complex points 

in the direct dimension (1H) and 900 non-uniformly sampled complex points in the indirect 

dimensions (max increments 48 (15N) and 48 (13C)) for 39% sampling. 32 scans were acquired 
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per increment with a 2 s delay. Spectral widths were 20.03 ppm centered at 4.58 ppm (1H), 35.4 

ppm centered at 117.8 ppm (15N) and 11.9 ppm centered at 177.4 ppm (13C). The TROSY-

HN(CA)CO was acquired with 1024 complex points in the direct dimension (1H) and 380 non-

uniformly sampled complex points in the indirect dimensions (max increments 32 (15N) and 34 

(13C)) for 38% sampling. 144 scans were acquired per increment with a 2s delay. Spectral widths 

were the same as for the HNCO. The TROSY-HN(CO)CA was acquired with 1024 complex points 

in the direct dimension (1H) and 598 non-uniformly sampled complex points in the indirect 

dimensions (max increments 36 (15N) and 48 (13C)) for 35% sampling. 64 scans were acquired 

per increment with a 2s delay. Spectral widths were the same as for the HNCO except for 13C, 

which was 29.8 ppm centered at 55.9 ppm. 

 

All data were processed using NMRPipe 74 and SMILE 91 for NUS reconstruction. Spectral 

analysis and assignments were performed using CcpNmr Analysis 92.  

 

Electrostatic Surface Calculation 

The electrostatic surface of the EmrE substrates TPP++ and F4-TPP++ were calculated assuming 

S4 symmetry. Gaussian16 optimization was used with B3LYP/6-31G(d) intially, and then re-

optimized using B3LYP/6-311+G(d,p).  Single point B3LYP/6-311+G(d,p) calculations were 

performed using Spartan’08 to generate the elstat figures. 

 

Structure Calculation of F4-TPP+-bound EmrE  

Structure calculation of the TPP+-EmrE complex consists of two stages: de-novo docking to 

determine the location and orientation of F4-TPP+ within the apo protein structure, and to 

structurally assign which fluorine dephases each protein HN, and MD simulations in explicit lipid 

bilayers to equilibrate and refine the structure of the complex. The docking used the MD-simulated 

apo EmrE structure 25, 50 as input. Both E14 residues are protonated, and a S64V mutation with 
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the lowest energy rotamer was introduced. The coordinate of F4-TPP+ was generated by replacing 

the para-hydrogens of TPP+ 50 with fluorines. To assign the two sets of protein chemical shifts to 

monomers A and B, we used the V64 C chemical shift. A resolved Val C signal is observed at 

64.1 ppm, which is upfield from the more ideal -helical C chemical shift (~66 ppm) of all other 

valines. In the apo EmrE structural model, TM3 of monomer A is a relatively ideal -helix while 

TM3 of monomer B has a significant kink around V64. Thus, we assigned the less helical 64.1 

ppm V64 C chemical shift to monomer B and the more ideal helical chemical shifts to monomer 

A. The N- and C-termini of the protein were set as charged, and the “active” residue list, from 

which the HADDOCK Ambiguous Interaction Restraints (AIRs) were generated, was set to a 

minimal subset of residues that are well known to be involved in binding based on biochemical 

data 38 and the current REDOR data. The 1H–19F distance restraints for REDOR RMSD values 

below 0.2 (Fig. S9) were uploaded as unambiguous constraints, for which energy penalties were 

always enforced. Backbone (, ) torsion angles and sidechain 1 torsion angles predicted based 

on solution-NMR chemical shifts were input as restraints with an uncertainty of 20˚. Docking was 

performed in DMSO and started with 1000 structures, from which 200 lowest energy structures 

were refined. These 200 structures were aligned and analyzed in Pymol with an integrated 

Python-Pymol script for reporting the protein and ligand RMSD’s.77, 93  

 

The lowest energy structure from docking was used to resolve the ambiguity of which 19F atom(s) 

dephase which 1H atoms of the protein by a structure-based assignment algorithm. We read the 

PDB coordinates into dataframe structures using an in-house written Python script that employed 

the Biopandas package 77, 93-95. We calculated the distances between all fluorine atoms and each 

protein HN to identify the nearest fluorine. The distances to the three other fluorine atoms were 

checked against the shortest distance; if any of the three other fluorines had a distance within 1.5 

Å of the nearest F, then this fluorine atom was also flagged. In total, we assigned each protein HN 
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to one of three categories: 1) those HN atoms with a single nearest F, a positive constraint; 2) 

those HN atoms with two similarly proximal (within 1.5 Å of each other) F atoms, or two positive 

constraints, and 3) those HN atoms that are far from all fluorine atoms, or four “negative” 

constraints. In case 2), we increased both upper-bound distance uncertainty by 2 Å, to account 

for the fact that the REDOR fitting assumed a single-distance two-spin model, so that the 

individual distance in the three-spin situation is longer than the two-spin fit. This algorithm 

converted the ambiguous HADDOCK distance restraints to a list of pairwise distance restraints to 

be input into the GROMACS simulation. In total, from the 72 dipolar coupling measurements, we 

obtained 213 unique distance restraints for all-atom MD simulations.  

 

We inserted the docked EmrE-TPP+ complexes into an explicit hydrated DMPC bilayer using the 

CHARMM-GUI 96, 97 membrane builder tool 98, 99. The DMPC bilayer contains 100 lower leaflet 

lipids and 104 upper leaflet lipids, and hydrated on both faces with a TIP3P water layer of ~2.5 

nm in thickness 100. A total of 6 chloride ions and 4 sodium ions were included in the system to 

match the experimental 20 mM NaCl condition. The complex was aligned to the membrane 

normal using the OPM web-service.101 The ligand force fields were parameterized from the ligand 

coordinates. MD simulation was conducted in GROMACS 102 using the NMRbox virtual servers 

103. The simulation was conducted at 310 K, and CHARMM36 force fields 104-107, including the 

WYF parameter for cation-pi interactions, 108 were used. Backbone (, ) angles and sidechain 

1 torsion angles from solution-NMR chemical shifts were applied as constraints with an angle 

uncertainty of ±20˚. The protein-ligand H-F distance restraints (Table S3) were applied with the 

piecewise linear restoring force in GROMACS 109. Simulation started with a 5000-step energy 

minimization with position and dihedral restraints on the protein backbone, sidechain, and lipid 

atoms. The position and dihedral restraints were progressively weakened and removed over 

1.875 ns of equilibration. The production stage involved 400 ns in 2 fs steps to equilibrate the 
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structure. GROMACS periodic boundary condition commands were used to remove jumps across 

the box boundary, and the MDAnalysis Python package 110 was used to align each successive 

MD step to the initial state for calculating root-mean-square deviations (Fig. S10C) and to keep 

the protein position immobilized throughout the trajectory. Final structures were subjected to a 

similar 5000-step energy minimization to remove improper bond angles. Ensembles from both 

trajectories were created taking 16 time points between 250 and 400 ns. The models from both 

trajectories were scored based on the original 4-fold ambiguous set of distance restraints. In the 

32 structures from the two runs, the average number of violations was 7.1 ± 1.2 (min, max = 5, 

9), the average violation magnitude is 1.7 ± 0.2 Å (min, max = 1.3 Å, 2.1 Å), and the total violations 

(‘violation score’) is 11.6 ± 0.8 Å (min, max = 9.5 Å, 13.2 Å). The final reported ensemble consisted 

of the 10 lowest-violation conformers from the two runs, with six structures from run 1 and four 

from run 2.  
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