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1. General Introduction
Biological membranes are selective barriers that enclose all cells and (most) organelles, 
separating the internal from the external. A membrane consists of a lipid bilayer and em-
bedded proteins. The bilayer itself is arranged such that the hydrophobic phospholipid 
tails pack in the interior of the membrane, insulated from the aqueous internal and exter-
nal environments by hydrophilic lipid head groups. In isolation, these properties render 
bilayers selectively permeable, with small, nonpolar molecules crossing most readily but 
ions and other polar molecules being essentially impermeable. This serves the important 
functions of trapping biomolecules inside of the cell or organelle as well as defending 
the cell against the environment. Because the lipid bilayer is such an effective barrier to 
biomolecules, membrane-embedded proteins have evolved transport processes to import 
and export a wide variety of solutes across the membrane, including ions, carbohydrates, 
peptides, drugs, and even folded proteins [1]. The inability of charged molecules to diffuse 
easily across the membrane gives rise to asymmetries in the number of molecules, pH and 
charge (ionic strength). 

Membrane proteins are highly abundant and are thought to be encoded for by as much 
as 30 % of the human genome [1]. Membrane transport proteins can be generally clas-
sified as carriers (transporters) or channels (Fig. 1). Transporters operate via a series of 
conformational changes to bind and release a substrate molecule on opposite sides of the 
membrane, in such a way that a defined substrate-binding site can only be accessed from 
one side of the membrane at a time. This is known as the “alternating-access mechanism”, 
a model first proposed over 50 years ago [2] that is supported by substantial biochemical 
and structural evidence [1,3]. On the other hand, the substrate of a channel may be ac-
cessed from both sides of the membrane simultaneously and therefore only permits the 
flow of molecules down their concentration gradients [4].

Transporters can be further sorted based on their transport mechanism into uniport-
ers (facilitators), primary active transporters, and secondary active transporters, each of 

Figure 1: Schematic illustrations of membrane transport proteins. Comparison of channels and trans-
porters shows that transporters undergo an alternating-access mechanism whereas channels are gated pores. 
Adapted from [1].
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which utilize a different energy source to drive transport. Active transporters catalyze 
the translocation of specific substrates across the membrane against their concentration 
gradients and are driven either by directly using a metabolic energy source such as ATP 
(primary transport) or by taking advantage of the electrochemical gradient(s) across the 
membrane (secondary transport). Facilitators transport a solute down its concentration 
gradient, but are distinct from channels due to their alternating-access mechanism.

2. What is secondary transport?
Secondary transporters couple the transport of its specific substrate to the energy stored in 
the transmembrane electrochemical potential of another solute, typically protons (H+) or 
sodium ions (Na+). Primary transporters such as ATP-driven proton pumps, which main-
tain the cytoplasm at a neutral or slightly alkaline pH [5], must first generate these gradi-
ents. In mitochondria and bacteria with respiration the electrochemical proton gradient 
is typically generated by oxidation of a substrate via an electron transfer chain. This then 
leads to a transmembrane proton gradient (ΔpH) that, together with the electrical poten-
tial (ΔΨ), can provide the energy for secondary transport. The result of coupling substrate 
translocation to an ion gradient is uphill transport, which leads to concentration of the 
transporter’s substrate on the opposite side of the membrane. Secondary transporters fall 
into three classes: symporters, which transport both the substrate and coupling molecules 
in the same direction, antiporters, which transport the two molecules in opposite direc-
tions, and uniporters, which transport the substrate down its concentration gradient; in 
case the substrate of a uniporter carries a charge, the transport will be influenced by the 
ΔΨ. In the remainder of this chapter, the focus will be primarily on proton-coupled sym-
porters.

2.1. Examples of proton-coupled symporters

The Major Facilitator Superfamily (MFS) is one of the largest superfamilies of membrane 
proteins, members of which catalyze the symport, antiport, or uniport of a diverse set 
of substrates and are found in all three domains of life [6,7]. Many MFS proteins do not 
have significant sequence similarity, but they share a common structural fold consisting 
of 12 transmembrane α-helices (TMs) arranged in two domains of six TMs, the N- and 
C- domain. These domains are related by a quasi two-fold symmetry axis perpendicular to 
the membrane, and each domain consists of alternating inverted 3-TM repeats [8]. It has 
been suggested that MFS transporters evolved to have such dissimilar sequences by using 
“mix-and-match” intragenic multiplication of these 3-TM bundles [9,10].

As the MFS is one of the largest superfamilies, it also contains some of the best-studied 
secondary transporters. The Escherichia coli proton-galactoside symporter LacY is argu-
ably the most thoroughly-investigated, having been the first membrane transport protein 
of which the gene was cloned and sequenced [11,12], and the purified transporter was 
reconstituted into proteoliposomes for in vitro studies [13-15]. Extensive biochemical, 
biophysical, and structural characterization of LacY and its mutants have made this pro-
tein the archetype of the MFS [16,17]. LacY is part of the Oligosaccharide:H+ Symporter 
(OHS) family [7].
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The Sugar Porter family (SP) is another well-studied family within the MFS and con-
tains both uniporters and proton-coupled symporters, including the mammalian glucose 
uniporters GLUT1-GLUT5, the proton-coupled xylose transporter XylE, and the yeast 
proton-coupled maltose permease Mal11. Owing in part to their relevance in human 
health and disease, the GLUTs have been studied extensively and served as early models 
of nutrient transporters [18,19]. Detailed kinetic and mechanistic studies have also been 
performed with other proton-coupled SP symporters, namely the E. coli galactose trans-
porter GalP [20,21] and the hexose transporter Hup1 from C. vulgaris [22]. So far, five 
SP proteins have had their structures elucidated by X-ray crystallography in at least one 
conformation [23-30]. This has permitted detailed structure-guided mechanistic analysis 
for this family [19].

Another family of the MFS is the Glycoside-Pentoside-Hexuronide (GPH) family [31]. 
The bacterial melibiose symporter MelB can use H+, Na+, and Li+ as coupling ion and is 
regulated by IIA, a component of the PEP-dependent phosphotransferase system (PEP-
PTS). The Streptococcus thermophilus lactose symporter LacS, on the other hand, con-
tains a C-terminal domain that is homologous to IIA and is controlled by PTS-dependent 
phosphorylation [32]. Furthermore, LacS can only use the proton gradient for coupled 
transport and can carry out lactose/galactose exchange without the net movement of pro-
tons [33]. The lactose/galactose exchange has an important physiological role, because ga-
lactose is not metabolized by S. thermophilus (and some other bacteria) and the exchange 
reaction is much faster than the proton symport. The structure of MelB from Salmonella 
typhimurium was recently solved and has shed light on cation selectivity by this unique 
family of transporters [34].

2.2. Conformational changes and proton-coupling mechanisms

Transporters are essentially enzymes that, instead of changing the chemical nature of a 
substrate, catalyze the movement of molecules from one side of the membrane to the 
other. Transporters must complete a series of conformational changes in order to perform 
this task, whereby the substrate and co-substrate bind to the open, apo transporter, at 
which point a major conformational shift switches the substrate accessibility from one 
side of the membrane via an occluded state to the other side and permits dissociation of 
the substrates [1,3]. This is known as the alternating-access mechanism, and the numer-
ous functional transition states may be populated to varying extents during the trans-
port cycle. The occluded intermediate is a key property of transporters, whereby the sub-
strate-binding cavity is fully shielded from the surrounding milieu by protein mass. Before 
crystal structures were available, a wide range of biochemical and biophysical techniques 
already strongly supported alternating access in LacY [35]. Structural studies have since 
revealed several distinct types of alternating-access mechanisms in secondary transport-
ers (reviewed in [36]) and distinct conformational states are available for proteins exhibit-
ing the MFS fold [19,37], LeuT fold [38-42], and the SLC1 family [43-49].

Facilitating these conformational changes are gates that are distinct in transporters from 
the concept of “gating” in channels, in which a gate can open or close the channel pore in 
response to a stimulus. Transporter gates are instead structural components of the trans-
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porter that separate the substrate-binding site from the surroundings at some point in the 
transport cycle [3]. For MFS proteins, gates have been proposed to come in “thick” and 
“thin” varieties, whereby the former occludes access to the trans side of the membrane and 
are associated with the major conformational change from outward-facing to inward-fac-
ing and vice versa, whereas the latter is not associated with such large-scale conformation-
al changes but still regulates accessibility to the substrate [50]. This has been termed the 
“clamp-and-switch” model for conformation cycling in MFS proteins and is supported 
by structural data (Fig. 2) [23,25-30]. Molecular dynamics simulations and biophysical 
studies for a number of secondary transporters have supported this model of flexible gates 
[51-54].

One of the defining features of coupled symport is that the substrate and co-substrate are 
always transported together, and therefore the protein may only alternate access in either 
the presence or absence of both substrates. This thus requires that the protein remains 
in a “locked” state when only one of the two is bound (see Section 2.5, “Leak pathways”, 
for deviations from this rule). The intricacies of how a symporter (or antiporter) can be 
locked and unlocked remains an open question in the transport field. However, crystal 
structures provide clues for this. For instance, the Na+ or H+-coupled melibiose trans-
porter MelB from Salmonella typhimurium was crystallized in two conformational states, 
which revealed that the formation of the distinct sugar-binding site and cation-binding 
site are interdependent; in one structure, a properly-formed sugar-binding site coincides 
with a pyramidal cation-binding site, whereas the other structure shows signs that both 
binding sites are collapsed [34]. The mechanism of proton coupling by the E. coli xy-
lose symporter XylE has also been speculated upon based on several crystal structures 
[23,25,27] and comparison with the human a glucose uniporter homologues [26,28]. It 
appears that sugar binding to XylE can cause part of the extracellular gate to close, howev-
er the protein cannot undergo the transition from outward-facing to inward-facing with-
out protonation of a conserved acidic residue (Asp-27) in TM1 due to interaction between 
the deprotonated aspartate and a conserved arginine (Arg-133) [37]. Upon protonation 
of Asp-27, Arg-133 is free to form cation-π interactions with a conserved tyrosine in the 
C-domain that constitutes part of the extracellular gate in the inward-facing conforma-
tions of GLUT1, GLUT5, and XylE [26,28,29,37]. The equivalent position to Asp-27 in 
the uniporters GLUT1 and GLUT3 is asparagine, which may be viewed as a permanently 
protonated aspartate, and does not interact with the conserved arginine. It thus appears 
that Asp-27 in XylE provides a coupling mechanism by which protonation facilitates the 
outward-to-inward conformational change. Furthermore, molecular dynamics simula-
tions have shown that a significant energy barrier exists for the transition between out-
ward-facing and inward-facing for the protonated XylE in the absence of substrate (EoH 
to EiH and vice versa), whereas this barrier is absent for the deprotonated carrier (Eo to 
Ei and vice versa), which fulfills the role of preventing proton slippage without substrate 
while permitting the required transition of the empty carrier [55].

2.3. Energetics and kinetics of proton-coupled symport

Proton-coupled symport of a neutral solute is driven by the electrochemical proton gra-
dient (Δ       ), which is composed of a transmembrane pH gradient (ΔpH) and membrane 
potential (ΔΨ); the proton motive force (Δp) is represented by the following equation:
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Figure 2: A schematic of the clamp-and-switch model of alternating-access transport by Sugar Porter prote-
ins. First, a flexible interdomain “thin” gate closes the translocation path to occlude the substrate-bound central 
cavity of the protein from the extracellular environment (“clamping”). Next, the N-domain and the C-domain 
rotate around an axis passing through the central cavity such that the transporter is open to the inside of the cell, 
where the substrate can then be released. The thin gate on the intracellular side of the protein then precedes the 
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(1)

where R is the gas constant (8.314 J·mol-1·K-1), T is the absolute temperature in Kelvin, 
and F is the Faraday constant (9.649 × 104 C·mol-1). Note that the driving force of trans-
port will change depending on the charge of the substrate and the stoichiometry between 
substrate and coupling ion [56]. For instance, anionic glutamate-proton symport (electro-
neutral transport) is driven only by the ΔpH, where lysine-proton symport is driven by 
two times ΔΨ plus one time ΔpH. The two components ΔpH and ΔΨ obviously provide a 
thermodynamic basis for transport, but they are also known to act kinetically in different 
capacities on transporters. For instance, in a recent comparison of lysine uptake into pro-
teoliposomes containing proton-coupled lysine transporters from S. cerevisiae (Lyp1) or 
S. typhimurium (LysP), it was shown that transport by Lyp1 was highly dependent on ΔΨ 
regardless of whether a ΔpH was present, whereas transport by LysP occurred with only 
ΔpH in the absence of ΔΨ [57].

Because transporters behave as enzymes, it is often useful to describe substrate transloca-
tion using Michaelis-Menten kinetics with a Km and Vmax. Solute accumulation is achieved 
because the uphill transport of the solute is coupled to the downhill transport of an ion. 
Additionally, transport in a given direction can be favored by asymmetry in the kinetics: 
(1) the substrate-binding affinity (KD) on the outside can be different from that on inner 
surface of the membrane; (2) the Km of transport from in to out can be different than out 
to in, e.g. as shown for Lyp1 from S. cerevisiae [57], and may be related to (1); (3) the ex-
change reaction is favored over solute-proton symport when the rate constant of EoSH to 
EiSH is larger than that of Ei to Eo, e.g. as shown for LacY and LacS; or (4) a combination 
of (1), (2) and (3). For LacY, the Km for efflux is as much as 40-fold higher than that for 
influx [58], but there is remarkably no significant difference in KD of lactose binding to 
right-side-out and inside-out LacY vesicles, in both the presence and absence of  
[59]. It has therefore been proposed that the primary effect of  on LacY is to increase 
the rate of proton release at the inner face of the carrier, thereby permitting a more rapid 
transition to an outward-facing conformation [17]. However, this is not necessarily true 
for (many) other transporters, as the Hup1 hexose-proton symporter from Chlorella vul-
garis shows a 100-fold difference in Km and an estimated 70-fold difference in KD [60]. 
Combined with an approximately 20-fold slower transition from Eo to Ei than the oppo-
site conformational change, Hup1 appears to follow scenario (4) [60]. Unfortunately, only 
these two proton-coupled symporters have been sufficiently studied to be able to describe 
their behavior in such detail.

2.4. Comparison of coupling ions

The two most common coupling ions are H+ and Na+, and cells maintain gradients of each 
across most biological membranes. The electrochemical sodium gradient ( ), which 

return to an outward-facing conformation and thus completes the transport cycle. Surrounding the schematic 
are crystal structures of Sugar Porter transporters in the conformations shown in the model. PDB codes for each 
structure are as follows: rGLUT5, 4YBQ; maltose-bound outward-open hGLUT3, 4ZWC; xylose-bound out-
ward-occluded XylE, 4GBY; maltose-bound outward-occluded hGLUT3, 4ZWB; cytochalasin-bound hGLUT1, 
5EQI; inward-open XylE, 4QIQ; bGLUT5, 4YB9; inward-occluded XylE, 4JA3. Illustration of the transport mo-
del was adapted from [50].
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is composed of a transmembrane sodium gradient (ΔpNa) and membrane potential (ΔΨ); 
the sodium motive force (Δs) is represented by the following equation:

(2)

where R, T and F have the same meaning as in Eq. (1). There is no obvious trend relat-
ing the coupling ion with the transported solute; a transporter for a given solute may be 
proton-coupled in one organism and sodium-coupled in another, and both may even be 
present in the same organism [61]. Indeed, there does not appear to be any predominant 
energetic advantage to one over the other, except that membranes are more permeable to 
protons than to sodium ions and it thus is more costly to maintain a ΔpH than a ΔpNa 
especially at higher temperatures [62]. Ultimately, environmental factors such as tempera-
ture, salinity, and pH appear to be the most significant in influencing the evolution of cat-
ion specificity [61]. For instance, transport in marine organisms is typically coupled to Δs, 
whereas organisms growing at low pH values, which need to generate a large ΔpH to keep 
the internal pH around neutral, use the Δp. An additional consideration is that the con-
centration of protons (pH) can affect a proton-coupled transporter beyond coupling-site 
saturation, namely that any solvent-exposed titratable residue may become protonated 
or deprotonated. Such allosteric effects of pH can influence enzyme kinetics or protein 
stability, leading many secondary transporters to have bell-shaped pH-dependent activity 
profiles where, regardless of the magnitude of ΔpH, coupled transport rates diminish at 
high and low pH values [63].

Interestingly, the same family of transporters may include proton- and sodium-coupled 
transporters, with some proteins able to use both ions interchangeably. This promiscuity 
has been observed in the mammalian sodium-glucose symporter SGLT1 [64] and perhaps 
the most striking example of this is the Glycoside-Pentoside-Hexuronide (GPH) family, 
which is part of the Major Facilitator Superfamily (MFS). Cation selectivity in this family 
can vary significantly between members and even for the same protein transporting dif-
ferent substrates. The E. coli transporter MelB catalyzes transport of melibiose using H+, 
Na+, or Li+ but can only use the latter two for transport of lactose, and the S. thermophilus 
LacS can only catalyze proton-coupled symport of melibiose and lactose, among other 
substrates [31]. Biochemical data demonstrate that these cations compete for a single 
binding site in MelB [65] and the crystal structure of MelB from S. typhimurium, which 
shares cation selectivity and more than 85 % sequence identity with the E. coli MelB [66], 
reveals cation-binding residues arranged in a trigonal bipyramidal geometry known to 
bind metals [34,67,68]. Additionally, single amino acid mutations can lead to shifts in 
cation selectivity or the introduction of leak pathways (see Section 2.5, “Leak pathways”) 
[31,34]. The existence of families with both sodium and proton coupling led to the pro-
posal that H3O

+ could the transported species rather than H+, or at least could play a role 
in protons binding to, or translocation through, the protein, due to its steric similarity to 
Na+ [31,69,70].

2.5. Leak pathways

Thermodynamic equilibrium for the accumulation by a symport mechanism of a neutral 
substrate that is coupled with 1:1 stoichiometry to the electrochemical proton gradient 
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can be described by the following equation:

(3)

where Z = 60 mV. If Δp is -240 mV then 104-fold accumulation of the solute inside the 
cell is possible if thermodynamic equilibrium is reached. For a protein with perfect cou-
pling, where no substrate or co-substrate is transported in the absence of the other, this 
accumulation is concentration-independent. At low concentrations, this likely poses no 
threat to the cells and may be necessary for rapid metabolism. However, at high concen-
trations, if there are no intervening factors preventing uncontrolled uptake, a potentially 
lethal osmotic pressure can build up inside the cells, as has been demonstrated for yeast 
during glycine uptake under specific conditions; a 5 × 104-fold accumulation of glycine 
was observed before cell lysis occurred [71]. The osmotic pressure difference (Δπ) can be 
calculated with the following equation:

(4)

where R = 0.08206 L·atm/mol·K and T is absolute temperature (K). A difference in solute 
concentration between the inside and outside of the cell of 40 mM amounts to a pressure 
difference of about 1 atm, thus with 5 × 104-fold accumulation and 0.01 mM of substrate 
on the outside the internal concentration would increase the internal concentration to 500 
mM and generate an additional 12.5 atm of osmotic pressure.

The phenomenon of excessive accumulation, sometimes referred to as ‘substrate-accel-
erated death’, was similarly observed during uptake of maltose into S. cerevisiae grown 
in maltose-limited conditions [72] and has also been reported in several bacteria for nu-
merous metabolites [73-76]. To avoid this, numerous examples of regulation mechanisms 
are in place to control nutrient uptake at the levels of gene expression and the activity of 
the transporters themselves. In many eukaryotic plasma membrane proteins, for instance, 
inactivation or removal of carriers from the membrane is common; in S. cerevisiae, sev-
eral sugar transporters undergo rapid inactivation and/or degradation in the presence of 
glucose [77-80] and several processes regulate the levels of amino acid permeases [81,82]. 
E. coli also has similar mechanisms of catabolite-regulated inhibition and repression [83]. 
Finally, the substrate accumulated by the cell can act as an inhibitor of the transporter, a 
phenomenon known as trans-inhibition [84-86].

Another strategy to avoid toxic levels of substrates inside the cell is by introduction of a 
leak pathway through the protein that permits efflux of the molecule when the intracel-
lular concentration becomes too high [87]. Indeed, a reduction in steady-state accumu-
lation ratio ([solute]in/[solute]out) with increasing extracellular substrate concentration is 
historically well-documented, including for E. coli transport of thiogalactosides [88,89] 
and arabinose [90], hexose uptake in the eukaryotic C. vulgaris [60], sugar transport in S. 
thermophilus [33], for maltose in yeast membrane vesicles [91], and for some amino acids 
in yeast [87] and cancerous mouse cells [92,93]. We distinguish between two types of 
leak pathways: those mediated by the transporter in question, termed “internal leaks”, and 
those that are not, or “external leaks”. External leaks may simply be passive diffusion of the 
substrate across the membrane, as can be envisioned for weak acids (Gabba et al, unpub-
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lished), or may involve other transporters. It should be noted that membrane permeabil-
ity may vary significantly between different organelles and organisms [94]. Hereafter, we 
present in detail the internal leak pathways of transporters.

In the absence of significant passive diffusion or additional transporters, one must con-
clude that translocation through the protein of interest is responsible for efflux of substrate 
and the apparent reduction of the steady-state accumulation ratio from what would be 
predicted at thermodynamic equilibrium. Internal leak, also referred to as “slippage”, rep-
resents a deviation from perfect coupling. As discussed in Section 2.2: “Conformational 
changes”, a canonical symporter should be able to alternate access between the two sides 
of the membrane only when neither substrate nor co-substrate are bound and when both 
substrate and co-substrate are bound, but never when only one is bound in the absence of 
the other (Fig. 3A). Any transport of one without the other would be an energetic waste, 
as it would create futile transport cycles and dissipate the electrochemical gradients gen-
erated by the cell, and would be disadvantageous to cells in many circumstances. How-
ever, slippage could be crucial to proper cell function, or even survival, under conditions 
of transitory high intracellular accumulation or large transmembrane ion gradients by 
acting as a sort of safety valve [95]. Clearly, we can see that the steady-state accumulation 
level achieved by cells or transporters analyzed in membrane vesicles is not necessarily at 
thermodynamic equilibrium, but rather represents a kinetic steady-state that results in a 
lower accumulation ratio than what would be predicted by thermodynamics alone. It is 
therefore dependent on the driving forces acting upon the system, the magnitude of leak 

Figure 3: Kinetic schemes of secondary transport. (A) A well-coupled symporter with random order of subs-
trate (S) and co-substrate (H) binding can only make the transition between outward-facing and inward-facing 
when neither or both substrates are bound. Leak pathways exist when a transporter can make this transition in a 
binary complex with either (B) the substrate (ES-leak) or (C) the coupling substrate (EH-leak). (D) A transporter 
in which both binary complexes can re-orient between inward- and outward-facing conformations. 
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pathways, and the kinetic characteristics of the transporter [96]. Kinetic mechanisms have 
been proposed to explain this kinetic steady-state, distinguishing between the two vari-
ants of mobile binary complexes: enzyme-substrate (ES) and enzyme-co-substrate (EH). 
Figure 3B and 3C show kinetic schemes of a transporter with an ES and EH leak, respec-
tively, with a random order of substrate and co-substrate binding and release; in cases with 
apparently non-random binding order, some transitions in the kinetic schemes are likely 
negligible [97,98]. The ES-leak and EH-leak can result in overlapping phenotypes under 
certain conditions, namely that both leak types can transport substrate without co-sub-
strate and vice versa. The two types of leaks are not necessarily mutually exclusive, which 
may further confound experimental interpretation and can be represented by the kinetic 
diagram in Figure 3D. The type(s) of leak can be elucidated only with detailed kinetic 
analysis of the protein using different modes of transport (uptake, efflux, and exchange) at 
a range of substrate concentrations, pH values, and magnitudes of driving force [97,99].

Mutagenesis has proved an effective tool in the study of coupled transport. LacY is un-
doubtedly the most extensively mutated secondary transporter and its leak mutants have 
been categorized based on the observed phenotypes: 1) transport of sugar without pro-
tons; 2) transport of protons in the absence of sugar; 3) proton slippage in the presence 
of sugar [100]. For mutants from the first phenotype, which are characterized by a lack of 
lactose accumulation (coupled transport) while downhill transport is rapid, it is unclear 
whether they are ES-leak or EH-leak, based on current experimental evidence. The second 
category, containing mutants including LacY-A177V, can be considered EH-leak mutants 
and are identified by a reduced Δp in cells expressing these mutant transporters [101]. 
The third category, best represented by LacY-A177V/K319N, likely fits the ES-leak type 
model in which sugar is transported into the cell together with protons but subsequently 
effluxes without protons, leading to reduction in the sugar concentration gradient but also 
of the Δp [102,103]. In some proton-coupled symporters, mutation of a key acidic residue 
to a neutral variant leads intuitively to an ES-leak mutant in which proton-binding no 
longer can occur in the catalytically-relevant position, effectively converting a solute-pro-
ton symporter into a solute uniporter. However, such a mutation often leads to transport 
deficiencies beyond only coupling. For example, in the Sugar Porter (SP) family, there is a 
conserved aspartate in TM1 of most proton-coupled symporters that is often an asparag-
ine among the uniporters, implying that this residue is key for proton coupling. Activity 
was fully abolished in a number of these SP symporters upon mutation of this acidic res-
idue [21,24,27,104]. Recent work with XylE has demonstrated that conversion of a sym-
porter to a uniporter is not as simple as replacing the proton-binding acidic residue with 
a neutral amino acid, as symporters and uniporters have other distinct structural features 
that affect the thermodynamics and function of the protein [55]. Furthermore, GLUT12 
and the S. epidermidis glucose transporter GlcPSe, which contain an aspartate in this posi-
tion, can catalyze both uniport, symport, and partial coupling under different conditions 
[24,105,106]. It has been suggested that GlcPSe represents an evolutionary intermediate 
between uniporters and symporters, as it has a conserved proton-binding site but lacks 
the pKa-modulating residue found in XylE [106].

Substrate slippage in wild-type transporters is not uncommon. The bacterial proton-ga-
lactoside symporter LacS has been shown to contain an ES-leak that can be increased by 
mutation of Glu-379 [33,99]. LacS-E379D and E379A/Q all have normal downhill uptake 
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but have reduced (E379D) or abolished (E379A/Q) substrate accumulation, thus display-
ing characteristic uncoupled transport. Hup1 from C. vulgaris has also been suggested 
to contain a native substrate leak [22]. Interestingly, coupling is fully abolished in the 
presence of the antibiotic nystatin, which interacts with sterols in the membrane but does 
not form pores [107-109]. This may imply the native leak of Hup1 is associated with the 
presence or absence of sterols. Mutation of a conserved aspartate to glutamate does not 
amplify the effects of the ES leak as in LacS; rather, Hup1-D44E causes a significant shift in 
the pH dependence of activity from an optimum of pH 4.5 to about pH 7.0 [110]. Cation 
slippage has been observed in a number of wild-type eukaryotic primary and secondary 
active transporters [95]. The proton-coupled metal ion transporter DCT1 displays sig-
nificant variability in its coupling stoichiometry, ranging from unity to 18 protons per 
Fe2+ [95,111]. Impressively, the single mutation F227I significantly reduced slippage of H+ 
without affecting metal transport [112]. By contrast, the low-level proton slip mediated by 
the human folate symporter PCFT (SLC46A1) significantly increased with the mutation 
H247A [113]. The opposite was found for several single mutations in LacY, which cause a 
proton slip in an otherwise well-coupled transporter [114,115].

3. Conclusion
Secondary active transporters are thermodynamic machines that in many cases convert 
an electrochemical ion gradient into a substrate (Sin > Sout) or product gradient (Pin > Pout). 
While they are driven thermodynamically, kinetic information is necessary to fully un-
derstand the transport mechanism. When combined with the growing number of trans-
porter structures, and in particular the same transporter in multiple conformations, de-
tailed mechanistic models become much more attainable. Some systems are well coupled, 
but many transporters have leak pathways that may serve important biological functions, 
such as acting as a release for dangerously high intracellular solute levels, or may exist as 
evolutionary remnants of an energetically-coupled ancestral protein. These leak pathways 
can be manipulated by mutagenesis to increase or decrease their impact under various 
conditions. Additional research in the future should focus on acquiring a better under-
standing of the differences between homologous uniporters, symporters, and antiporters 
to gain insight into coupling mechanisms and allow for the engineering of interconver-
sion between transport mechanisms for applications in biotechnology (e.g. engineering of 
cells for product export, obtaining cultures with higher yield without compromising cell 
physiology, etc).
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