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ScienceDirect
Secondary active transporters are fundamental to a myriad of

biological processes. They use the electrochemical gradient of

one solute to drive transport of another solute against its

concentration gradient. Central to this mechanism is that the

transport of one does not occur in the absence of the other.

However, like in most of biology, imperfections in the coupling

mechanism exist and we argue that these are innocuous and

may even be beneficial for the cell. We discuss the energetics

and kinetics of alternating-access in secondary transport and

focus on the mechanistic aspects of imperfect coupling that

give rise to leak pathways. Additionally, inspection of available

transporter structures gives valuable insight into coupling

mechanics, and we review literature where proteins have been

altered to change their coupling efficiency.
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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 embedded proteins. Membrane bilayers are selec-

tively permeable, with small, nonpolar molecules crossing

most readily but ions and other polar molecules being

essentially impermeable. This serves to trap biomole-

cules inside the cell or organelle and defend the cell

against the environment. The inability of charged mole-

cules to diffuse easily across the membrane supports

asymmetries in the number of molecules, pH, and charge

(ionic strength) and allows (electro)chemical gradients to

be maintained. Membrane-embedded proteins have

evolved transport processes to import and export a wide
Current Opinion in Biotechnology 2019, 58:62–71 
variety of solutes across this barrier, including ions, car-

bohydrates, peptides, drugs, and even folded proteins.

Membrane transport proteins are generally classified as

carriers (transporters) or channels. 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’ [1]

and is supported by substantial biochemical and structural

evidence [2,3,4�]. On the other hand, the substrate of a

channel may be solvent-accessible from both sides of the

membrane simultaneously and therefore channels only

permit the flow of molecules down their concentration

gradients [5]. Transporters are sorted into uniporters

(facilitators), primary active transporters, and secondary

active transporters, each of which utilizes a different

energy source to drive transport.

Facilitators transport a solute down its concentration

gradient, but are distinct from channels due to their

alternating-access mechanism. Active transporters cata-

lyze the translocation of specific substrates across the

membrane against their concentration gradients. Primary

transporters are driven by metabolic energy source such as

ATP. Secondary transporters couple the transport of a

specific substrate to the energy stored in the transmem-

brane electrochemical potential of another solute, typi-

cally protons (H+) or sodium ions (Na+). Transmembrane

proton (DpH) or sodium (DpNa) gradients are usually

generated using primary transporters; DpH can also be

formed via metabolic reactions. DpH and DpNa act

together with the electrical potential (DC) to provide

the energy for secondary transport. Coupling substrate

translocation to an ion gradient results in uphill transport,

which leads to concentration of the substrate on one side

of the membrane. Traditionally, secondary transporters

fall into three classes: symporters, which transport both

the substrate and coupling molecules in the same direc-

tion, antiporters, which transport the two molecules in

opposite directions, and uniporters, which transport the

substrate down its concentration gradient; if the substrate

of a transporter carries a charge, the transport will be

influenced by the DC.

Conformational changes and coupling
mechanisms
Alternating-access requires that transporters complete a

series of conformational changes between outward-facing

and inward-facing states via one or more fully occluded

states (Figure 1) [2,3]. Facilitating this cycle are gates that
www.sciencedirect.com
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Figure 1
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Conformational changes in the transport cycle of a solute-ion symporter and antiporter. The hallmark of transport by symporters and antiporters is

the conformational cycling via an occluded intermediate such that access to the substrate binding site alternates between the two sides of the

membrane. These illustrations show a simple rocker-switch mechanism of alternating-access, exemplifying the lactose-H+ symporter (LacY) and

the multidrug/H+ antiporter (EmrE), vide infra. For symport (left), the occluded intermediate is possible for the apo transporter or when both

substrate (pink hexagons) and coupling ion (yellow circles) are bound. Antiport (right), on the other hand, passes through the occluded

intermediate when only one of the two substrates is bound.
are distinct in transporters from the concept of ‘gating’ in

channels, in which a gate opens or closes the channel pore

in response to a stimulus. Instead, transporter gates are

structural components of the protein that separate the

substrate-binding site from the surroundings at some

point in the catalytic cycle [3]. The occluded intermedi-

ate is a key property of transporters, whereby the sub-

strate-binding cavity is fully shielded from the aqueous

surroundings by protein mass. Structural studies have

revealed distinct types of alternating-access mechanisms

in secondary transporters (reviewed in Ref. [4�]), and

various conformational states are available for proteins

exhibiting the MFS fold [6,7�], LeuT fold [8–12], and the

SLC1 family [13–19], among others.

In a canonical secondary transporter, conformational

changes are tightly regulated to prevent significant

uncoupled transport. In symport, the substrate and co-

substrate are always transported together, so the protein

may only alternate access in either the presence or

absence of both substrates. A large energetic barrier

should exist when only one of the two is bound. Pro-

ton-coupled antiporters such as the Na+/H+ antiporter

NhaA operate differently in that the sodium ion and

protons share a single binding site but move in opposite

directions [20]. In the case of metabolite antiporters such

as the mitochondrial carriers [21] or the microbial argi-

nine/ornithine antiporters only one of the two substrates

is transported at a time; for example arginine in the
www.sciencedirect.com 
inward half reaction and ornithine in the outward half

reaction of ArcD [22,23]. Hence, the binary complexes are

conformationally mobile and there must be an energetic

barrier for isomerization of the carrier in the absence of

bound solute. The exact mechanism of coupling may vary

from protein to protein, but it is founded in the solute

binding and/or translocation steps [24]. For instance, the

crystal structures of the Na+ or H+-coupled melibiose

transporter MelB from Salmonella typhimurium suggest

interdependent formation of the discrete sugar-binding

and cation-binding sites [25]. On the other hand, sugar

binding to the Escherichia coli proton-xylose symporter

XylE appears to close part of the extracellular gate, but

the protein cannot undergo the transition from outward-

facing to inward-facing without protonation of a con-

served acidic residue (Box 1) [6,26–28]. Alternative pro-

ton-coupling mechanisms can exist within single families

of transporters, as has been suggested for proton-coupled

symporters from the Proton-dependent Oligopeptide

Transporter (POT) family [29�] or Sugar Porter (SP)

family [30�].

Energetics and kinetics of secondary
transport
The two common coupling ions are H+ and Na+, and cells

maintain gradients of each across most biological mem-

branes (Box 2). Proton-coupled symport of a neutral

solute is driven by the electrochemical proton gradient

(D � mHþ), which is composed of a transmembrane pH
Current Opinion in Biotechnology 2019, 58:62–71
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Box 1 The Sugar Porter family: a case study in (un)coupling.

In some proton-coupled symporters, mutation of a single acidic

residue to a neutral variant leads intuitively to an ES-leak mutant in

which proton-binding can no longer occur in the catalytically-relevant

position, thereby eliminating flux through the ternary complex (ESH)

and effectively converting a solute-proton symporter into a solute

uniporter (Cycle A, Figure 2b). However, such a mutation often leads

to transport deficiencies beyond only coupling. For example, in the

Sugar Porter (SP) family, which counts both symporters and uni-

porters among its members, there is a conserved aspartate in TM1 of

most symporters that is often an asparagine among the uniporters,

implying that this residue is key for proton coupling. Activity is fully

abolished in a number of SP symporters upon mutation of this acidic

residue [28,82–84]. Recent work with XylE and our own work with

Mal11 have demonstrated that conversion of a symporter to a uni-

porter is not as simple as replacing this residue with a neutral amino

acid, as symporters and uniporters have other structural features

that affect the thermodynamics and function of the protein [85��]. For

Mal11, two additional acidic residues in the central cavity have roles

in proton coupling and must be neutral in order for coupling to be

fully abolished [30�]. Furthermore, GLUT12 and the Staphylococcus
epidermidis glucose transporter GlcPSe, which contain an aspartate

in the conserved position in TM1, can catalyze both uniport, symport,

and partial coupling under different conditions [61�,82,86]. 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 [61�].

Box 2 Comparison of coupling ions.

The predominant ions used for coupling in secondary transport are

H+ and Na+. There is no obvious trend relating 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 [87]. 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

DpH than a DpNa especially at higher temperatures [88]. Ultimately,

environmental factors such as temperature, salinity, and pH appear

to be the most significant in influencing the evolution of cation

specificity [87]. For instance, transport in marine organisms is typi-

cally coupled to Ds, whereas organisms growing at low pH values,

which need to generate a large DpH to keep the internal pH around

neutral, use the Dp. An additional consideration is that the concen-

tration 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

DpH, coupled transport rates diminish at high and low pH values [89].

Interestingly, the same family of transporters may include proton-

coupled 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 [90]

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 different substrates. The E. coli transporter MelB cata-

lyzes 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 [91]. Biochemical data demonstrate that

these cations compete for a single binding site in MelB [92] and the

crystal structure of MelB from S. typhimurium, which shares cation

selectivity and more than 85% sequence identity with the E. coli
MelB [93], reveals cation-binding residues arranged in a trigonal

bipyramidal geometry known to bind metals [25,94,95]. Additionally,

single amino acid mutations can lead to shifts in cation selectivity or

the introduction of leak pathways, as described in the main text

[25,91]. The existence of families with both sodium and proton

coupling led to the proposal 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+

[91,96,97].
gradient (DpH) and membrane potential (DC); the proton

motive force (Dp) is represented by the following

equation:

Dp ¼ D� mHþ
F

¼ DC � 2:3RT

F
DpH ð1Þ

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). Naturally, Na+-coupled

transporters are driven by the sodium motive force (Ds),
and the values for the electrochemical sodium gradient

(D� mNaþ) and transmembrane sodium gradient (DpNa)

may be substituted into Eq. (1). Also, note that the driving

force of transport will change depending on the charge of

the substrate and the stoichiometry between substrate

and coupling ion [31]. For instance, anionic glutamate-

proton symport (overall electroneutral transport) is driven

only by the DpH, whereas lysine-proton symport is driven

by two times DC plus one time DpH. The two compo-

nents DpH and DC provide a thermodynamic basis for

transport, but also act kinetically on transporters in dif-

ferent capacities. For instance, a recent comparison of

lysine uptake into proteoliposomes containing proton-

coupled lysine transporters from Saccharomyces cerevisiae
(Lyp1) or S. typhimurium (LysP) showed that transport by

Lyp1 was highly dependent on DC regardless of whether

a DpH was present, whereas transport by LysP could

occur with only DpH in the absence of DC [32].
Current Opinion in Biotechnology 2019, 58:62–71 
The danger of uncontrolled transport
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 is described by the following equation:

0 ¼ Dp þ Zlog
½solute�in
½solute�out

ð2Þ

where Z = 60 mV. If Dp is �240 mV then 104-fold accu-

mulation of the solute inside the cell is possible if ther-

modynamic equilibrium is reached. For a protein with

perfect coupling, where no substrate or co-substrate is
www.sciencedirect.com
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transported in the absence of the other, 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 concentrations, if

there are no intervening factors preventing uncontrolled

uptake, a potentially lethal osmotic pressure can develop

inside the cells. The osmotic pressure difference (Dp) can

be calculated with the following equation:

Dp ¼ RT ð solute½ �in � solute½ �outÞ ð3Þ

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

104-fold accumulation and 0.05 mM of substrate on the

outside the internal concentration would increase the

internal concentration to 500 mM and generate an addi-

tional 12.2 atm of osmotic pressure.

The phenomenon of excessive accumulation, sometimes

referred to as substrate-accelerated death, has been

observed during uptake of glycerol [33] or maltose

[30�,34] into S. cerevisiae and has also been reported in

several bacteria for numerous metabolites [35–38]. To

counter this, numerous regulation mechanisms are in

place to control nutrient uptake at the levels of gene

expression and transporter activity. Inactivation or

removal of carriers from the membrane is common in

many eukaryotic plasma membrane proteins; in S. cere-
visiae, several sugar transporters undergo rapid inactiva-

tion and/or degradation in the presence of glucose [39–42]

and several processes regulate the levels of amino acid

permeases [43,44]. E. coli has similar mechanisms of

catabolite-regulated inhibition and repression [45].

Finally, the substrate accumulated by the cell can act

as an inhibitor of the transporter, a phenomenon known as

trans-inhibition [46–48].

Leak pathways
Another strategy to avoid toxic solute levels is by intro-

duction of a transmembrane leak pathway that permits

efflux when the intracellular concentration becomes too

high [49]. Indeed, a reduction in steady-state accumula-

tion ratio ([solute]in/[solute]out) with increasing extracel-

lular substrate concentration is well-documented, includ-

ing for E. coli transport of thiogalactosides [50,51] and

arabinose [52], hexose uptake in the eukaryotic Chlorella
vulgaris [53], sugar transport in Streptococcus thermophilus
[54], for maltose in yeast membrane vesicles [55], and for

some amino acids in yeast [49] and cancerous mouse cells

[56,57]. We distinguish between two types of leak path-

ways: 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 or may involve other
www.sciencedirect.com 
transporters. Hereafter, we present in detail the internal

leak pathways of transporters.

Internal leaks
In the absence of significant passive diffusion or addi-

tional transporters, one must conclude that translocation

through the protein of interest is responsible for

uncoupled 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’, represents a deviation from

perfect coupling. As discussed already (Figure 1), 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

(Figure 2a). Any transport of one without the other would

create futile transport cycles and dissipate the electro-

chemical gradients generated by the cell, an energetic

waste that would be disadvantageous in many circum-

stances. However, 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 [58]. A

variable coupling mechanism may also serve the purpose

of enabling additional transport capabilities, as appears to

be the case for the POT family transporter PepTSt from S.
thermophilus, which displays proton:peptide stoichiometry

ranging from 3:1 to 5:1 depending on the substrate [59�].

The accumulation level achieved by cells or transporters

analyzed in membrane vesicles is not necessarily a ther-

modynamic equilibrium, but rather represents a kinetic

steady-state that results in less accumulation than what is

predicted by the driving force (Figure 2e). Solute accu-

mulation is therefore dependent on the driving forces

acting upon the system, the magnitude of leak pathways,

and the kinetic characteristics of the transporter. Mecha-

nisms have been proposed to explain this kinetic steady-

state, distinguishing between the two extremes of mobile

binary complexes: enzyme-substrate (ES) and enzyme-

co-substrate (EH) (Figure 2b and c) [60]. The ES-leak

and EH-leak can exhibit overlapping phenotypes under

certain conditions, namely that both leak types can trans-

port substrate without co-substrate and vice versa. The

two types of leaks are not necessarily mutually exclusive,

which may further confound experimental interpretation

(Figure 2d). Similar kinetic models have been proposed

to explain the apparent interconversion between symport

and antiport mechanisms in GlcPSe and EmrE (vide infra)

[61�,62��].

The type(s) of leak can be elucidated 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
Current Opinion in Biotechnology 2019, 58:62–71
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Figure 2
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Dissecting leak pathways in symporters. (a) A well-coupled symporter with random order of substrate (S) and co-substrate (H) binding can only

make the transition between outward-facing (subscript ‘o’) and inward-facing (subscript ‘i’) 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. (e) Symporter-

Current Opinion in Biotechnology 2019, 58:62–71 www.sciencedirect.com
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driving force [60,63]. A symporter with partial coupling

(ES or EH leak) retains the concentrative transport ability

of the well-coupled protein but may have less accumula-

tion (Figure 2e). One way to distinguish between the two

is that accumulation displays opposite dependence on pH

(Figure 2f). An ES leak leads to a sigmoidal decrease in

steady-state accumulation level with increasing pH due to

the decreased flux through Cycle B (Figure 2b), whereas

an EH leak causes a sigmoidal increase in accumulation as

function of pH. This is a consequence of the reduced flux

through the uncoupled leak pathway due to the lower

concentration of protons. Ideally, accumulation by a well-

coupled symporter is not influenced by the pH, but

allosteric effects of H+ binding to non-catalytic sites

may influence transport (see in Box 2). Additionally,

under steady-state conditions of substrate transport (i.e.

zero net flux), ES and EH leak transporters have proton

leaks that are influenced by the concentration of substrate

(Figure 2g). Transporters with an ES leak cannot trans-

port the proton in the absence of substrate, and thus the

ion leak increases with increasing substrate concentration

as flux through Cycle B (Figure 2b). On the other hand, a

symporter with an EH leak has a constitutive proton leak

in the absence of substrate due to flux through Cycle C,

which is reduced with increasing substrate concentration

as flux increases through Cycle D (Figure 2c).

Alteration of leak pathways in symporters
Mutagenesis is an effective tool in the study of coupled

transport (Box 1). Mutants with different uncoupled

phenotypes increase our understanding of leak pathways

and the nature of coupling. LacY is undoubtedly the most

extensively mutated secondary transporter and its leak

mutants have been categorized based on the observed

phenotypes: firstly transport of sugar without protons;

secondly transport of protons in the absence of sugar;

thirdly proton slippage in the presence of sugar [64].

Mutants of the first phenotype are characterized by a

lack of lactose accumulation (energy-coupled transport)

while downhill transport is retained, but it is not always

clear whether they are ES-leak or EH-leak based on

current experimental evidence. The second category,

containing mutants including LacY-A177V, can be con-

sidered EH-leak mutants and are identified by a reduced

Dp in cells expressing these mutant transporters [65]. 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 sub-

sequently effluxes without protons, leading to reduction
catalyzed uptake of substrate against its electrochemical gradient leads to 

The dashed orange line and dashed grey line indicate the thermodynamic e

uniporter, respectively. A symporter with an internal leak may reach a lower

not lead to thermodynamic equilibrium but instead to a kinetic steady state

transporters with ES or EH leak are oppositely affected by pH. A well-coup

line. (g) Under steady-state conditions of substrate transport (i.e. zero net fl

are influenced differently by the concentration of substrate. A well-coupled 

shown. The content of this figure has been adapted from [60].

www.sciencedirect.com 
in the sugar concentration gradient but also of the Dp
[66,67].

Although many wild-type symporters are well coupled

and show no signs of significant leak pathways, substrate

slippage is not uncommon. The bacterial proton-galacto-

side symporter LacS has been shown to contain an ES-

leak that is augmented by mutation of Glu-379 [54,63].

LacS-E379D and E379A/Q all have normal downhill

uptake but have reduced (E379D) or abolished

(E379A/Q) substrate accumulation, thus displaying char-

acteristic uncoupled transport. The hexose transporter

from C. vulgaris, Hup1, has also been suggested to contain

a native substrate leak [68]. Interestingly, coupling is fully

abolished in the presence of the antibiotic nystatin, which

interacts with sterols in the membrane but does not form

pores [69–71]. This may imply the native leak of Hup1 is

associated with the presence or absence of sterols. Muta-

tion of a conserved aspartate to glutamate does not

amplify the effects of the ES leak as in LacS; rather,

Hup1-D44E causes a large shift in the pH dependence of

activity from an optimum of pH 4.5 to about pH 7.0 [72].

Cation slippage has been observed in a number of wild-

type eukaryotic secondary active transporters [58]. The

proton-coupled metal ion transporter DCT1 displays

variability in its coupling stoichiometry, ranging from

unity to 18 protons per Fe2+ [58,73]. Impressively, the

single mutation F227I reduced slippage of H+ without

affecting metal transport [74]. By contrast, the low-level

proton slip mediated by the human folate symporter

PCFT (SLC46A1) significantly increased with the muta-

tion H247A [75]. The opposite was found for several

single mutations in LacY, which cause a proton slip in

an otherwise well-coupled transporter [76,77].

When antiporters become symporters or vice
versa
A well-coupled antiporter should be immobile in its

conformational transitions except in the presence of

one of the two substrates. Just like for symporters, the

canonical is not always the reality, and loose coupling may

give rise to promiscuous functions. In the bacterial Cl�/
H+ antiporter CLC-ec1, variable uncoupling is observed

in mutants of the ion-binding residue Tyr-445, ranging

from almost total abolishment of proton transport

(Y445G) to almost no effect on stoichiometry (Y445F),

all of which have comparable Cl� transport rates as the

wildtype [78]. Additionally, the D367N mutant of the

Na+/multidrug antiporter NorM of Vibrio parahaemolyticus
accumulation of the substrate inside a membrane-bound compartment.

quilibrium that may be reached by a well-coupled symporter and a

 accumulation level. The presence of a leak pathway (ES or EH) does

, as indicated by the dashed yellow line. (f) Accumulation by

led symporter should not be influenced by pH, as shown by the orange

ux), constitutive proton leaks through transporters with ES or EH leaks

symporter should have no substrate or proton leakage, and thus is not
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causes partial uncoupling of Na+ and ethidium antiport,

leading to a sodium leak in the presence of ethidium

bromide and an diminished uphill ethidium efflux activ-

ity [79]. It has also been reported that deletion of the

coupling Glu in EmrE E14D renders the transporter a

uniporter [80]. Even more strikingly it has been proposed

that wildtype EmrE performs H+-substrate symport in
vitro [62��]. Furthermore, the W63G mutation of EmrE

performs both H+/erythromycin antiport and bis–Tris

propane import, such that the transport mechanism

depends on the substrate [81]. Apparent antiport has also

been reported for sugar symporter GlcPSe in vitro when

conditions are favorable, that is, an inwardly-directed

sugar gradient and an outwardly-directed proton gradient

[61�]. In conclusion, even some wildtype transporters can

depending on conditions perform symport, antiport or

uniport, which is most probably a consequence of their

only loosely-coupled transport mechanism [61�,62��]. It is

unclear whether this behavior serves a biological purpose

or is just a mechanistic feature that is not relevant under

physiological conditions.

Conclusion
Secondary active transporters are thermodynamic

machines that in many cases convert an electrochemical

ion gradient into a substrate or product gradient. While

they are driven thermodynamically, kinetic information is

necessary to fully understand the mechanism of energy

coupling. When combined with the growing number of

transporter structures, and in particular the same trans-

porter in multiple conformations, detailed 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 ener-

getically-coupled ancestral protein. It is imaginable that

strict coupling of symport and antiport is not required in

the cell and therefore is not subject of evolutionary

optimization. Loose coupling on the other hand may

be a kinetic advantage leading to faster transport at the

expense of lower accumulation potency [62��]. The leak

pathways can be manipulated by mutagenesis to increase

or decrease their impact under various conditions. Addi-

tional research in the future should focus on acquiring a

better understanding of the differences between homol-

ogous uniporters, symporters, and antiporters to gain

insight into coupling mechanisms and allow for the engi-

neering of interconversion between transport

mechanisms.

Transmembrane movement of molecules is obligatory for

many bio(nano)technological purposes. Nutrient uptake

is obviously a prerequisite for any bioprocess, and bio-

conversion of an added substrate to product must begin

with uptake into the cell. Understanding the kinetics and

energetics of nutrient and end-product transporters will
Current Opinion in Biotechnology 2019, 58:62–71 
therefore improve metabolic modeling and engineering

of cellular systems. As the understanding of transport

mechanisms advances, engineering transporters to elimi-

nate ‘futile cycles’ that deplete energy reserves will

become more feasible, which is important in optimizing

industrial strains for higher yield without compromising

cell physiology. This may also permit the engineering of

cells for (more efficient) product excretion.
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11. Perez C, Koshy C, Yildiz Ö, Ziegler C: Alternating-access
mechanism in conformationally asymmetric trimers of the
betaine transporter BetP. Nature 2012, 490:126-130.

12. Penmatsa A, Gouaux E: How LeuT shapes our understanding of
the mechanisms of sodium-coupled neurotransmitter
transporters. J Physiol (Lond.) 2014, 592:863-869.

13. Yernool D, Boudker O, Jin Y, Gouaux E: Structure of a glutamate
transporter homologue from Pyrococcus horikoshii. Nature
2004, 431:811-818.
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0005
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0005
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0010
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0010
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0015
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0015
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0015
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0020
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0020
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0025
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0025
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0030
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0030
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0035
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0035
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0035
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0040
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0040
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0040
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0040
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0045
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0045
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0045
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0050
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0050
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0050
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0050
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0050
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0055
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0055
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0055
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0060
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0060
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0060
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0065
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0065
http://refhub.elsevier.com/S0958-1669(18)30185-X/sbref0065


Coupling efficiency of secondary active transporters Henderson, Fendler and Poolman 69
14. Boudker O, Ryan RM, Yernool D, Shimamoto K, Gouaux E:
Coupling substrate and ion binding to extracellular gate of a
sodium-dependent aspartate transporter. Nature 2007,
445:387-393.

15. Reyes N, Ginter C, Boudker O: Transport mechanism of a
bacterial homologue of glutamate transporters. Nature 2009,
462:880-885.

16. Jensen S, Guskov A, Rempel S, Hänelt I, Slotboom DJ: Crystal
structure of a substrate-free aspartate transporter. Nat Struct
Mol Biol 2013, 20:1224-1226.

17. Guskov A, Jensen S, Faustino I, Marrink SJ, Slotboom DJ:
Coupled binding mechanism of three sodium ions and
aspartate in the glutamate transporter homologue GltTk. Nat
Commun 2016, 7:13420.

18. Canul-Tec JC, Assal R, Cirri E, Legrand P, Brier S, Chamot-
Rooke J, Reyes N: Structure and allosteric inhibition of
excitatory amino acid transporter 1. Nature 2017, 544:446-451.

19. Garaeva AA, Oostergetel GT, Gati C, Guskov A, Paulino C,
Slotboom DJ: Cryo-EM structure of the human neutral amino
acid transporter ASCT2. Nat Struct Mol Biol 2018, 25:515-521.

20. C�alinescu O, Fendler K: A universal mechanism for transport
and regulation of CPA sodium proton exchangers. Biol Chem
2015, 396:1091-1096.

21. Kunji ERS, Aleksandrova A, King MS, Majd H, Ashton VL,
Cerson E, Springett R, Kibalchenko M, Tavoulari S, Crichton PG
et al.: The transport mechanism of the mitochondrial ADP/ATP
carrier. Biochim Biophys Acta 2016, 1863:2379-2393.

22. Driessen AJ, Poolman B, Kiewiet R, Konings W: Arginine
transport in Streptococcus lactis is catalyzed by a cationic
exchanger. Proc Natl Acad Sci U S A 1987, 84:6093-6097.

23. Driessen AJ, Molenaar D, Konings WN: Kinetic mechanism and
specificity of the arginine-ornithine antiporter of Lactococcus
lactis. J Biol Chem 1989, 264:10361-10370.

24. Heinz E, Geck P, Wilbrandt W: Coupling in secondary active
transport. Activation of transport by co-transport and-or
counter-transport with the fluxes of other solutes. Biochim
Biophys Acta 1972, 255:442-461.

25. Ethayathulla AS, Yousef MS, Amin A, Leblanc G, Kaback HR,
Guan L: Structure-based mechanism for Na+/melibiose
symport by MelB. Nat Commun 2014, 5.

26. Sun L, Zeng X, Yan C, Sun X, Gong X, Rao Y, Yan N: Crystal
structure of a bacterial homologue of glucose transporters
GLUT1-4. Nature 2012, 490:361-366.
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