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Transport of ions and small molecules across the cell membrane against electrochemical gradients is catalyzed by
integral membrane proteins that use a source of free energy to drive the energetically uphill flux of the transported
substrate. Secondary active transporters couple the spontaneous influx of a “driving” ion such as Na* or H* to the flux
of the substrate. The thermodynamics of such cyclical non-equilibrium systems are well understood and recent work
has focused on the molecular mechanism of secondary active transport. The fact that these transporters change their
conformation between an inward-facing and outward-facing conformation in a cyclical fashion, called the alternating
access model, is broadly recognized as the molecular framework in which to describe transporter function. However,
only with the advent of high resolution crystal structures and detailed computer simulations has it become possible
to recognize common molecular-level principles between disparate transporter families. Inverted repeat symmetry in
secondary active transporters has shed light on how protein structures can encode a bi-stable two-state system. Based
on structural data, three broad classes of alternating access transitions have been described as rocker-switch, rocking-
bundle, and elevator mechanisms. More detailed analysis indicates that transporters can be understood as gated pores
with at least two coupled gates. These gates are not just a convenient cartoon element to illustrate a putative mechanism
but map to distinct parts of the transporter protein. Enumerating all distinct gate states naturally includes occluded
states in the alternating access picture and also suggests what kind of protein conformations might be observable.
By connecting the possible conformational states and ion/substrate bound states in a kinetic model, a unified picture
emerges in which symporter, antiporter, and uniporter function are extremes in a continuum of functionality. As usual
with biological systems, few principles and rules are absolute and exceptions are discussed as well as how biological
complexity may be integrated in quantitative kinetic models that may provide a bridge from structure to function.
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I. INTRODUCTION

Active transporters are integral membrane proteins that
move substrate through the membrane against an electro-
chemical gradient by using a source of free energy. They
are broadly classified as primary and secondary active trans-
porters, depending on the free energy sourcel. Primary ac-
tive transporters harness chemical reactions (e.g., phospho-
rylation by ATP) or light. Some examples are the sodium-
potassium pump (Na/K ATPase)?, the rotary FoF-ATPase and
the light-driven proton pump bacteriorhodopsin®, complex I'in
the respiratory chain®, or ATP-driven ABC transporters such
as p-glycoprotein®.

Secondary transport is driven by an electrochemical gra-
dient in a driving ion, namely sodium or protons. A few
well-studied examples are neurotransmitter transporters (e.g.,
the serotonin transporter SERT and the dopamine trans-
porter DAT)®, sodium-proton exchangers (NHE)Z, the cal-
cium exchangerg, AE], the anion exchanger in red blood cells
also known as Band 32, and the divalent anion sodium sym-
porters (DASS) proteins'?. Secondary active transporters can
be broadly divided into two classes based on their physiolog-
ical behaviorl. Symporters move their substrate in parallel
with the driving ion (Figure [T]A). Both driving ion and sub-
strate are bound at the same time and move in the same di-
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rection, typically from the outside to the inside (although ul-
timately the directionality is determined by the direction and
strengths of the gradients), during one half-cycle. The other
half of the transport cycle consists of the movement of the
substrate- and ion-free (apo) transporter. In the antiporter
transport cycle (Figure [IB), the driving ion is bound during
one half-cycle while in the other half-cycle the substrate is
bound and transported in the opposite direction.

Variations of the above scheme are common, though. For
instance, many symporters transport another ion back instead
of the apo transition of the transport cycle; for instance, SERT
symports serotonin with Na* (and C1™) and counter transports
K+ (or HP Y. Sometimes, the driving ion is effectively part
of the substrate as in the AdiC transporter'%, which exchanges
L-arginine with its decarboxylated product agmatine to effec-
tively export protons.

A third class of related transporters consists of non-coupled
transporters. These uniporters facilitate diffusion through the
membrane. Although we specifically focus on active trans-
porters, the discussion on transport cycles (Section [VI) will
make clear that the uniporters are closely related to active
transporters and it is plausible that small changes in the pro-
tein may convert between the two.

The schematic in Figure [I| represents a radically simplified
view of a transport cycle. In order to provide a sense of the
level of simplification, we may compare the symporter cy-
cle (Figure ) to recent models for three different classes of
symporters shown in Figure[2] All three models are based on
atomic resolution structures in all major conformations of the
cycle in conjunction with experimental functional measure-
ments and often computer simulations. They concisely sum-
marize at a high level current best understanding for three dif-
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Figure 1. Schematic transport cycle of A a symporter (transport of substrate and driving ion in the same direction) and B an antiporter (transport
in opposite directions). The central cartoon summarizes the physiological function. The V-shaped triangle symbolizes a membrane-embedded
transporter protein in the outward facing open conformation in which its binding sites are accessible from the outside. The A-shaped triangle
indicates the inward facing open conformation. The driving ion is drawn as a red filled circle while the transported substrate is shown as a blue
square. The predominant direction of reactions is shown by arrows, with horizontal arrows indicating binding/unbinding and vertical arrows
conformational transitions. The order of binding and unbinding events and the stoichiometry of substrate to driving ions may differ from this

cartoon.

ferent transport mechanisms!?. For example, LeuT, a sodium-
driven symporter for hydrophobic amino acids, progresses
through multiple states by a so-called “rocking bundle” mo-
tion whereby one mobile domain moves relative to another
static domain® (Figure ). In contrast, in Figure|l| the trans-
porter is reduced to a \V (“vee”) or A (“wedge”) shape, with-
out any regard to the details of the actual molecular organiza-
tion of the protein. The transport cycle of Major Facilitator
Superfamily (MFS) transporters'# (Figure ) with a sym-
metrical “rocker switch” motion between the two structurally
similar N and C-terminal domains is broadly reflected in the
simple schematic, mainly because the symmetry of the V/A
shapes matches the approximate N/C symmetry. But impor-
tant details such as the possibility that the binding sites may
shift during the cycle and the existence of occluded states, in
which the binding sites are not accessible from either com-
partment, are missing from Figure [ The so-called “eleva-
tor” transporters (as an example, Figure 2C shows the aspar-
tate/sodium symporter Gltpy, 15 consist of a transport domain,
which contains the binding site, and an oligomerization do-
main, which anchors the protein in the membrane. The trans-
port domain moves up and down through the membrane and
thereby switches access to the binding site. The schematic in
Figure|l|omits the movement of parts of the protein relative to
the membrane. It does, however, retain common elements that
appear in all three more detailed cycles: Substrate and driv-
ing ion bind at the inside of the transporter and a conforma-
tional change between outward facing (V) and inward facing
(M) conformations takes place, which ensures that the binding
site can only be accessed from either the outside or the inside,
known as the alternating access model. It should be kept in

mind that despite the additional level of detail in the cartoons
in Figure [2] important aspects of macromolecular transitions
remain oversimplified. For example, proteins are more flex-
ible and dynamic than suggested by depictions of individual
structures with rigid domains and may undergo more grad-
ual conformational changes than the rigid body movements
often implied by such cartoons. Furthermore, multiple con-
formational pathways may have similar probability or path-
ways may depend on external parameters and thus a simple
cycle may be leaving out important information about the ac-
tual molecular process.

In this review we focus on overarching principles that are
common across many secondary active transporters. The al-
ternating access model provides the “standard model” for
explaining transporter function in a structural context (Sec-
tion [[I). Although evolution always finds ways to add a few
exceptions to common rules (for instance, there are a few
transporters that do not appear to follow the classical alternat-
ing access model), the physical principles under which trans-
porters operate are not negotiable. Transporters function out
of equilibrium as “physical enzymes” that catalyze transport
by free energy transduction through cyclic processes (Sec-
tion [[T). Ten years ago, a remarkable insight was found into
the evolutionary mechanism that can generate protein struc-
tures that can switch between the two states of the alternating
access model: transporters contain so-called inverted repeat
sequences that fold into structures with an internal pseudo
two-fold symmetry. This symmetry is broken to generate two
different conformations, as discussed in Section A com-
plementary view of transporters is that of a pore with multiple
coupled gates; originally motivated by the description of ion
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Figure 2. Recent models of symporter transport cycles, based on structural data. A In the bacterial homolog of neuronal sodium symporters,
LeuT, a rocking bundle movement of the bundle domain (helices TM1, TM2, TMS, TM6, and TM?7) relative to the scaffold domain (light
brown) enables sodium ions and substrate (not shown) to access the binding sites through water-accessible openings (shaded light blue areas).
(Reproduced with permission from Current Opinion in Structural Biology, vol. 54, V. Navratna and E. Gouaux®, “Insights into the mechanism
and pharmacology of neurotransmitter sodium symporters”, 161-170, Copyright 2019 Elsevier.) B Generic cycle of MFS (Major Facilitator
Superfamily) transporters (after Drew ef al.1#). N and C indicate the N-terminal and C-terminal domain that undergo a rocker switch motion
and thereby allow the transported substrate (cyan star) to enter and exit the binding site. C Bacterial homolog of neuronal glutamate transporter,
Gltpy, with an elevator mechanism whereby the blue transport domain moves between an up and a down position in the membrane, relative to
the trimerization domain (wheat) while the reentrant hairpin HP2 (red) governs access of substrate (aspartate, A, cyan circle) and ions (red cir-
cles) to the binding site located primarily in the transport domain. (X. Wang and O. Boudker'?, eLife, vol. 9, 2020, doi: 10.7554/eLife.58417;
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channels as pores with a single gate, this cartoon model has
proven valuable because transporters actually contain physi-
cal components that perform the functions of gates, as will
be shown with selected examples in Section [V} When the al-
ternating access/gated pore model is considered together with
the cycle view of transport, a simple unified picture emerges
that describes symporters, antiporters, and uniporters as ide-
als in a spectrum of functionality (Section [VI). We close with
a brief perspective in Section on the complexity of ob-
served transporter function that needs to be taken into account
beyond the broad principles reviewed here.

Il. THE ALTERNATING ACCESS MODEL

The alternating access model in its basic form was de-
scribed by Jardetzky® as a polymer molecule that contains
binding sites for substrate and is able to assume two differ-
ent conformations that alternatingly expose the binding sites
to the interior and the exterior, V = A. The idea of a cycli-
cal process facilitated by a molecule that changes accessi-
bility was expressed by Mitchell in his “circulating carrier”

model" and by Patlak'™® in his gate-type non-carrier mech-
anism. Together these models describe in abstract terms a ba-
sic framework or model to understand driven transport across
the cell membrane. The key insight was that coupling of two
fluxes (substrate and driving ion) could be accomplished by
binding to different conformations of the same molecule as
discussed in more detail in the next Section In particu-
lar, it is physically not possible to move substrate against a
gradient through a continuous pore, i.e., one that is simulta-
neously accessible from both sides, regardless of any energy
consuming mechanism to open or close the pore!”. The con-
sequence of this insight is that transporters cannot function if
continuous pores are formed through the membrane. The al-
ternating access model with its two distinct states provides a
conceptual framework that avoids pore formation. However,
it requires that a membrane protein is able to change between
different conformations on the sub-millisecond time scaleZ?,
a speed that is easily achievable for macromolecular confor-
mational changes?!>2. The alternating access model also does
not give any insights into the actual molecular structure of a
transporter except the general requirement that substrate and
ion binding sites must switch accessibility in different confor-



Figure 3. Conformations of the nucleobase/sodium-coupled sym-
porter Mhpl from X-ray crystallography. A Outward-facing open
conformation (PDB ID 2JLN)Z. B Outward-facing occluded confor-
mation with bound substrate benzylhydantoin (PDB ID 4D1B%%; this
structure superseded the original 2JLO structure? but the structural
differences are small). C Inward-facing open conformation (PDB ID
2X79:2%). The approximate position in the membrane is indicated by
the gray rectangle in the background. The two cartoons under A and
C indicate the two states of the classical alternating access model as
used in Figure Molecular images were produced with VMD29,

mations. In order to obtain deeper mechanistic insights actual
atomic-scale structures of transporters in multiple conforma-
tions are needed.

The first secondary active transporter for which the major
states in the transport cycle were resolved at atomic resolu-
tion was the sodium-coupled symporter Mhpl, a member of
the nucleobase-cation-symporter 1 (NCS1) family2/28, The
structures of wild-type Mhpl revealed a sodium binding and
a substrate binding site deep at the center of the transporter,
roughly at the membrane midplane?>. In one structure, these
binding sites were accessible from the extracellular side, mak-
ing this the outward facing (OF, V) conformation as shown in
Figure Shimamura ef al.>> managed to crystallize wild-
type Mhpl in an inward facing (IF, A) conformation in which
the binding sites were exposed to the intracellular side. To-
gether they represent the two key conformations required by
the alternating access model. A third conformation was also
found: in this occluded conformation the binding sites were
not accessible from any compartment®3“#, The alternating ac-
cess model does not require such a conformation. As will be
argued in Section|[V] such occluded states are a necessary con-
sequence of a molecular architecture in which the alternating
access conformations are formed by gate domains.

The hallmark of the alternating access mechanism are rela-
tively large conformational changes in the protein conforma-
tion and these appear to exist in many secondary transporters
for which the alternating access mechanism remains the stan-
dard structural framework in which to understand transporter
function 31429746,

Although the alternating access model is the canonical
model for active transporters, some transporters appear not to
be described well within this framework. For example, chlo-
ride/proton antiporters are currently understood to function by
small changes in a central glutamate residue that alternatingly
binds chloride and protons*/4% and do not require the large
conformational change—the “alternating access transition”—
that is generally taken to be a key step in the classical alternat-

ing access model. However, it could be argued that the funda-
mental principle of alternating access and the need to maintain
a pathway that can not directly conduct ions and substrate al-
ways has to be maintained in order to support the cyclical re-
actions that are required for energy transduction (see the next
Section M) even though different models are also sometimes
discussed®™Y,

Ill.  THERMODYNAMICS AND CYCLES

Transport is driven by spontaneous influx of a driving ion.
The free energy dissipation from flowing down its electro-
chemical gradient is coupled to the vectorial transport of a
substrate molecule or ion. Hill*! clearly explained the princi-
ple of free energy transduction in transporters (and enzymes)
through a cyclic process that tightly couples driving ion flux
and substrate flux. Following his treatment, we will first qual-
itatively explain how a cyclical process that operates out of
equilibrium transduces energy. We will then briefly revisit
the thermodynamic driving forces of the process in order to
motivate the idea that transporters are enzymes that catalyze
transport.

A. Transport is a non-equilibrium process

Consider, for instance, a hypothetical antiporter that uses
one driving ion (red circle in Figure [4JA) to move one sub-
strate molecule (blue square). We initially imagine the sys-
tem to exist in equilibrium, i.e., the net fluxes between all
states are zero, also known as the detailed balance condition.
The inside and outside populations i of particles are in Nernst
equilibrium, i.e., when considering the concentrations on ei-
ther side of the membrane and the membrane potential, no net
flux of particles would occur if a pore selective for species i
were opened in the membrane % For example, the binding of
a driving ion [ to the empty transporter in the outward facing
conformation 77 is the equilibrium reaction

Ti+1=T:1 (1)

where T, represents the outward-facing, ion-bound state. The
isomerization between outward facing and inward facing con-
formation (the alternating access transition) is

h:l=Ts:1 )

where T3 represents the inward-facing, ion-bound state. (Sim-
ilarly, state 74 stands for the inward-facing apo transporter, 75
is the inward-facing transporter with substrate bound, and Tg
is the outward-facing, substrate-bound state.) Because all in-
dividual fluxes are zero, no net transport takes place. On aver-
age, for every substrate molecule that is moved from inside to
outside in a given unit of time, the same number of molecules
are moved from the outside to the inside. We now perturb the
system away from equilibrium by increasing the outside con-
centration of the driving ion, as indicated by the larger number
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Figure 4. Transport by an antiporter is a cyclical out-of-equilibrium process. The simplified cycle only includes outward facing open (OF)
and inward facing open (IF) states with either substrate (S, blue square) or driving ion (ion, red filled circle) bound or nothing bound (apo). A
Equilibrium—all concentrations are at equilibrium values and all reactions obey detailed balance. A potential leak pathway 1 = 4 (red dashed
arrows) is forbidden in the ideal cycle. B Out-of-equilibrium—the outside ion concentration is raised over its equilibrium value, which leads
to moving all states out of equilibrium. The cycle is driven in the clockwise direction, resulting in stoichiometric 1:1 transport. The states are
numbered so that one can refer to, say, the outward facing apo state (neither ion nor substrate bound) of the transporter as 7} or the inward
facing, substrate-bound state as 75 : S where the presence of the substrate is included for clarity even though the label “5” includes the presence

of the substrate (as opposed to state 4, which does not include it).

of driving ions in Figure @B. Following Le Chatelier’s princi-
ple, the equilibrium of the binding reaction Eq. [T]is moved as
to increase the concentration of products®”, i.e., the number
of ion-loaded transporters 7> : I increases above its equilib-
rium value. Because the reactants (inputs) of the isomeriza-
tion reaction Eq.[2]are provided by the products (output) of the
binding reaction Eq. [I] which have increased, Le Chatelier’s
principle equally applies to the isomerization and pushes this
equilibrium towards the ion-loaded inward facing conforma-
tion, 73 : I. The same reasoning is applied to each subsequent
reaction and in this way, net flux of substrate from the inside
to the outside is induced in steps 5—6. Crucially, the reactions
form a cycle so that after the steps 1 +2—3—4—5—6—1 the
transporter is in exactly the same state as it was before. How-
ever, the environment has changed as one ion was transported
from the outside to the inside and one substrate was trans-
ported from the inside to the outside with 1:1 stoichiometry,
as expressed by the transport reaction of the antiporter

Iout + Sin - Iin + Sout (3)

where [ stands for the driving ion and § for the substrate and
subscripts indicate their location relative to the membrane.
The corresponding reaction of the symporter is

Iout + Sout — Iin + Sin- (4)

Different stoichiometries require different stoichiometric co-
efficients. For instance, a 2:1 antiporter would be described
with 2L,y + Sin — 2Lin + Sou. Hill*Y makes the above reason-
ing fully quantitative by considering how the net fluxes be-
tween states, which are zero in equilibrium, become biased in

one direction when a component is perturbed. The resulting
theory of cycle fluxes can be applied to arbitrarily complex
cycles to analytically compute steady state populations and
fluxes.

More realistic transporter schemes contain additional tran-
sitions such as the one between the two apo states 1 = 4, of-
ten referred to as leaks or slippage. Such a transition would
allow three cycles to become possible: The transport cycle
that was just described and two leak cycles: the ion leak cycle
1 =2=3=4 =1 and the substrate leak cycle | = 6 =

= 4 = 1. Under physiological conditions, the ion leak cy-
cle would dissipate the ionic gradient. Cells spend a substan-
tial amount of their chemical energy to establish the driving
ion gradient. In mammals an estimated 19%—-28% of ATP are
used to power the Na*-K*-ATPase that establishes the trans-
membrane sodium gradient®®. Therefore, dissipation of the
sodium gradient is costly and reduces the organism’s fitness.
The substrate leak cycle would run in the opposite direction
and let substrate molecules enter the cell, counter to the phys-
iological necessity of the transporter to remove them from the
cell. Under physiological conditions, leak cycles must be sup-
pressed by decreasing the rate for slippage transitions such as
1=4.

The qualitative discussion makes clear that energy trans-
duction, i.e., the use of the free energy stored in the driving
ion gradient, requires a complete cycle that contains both ion
and substrate translocation steps. If any part of the cycle is
broken, no energy transduction can take place. Thus, energy
transduction is a property of complete cycles and not of in-
dividual states®!. Therefore, there is no specific step in the



cycle that could be described as an “energized” state or a state
where energy is “gained by a binding reaction’>.

In general, a protein that functions according to the alternat-
ing access mechanism cannot function if it presents a contin-
uous, leaky pathway! as this prevents energy coupling. Sim-
ilarly, non-productive leak cycles also reduce the efficiency of
a transporter. Although here we generally discuss ideal, fully
efficient cycles to elucidate the basic principles, real trans-
porters leak and therefore their transport stoichiometry is gen-
erally not the ideal one*Bll For example, instead of an ideal
1:1 stoichiometry one might measure only 1:0.75, i.e., on av-
erage 1.33 driving ions are needed to move one substrate be-
cause only 75% of the total flux comes from productive cycles
(1:1 stoichiometry) and 25% comes from leak cycles (1:0).
However, not all leak cycles need to be deleterious for an or-
ganism. Recent work by Zuckerman and collaborators (fur-
ther discussed in Section [VI) indicates that leak cycles enable
kinetic control over selectivity®®. The rates for these slippage
transitions could serve as an additional set of molecular pa-
rameters that may be varied by evolution to increase organis-
mal fitness.

The ion and substrate binding or dissociation steps are nec-
essary components of the cycle because without them the cy-
cle cannot be driven in a specific direction: these steps provide
the only external “handle” to control the process>”. Therefore,
no cyclical process with a net flux in one direction exists in
which only a protein changes through a repeated sequence of
conformational states; coupling to an external source of free
energy is always necessary.

Finally, it is worth emphasizing that because the transporter
protein moves cyclically through different conformations, it is
not altered in any permanent way. In the energetic descrip-
tion of the process (see Section below), the transporter
does not appear. Thus, transporters act as enzymes for mov-
ing substrate, similar to how biochemical enzymes catalyze
the formation and breaking of chemical bonds. In this sense,
transporters are “physical enzymes” or “molecular machines”
in that they catalyze a physical process instead of a chem-
ical one. Other proteins of this kind are molecular motors,
which turn chemical energy into movement of the protein it-
self, or rotary pumps such as the V-type and P-type ATPases,
which turn chemical energy into rotary motion and move-
ment of protons or ions across the cell membrane; the lat-
ter can run in reverse to turn rotary motion by ion flow into
chemical bonds. Similarly, transporters run backwards if the
electrochemical gradients are changed appropriately, as ex-
perimentally demonstrated in a wide range of different trans-
porters (chloride-proton transporter CIC-7°%, proton-coupled
peptide transporter PepTs>?, bacterial Na*-coupled succinate
transporter VCINDY®0U bacterial sodium/sugar symporter
vSGLT®). An analysis of the thermodynamic driving forces
for the cycle in the following section will show that the exter-
nal electrochemical gradients (concentrations and membrane
potential) are the only factors determining the direction of
transport. However, thermodynamics does not determine ki-
netics and hence it is possible that the speed of the cycle dif-
fers in forward and reverse direction. In particular for any re-
alistic transport cycle, switching the driving forces will drive

the cycle in the opposite direction but the turnover number in
the reverse direction can be very different from that in the for-
ward direction, as, for example, observed for the glutamate
transporter EAAC1, where reverse glutamate transport was
faster than forward transport®2.

B. Driving forces

Quantitatively, the only thermodynamic driving forces X;
are the ones originating in electrochemical potential (1’ =
Uo+kT Inc/co+ q'P) differences of ions and substrates across
the cell membrane®?; free energy differences due to the differ-
ent states of the protein cancel in the whole cycle and play no
role’!. The driving force for species i € {1,S} is

Cii
Xi = Wijn — Miou = KT In —= +q:A¥ (5)

Ci out

where c¢; is the concentration (or activity) on the indicated
side of the membrane, g; the charge, AY = Wi, — Wou is the
transmembrane potential, T is the temperature and & is Boltz-
mann’s constant. The membrane potential is typically nega-
tive, A¥ < 0. Thus, for typical driving cations (Na*, H" with
q = +1le) and A® ~ —100mV the membrane potential con-
tributes at 7 = 298 K about ;AW ~ —3.9kT . Typical sodium
concentrations are on the order of 100 mM on the outside and
10 mM inside a cell and hence kT ln% = —2.3kT. If the

substrate is neutral (the electrostatic component is zero for
gs = 0) then a positive net charge is moved into the cell down
an electrostatic potential and a sizable fraction of the avail-
able free energy will be provided from the membrane potential
component. In general, any electrogenic transport (movement
of a net charge) is affected by the membrane potential.

Denote by J; the flux at which particle i is transported across
the membrane (in particles per unit time), with the direction
out—in counting as J; < 0 and the reverse as J; > 0. Note that
in a simple cycle such as the one in Figure[I] exactly one ion
is moved for each substrate molecule and hence the absolute
values of these fluxes must be the same, |J;| = |Js| but the
signs will differ, depending on symport or antiport processes.

When the driving force is negative, e.g., X; < 0, then spon-
taneous movement occurs, such as influx of the driving ion
and hence J; < 0. The antiporter is supposed to move sub-
strate against a gradient from the inside to the outside, i.e.,
against the opposing driving force Xs < 0 under which § par-
ticles would spontaneously move into the cell. The rate of free
energy dissipation is

D =7 X;+JsXg > 0. (6)

@ = 0 holds in equilibrium but then no transport occurs (see
Section [[ITA). The second law of thermodynamics requires
® > 0 in non-equilibrium steady state, i.e., when concentra-
tions remain fixed at their non-equilibrium values and do not
change®!. In steady-state, the transporter moves ions and sub-
strates at a constant flux. Under which conditions will the an-
tiporter move S from inside to outside, i.e., given Js > 0 (even



though X5 < 0), what is required of /? Rearranging Eq. [6]
JiX; > —JsXg @)

and noting that the right hand side is positive, it follows that
JiX; also has to be positive, i.e., the driving ion must flow
down its electrochemical gradient from the outside to the in-
side (J; < 0, X; < 0). In other words, spontaneous fluxes al-
ways dissipate free energy, which can be coupled to the sub-
strate flux. This free energy dissipation rate must be larger
than the rate of free energy required to move S against its
driving force. For a simple antiporter cycle without leakage,
Js = —J; (for each [ transported to the inside, one S is trans-
ported to the outside, in the same amount of time) and hence
—JsX; > —JsXg and with Jg > 0,

X; < Xs (simple antiporter) ()
is required for transport, i.e., the electrochemical gradient of
the driving ion must be steeper and more negative than that of
the substrate. In other words, the amount of available free en-
ergy per driving ion translocation event must be larger (more
negative) than the substrate gradient against which S is moved
because out of equilibrium not all free energy can be trans-
formed into useful work and a fraction always increases the
entropy of the universe in the form of heat, as required by
the second law. The condition Eq. [/| can also be fulfilled
with J; > 0, X; > 0, i.e., a spontaneous flux of ions from
the inside to the outside. In this case the transporter would
need to operate as a symporter to move driving ion and sub-
strate together—energetic coupling cannot happen in separate
cycles”l).

For a simple symporter with X; < 0, Xg > 0 and J; = Js <0,
the condition equivalent to Eq. [§reads
X; < —Xs (simple symporter). ©))
We will come back to the question of the relationship be-
tween symporters and antiporters in Section[VI where we will
see that one can write a universal kinetic scheme that encom-
passes symporters, antiporters, and uniporters.

IV. INVERTED REPEAT SYMMETRY

The alternating access model together with the thermody-
namic cycle analysis explains how transporters function in
principle, i.e., they describe the physical constraints under
which any transporter protein has to operate. However, un-
derstanding how these principles are embodied in an actual
biomolecule requires structural atomic-resolution data, pri-
marily provided by X-ray crystallography and electron mi-
croscopy. The most important requirement of the alternating
access model is the existence of rwo states that make binding
sites accessible to the outside or the inside, generally referred
to as an outward facing (OF) conformation and an inward fac-
ing (IF) conformation. It has been hypothesized that a viable
evolutionary path to create a switchable two-state system in a
single protein molecule can be based on an internal two-fold

structural symmetry, so-called inverted repeats. This deep in-
sight into a fundamental principle of transporter function was
only recently discovered by Forrest et al.® and since then
broadly recognized as nearly universal®#>,

A. Inverted repeat structures

Structural symmetry is well represented among membrane
proteins. These symmetries can arise due to oligomeriza-
tion, often seen in cyclically symmetric channels and pores,
or due to the presence of internal repeats within the pro-
tein sequence®. Notably, internal repeats occur more fre-
quently in membrane protein super-families than overall®®; in
the case of secondary active transporters, most known struc-
tures show an inverted repeat symmetry****_that is, internal
repeats which adopt similar folds but start on opposite sides
of the membrane, giving rise to C, pseudosymmetry about an
axis parallel to the membrane plane. Further common to most
secondary active transporters is the presence of two bundles or
domains, with the substrate binding sites located near the in-
terface and often involving discontinuous helices*’. The exact
number of transmembrane helices and distribution of the in-
verted repeats over the two domains differs, with several com-
mon folds observed (Figure [5):

a. (3 + 3)+ (3 + 3): Major Facilitator Superfamily
(MFS). The core MFS fold contains 12 transmembrane he-
lices (TMs)y#3059  Ap N- and C-domain are each formed
from a pair of 3 TM inverted repeats, and are themselves
two-fold pseudosymmetric. The MFS is one of the largest
transporter families found across multiple organisms; the first
structures were reported for lactase permease LacY®! and
glycerol-3-phosphate transporter GlpT®, with many deter-
mined since.

b. (5 +5): LeuT fold. The LeuT fold consists of 5 TM
inverted repeats, with the first two helices from each repeat
forming a core bundle (i.e. TMs 1, 2, 6, 7), while the next
two (TMs 3, 4, 8, 9) form a scaffold/hash domain; TMs 5 and
10 may act as gates™. First observed in the neurotransmit-
ter/sodium symporter LeuT® several other transporters have
been found to adopt this fold, including the sodium/hydantoin
transporter Mhp 123,

c. (5+5): NhaA fold. Also consisting of 5 TM repeats,
the NhaA fold is observed in sodium/proton antiporters (e.g.
NhaA”Y and the apical sodium dependent bile acid trans-
porter (ASBT) family (e.g. ASBTxMZY). The first two he-
lices of each repeat (TMs 1, 2, 6, 7) form a panel or dimer
domain, with the remaining three (TMs 3-5, 8-10) forming a
core domain”’2,

d. (7 + 7): 7-TM inverted repeat (7TMIR) fold. Rela-
tively recently identified, transporters with this fold include
the proton/uracil symporter UraA and chloride/bicarbonate
antiporter AE1; four helices from each repeat (TMs 1-4, 8-
11) for a core domain, while the remaining three (TMs 5-7,
12-14) form a gate domain’.

Internal repeats such as these have been speculated to arise
from the duplication of an ancestor gene and subsequent fu-
sion event, in this case following a flip of one duplicate rela-



Figure 5. Representative structures of common secondary active transporter folds, highlighting the inverted repeats. In each case, the protein
is first shown whole, then with the repeats separated translationally, and finally with the second repeat rotated and overlayed on the first. A
LacY (inward facing, MFS fold; PDB ID IPV6) B Mhp1 (outward facing, LeuT fold; PDB ID 2JLN) C ASBTnwm (inward facing, NhaA fold;

PDB ID 3ZUY). Images were produced with VMDD,

tive to the membrane; possible candidates showing these ini-
tial “half” folds have been identified in the DedA (for the
LeuT fold) and SWEET (for the MFES fold) families’¥. The
EmrE multidrug transporter is proposed to come together as
an antiparallel dimer and function through an exchange of
asymmetrical structures similar to that described below%m[
and represents a possible pre-fusion step in the proposed
duplication-and-fusion evolutionary process of inverted repeat
symmetry.

Distinct inward- and outward-facing conformations arise
from asymmetry in the exact conformations of the repeats
composing the two domains (discussed in Section [[V B,
which changes the relative locations/orientations of these do-
mains. Several mechanisms for this relative motion have
been proposem: the domains may rotate about the sub-
strate binding site to alternatively expose it to each side of
the membrane, as in the rocker-switch (where the domains are
structurally symmetric, proposed for MFS transportersf-m) and

rocker-bundle (where the domains are distinct, e.g. for LeuT
fold transporter@) mechanisms; or, as in the elevator mech-
anism, one domain predominantly containing the binding site
may move perpendicular to the membrane, moving the bind-
ing site against to relatively fixed second domain to expose it
to each side of the membrane in turn (proposed for NhaA fold
transporter

B. Asymmetry and alternating access

While inverted repeats share an overall fold, they are found
to take on different conformations, giving rise to an asymme-
try that allows the substrate binding site to be exposed to one
side of the membrane while blocked from the other. By ex-
changing conformations between the two repeats—with the
first repeat adopting the conformation of the second and vice
versa—the protein is thus able to switch between an inward



facing and an outward facing state*® (Figure @) By breaking
the symmetry between the two inverted repeats in a symmet-
rical fashion, two conformational states are naturally created.

Exchanging conformations in this way is hypothesized to
require no or little net energetic change in the overall protein
structure from the inward-to-outward or outward-to-inward
transitions®. The presence of two possible conformations for
each of the two repeats also brings up the question of whether
the repeats can possess the same conformation at a given time;
such overall conformations might form occluded (closed at
both side) or leaky (open on both sides) states of the trans-
porter (Figure [6} inset). The presence of occluded and leak
states in the transport cycle is discussed further in Section [V}

The above described repeat swapping has been taken ad-
vantage of to generate homology models of transporters in
different states, given a structure in only one state: the confor-
mation of each repeat is used as a template for the other, forc-
ing the exchange of conformations’®, This method was first
applied to LeuT®, producing a structure that latter proved to
be consistent with an experimental structure’”?, and has since
been used to generate structures for a range of secondary
active transporters, with subsequent experimental validation
obtained in several cases; including the aspartate transporter
Gltpy®8L, Lac Y™, CcdA®%, and NhaA®?.,

V. TRANSPORTERS AS GATED PORES

Liuger™ envisaged ion channels as pores with a single
free energy barrier, which can be identified with the gate
of the channel that controls ion flow in response to external
stimuli®>. He could model transporters as pores with two cou-
pled barriers®®; motivated by the suggestive original “gated
pore model”® (which was more precisely renamed the “sin-
gle binding center gated model” (SBGP)*) one may also call
these two barriers gates (Figure 33 3436 Sych a gate should
be thought of as a switch or bi-stable element that can exist
in two states that are generally called “open” and “closed” al-
though it might also carry the meaning “outward facing” or
“inward facing”. The gate picture reduces the nuanced view
of free energy barriers with variable barrier height to one in
which either a very high barrier exists (“closed”) or the bar-
rier is small compared to thermal fluctuations (‘“open”). This
simplification allows one to broadly enumerate and catego-
rize states and make general (but necessarily approximate)
statements for whole classes of proteins. It also allows one
to create simple cartoons of transporter states that summarize
transporter conformations succinctly. As will be shown below,
the cartoon is a useful abstraction because gates correspond to
physical molecular domains in transporter proteins (i.e., they
have a molecular identity) and thus states generated from the
gate picture directly correspond to observable protein confor-
mations.

In ion channels, a change in membrane potential or bind-
ing of a signaling molecule opens the gate and ions sponta-
neously flow through the open pore down their electrochem-
ical gradient®, as shown for a pore with N = 1 gate in Fig-
ure 87 In the “transporters as gated pores” picture, the coor-

dinated movement of two (or more) gates creates the confor-
mations of the alternating access model (Section [[I). The out-
ward facing open state is formed when the outer gate opens
while the inner gate remains closed. Conversely, the inward
facing state consists of the outer gate closed, while the inner
one is open, as shown for a transporter with N = 2 gates in Fig-
ure[7} Simultaneous opening of both gates must be avoided—
a “leak” state (see Figure[/))—to prevent leakage of the driving
ion and dissipation of the ionic gradient. The coordination of
the gates is termed “coupling”. Furthermore, conformational
changes (i.e., changes in the gates) must also be coupled to
the binding/dissociation of driving ion(s) and substrate(s), a
point that will be revisited below and explicitly included in
Section [VI] For simplicity, we will focus on the different con-
formational states of the protein while keeping in mind that
the presence of ions and/or substrates will likely change the
structure to some degree.

It has been observed experimentally that under certain con-
ditions transporters can also function as channels®®, a view
that fits naturally in the picture of a transporter whose gates
are not fully coordinated so that leak states may occur (see
Figure[7). Channel-like behavior is characterized by sponta-
neous energetically downhill diffusion of ions (or substrates)
in a non-stoichiometric and burst-like fashion, which differs
from the leak cycles that can occur in the standard cycle due
to loose coupling®® in that the latter still only move indi-
vidual particles. For the aspartate transporter Gltpy, a cryo-
electron microscopy structure in combination with MD simu-
lations showed that the long-sought chloride channel conduc-
tance pathway®? is formed in an intermediate step between the
outward facing and the inward facing conformation®”.

Nevertheless, the “transporters as gated pores” picture is
more than just a convenient cartoon model because as we will
discuss below, the gates generally represent a molecular real-
ity, i.e., secondary transporters contain distinguishable parts
that function as gates. Therefore, conformational states that
are predicted from the gated pore model generally correspond
to conformations with distinct structural arrangements of the
corresponding gates.

A. Gates as molecular building blocks

Since X-ray crystallography and cryo-electron microscopy
have revealed the molecular structures of a range of trans-
porters, various authors have identified domains of these pro-
teins that regulate access to binding sites with gates, as sum-
marized by Forrest, Kriimer, and Ziegler=®. A particular ter-
minology of thin and thick gates originated in the structural
analysis of LeuT-like transporters®*“4. Thin gates are gener-
ally considered to be parts of the protein whose movement can
prevent the exchange of ions or substrates with the intra- or ex-
tracellular solution. Perhaps somewhat confusingly, the con-
formational transition that is responsible for alternating ac-
cess, or rather the sum of moving structural elements, is some-
times considered the thick gate. In other transporter families,
such as the MFS transporters, no special distinction between
thin and thick gates is commonly made.
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Figure 6. Cartoon showing how symmetry-broken inverted repeats generate the two major conformations in the alternating access mechanism.
Each repeat (labeled A and B) may take on one of two conformations (shown as 1 and 2 in the inset), giving rise to 2 x 2 = 4 possible
conformations, though two (occluded and “leak”™ states, shown inset) are not part of the basic alternating access mechanism. [Drawings by
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Figure 7. Ion channels and transporters as gated pores. In this sim-
plified picture, ion channels contain a single gate that is controlled
by external stimuli. Transporters can implement alternating access
by the coordinated movement of two or more gates. The number of
gates N determines the total number of distinct states, 2V. Not all
states might be physiologically observed, and some, such as the leak
states, will prevent energy transduction.

Although there is some ambiguity in how to define gates,
they are nevertheless recognizable molecular entities. Dial-
linas“? concludes, based on work in the purine transporter
UapA, that physiological transport properties are determined
by intramolecular interactions between binding sites and gat-
ing elements, similar to ones present in channels. LeVine
et al.®! quantitatively analyzed the mechanism of the LeuT
transporter with a particular emphasis on the allosteric cou-
pling between ions, substrate, and the protein. Based on ex-

perimental and simulation data, they concluded that LeuT is
best described with an allosteric gated pore alternating access
mechanism in which gate movement is strongly coupled to
binding and the other gates. Further examples will be shown
in Section V(|

B. Gate states

Thinking of transporters as consisting of N gating elements
that can individually switch between two states (such as open
and closed as in Figure[7)) suggests a simple count to enumer-
ate the possible number of conformations of the transporter,

ne =2N. (10)

For a transporter with two gates, four states are possible, and
eight states for N = 32 The simple count ignores the fact
that gate movement must be coordinated in some fashion. The
type of coupling will depend on the individual molecule and
may even depend on the substrate*® but for canonical transport
one might want to assume that a leak state with all gates open
plays no important role and so n¢c =2V — 123

The primary advantage of such a simple enumeration is
to provide a framework in which to place experimentally or
computationally observed conformations. Forrest, Krdamer,
and Ziegler®® proposed a similar classification with eight
states, consisting of different conformations and with differ-
ing substrate occupancy. Their scheme makes use of thin
gates but places central importance on the major conforma-
tional switch between inward and outward facing conforma-
tions. It has been successfully used to, for instance, categorize
the wealth of structural data for the APC transporter BetP, for
which crystal structures have been obtained for most of the
states”* 0 and to analyze simulated transitions for four LeuT-
fold transporters>’.

An almost trivial prediction of the gated pore model is the
existence of occluded states. In an occluded state, the trans-
porter obtains a conformation in which the binding sites are



not accessible from either compartment. In the doubly-gated
pore, the occluded state naturally arises when the two gates
are closed (N = 2 in Figure[7). The alternating access model
and the associated kinetic and thermodynamic analysis do not
require occluded states for energy transduction and vectorial
transport. Therefore, the existence of occluded states, which
are not strictly necessary for function, could be interpreted
as a consequence of the structural constraints of the imple-
mentation of alternating access (via inverted repeat symme-
try) in proteins. Below we will show some structural evi-
dence for occluded states. But it is also noteworthy to point
out that molecular dynamics (MD) computer simulations have
been able to generate occluded states when started from crys-
tallographic conformations corresponding to inward or out-
ward facing states: For example, Latorraca et al.®® simulated
the LbSemiSWEET transporter with unbiased MD and ob-
served full transitions from outward to inward facing states
that passed through an occluded state. The simulation sponta-
neously reached experimentally determined structures for in-
ward open and occluded LbSemiSWEET. They found that the
transitions were driven by favorable inter-helical interactions
when either the extracellular or the intracellular gate closed
and and unfavorable helix configuration when both gates were
closed. The two gates became tightly coupled, which pre-
vented simultaneous gate opening, which would result in a
leak state. Other simulation examples are discussed below,
which all point to the insight that molecular gates are a simple
way to generate alternating-access states. In the absence of
specific coupling that prevents two gates from closing at the
same time, occluded states will occur.

C. Examples of transporters as gated pores

We will illustrate the physical reality of gates in transporters
in three examples, corresponding to the classification of the al-
ternating access conformational transition as a rocker switch,
as rocking bundle, and as an elevator movement!~.

1. Rocker switch transporters: MFS transporters: two gates

The MFS transporters all share a common fold with four
inverted repeats (Figure[5]A). Based on inward facing and out-
ward facing crystal structures, it was originally believed that
alternating access would proceed by a rigid body movement
whereby the two halves of the protein would move relative
to each other in a rigid “rocker switch” manner". The dis-
cussion concentrated on LacY for which an alternative model
described the protein as more flexible, with cytoplasmic and
periplasmic openings governing access to the binding site, ef-
fectively describing gates'?1102 The existence of an occluded
state in LacY would corroborate the gated pore model for its
mechanism. Stelzl et al.'%? hypothesized that LacY func-
tioned as a pore with two coupled gates that could both close
at the same time. With this assumption they could perform
biased MD simulations to generate a model of occluded LacY
with both gates closed. The model broadly agreed with ex-

11

perimental electron-electron resonance (DEER) spectroscopy
data. More recently, experimental evidence for an occluded
apo intermediate of LacY (based on sugar accessibility to
cysteine cross-linked mutanty!%* corroborated the occluded
model.

The MFS transporter PepTs, is a proton-coupled bacte-
rial symporter for which only inward facing crystal struc-
tures are knowr'?1% An open question has been the nature
and molecular mechanism of the conformational transition be-
tween inward and outward conformation. Fowler et al.''’0
used an array of experimental and computational techniques,
including X-ray crystallography, DEER, and MD, to elucidate
the dynamics of PepTs,. They found that PepTs, is repre-
sentative for a large number of MFS transporters in that the
ends of the first two helices in each of the four inverted re-
peats (see Figure [5]A) form gates at the EC and IC entrance.
A wealth of structural data exists for the MFS transporters'*
with many transporter structures having been solved to atomic
resolution in different conformations. Fowler er al.'%? ana-
lyzed 33 MFS structures in terms of the minimal pore radius
near the periplasmic (extracellular, EC) and cytoplasmic (in-
tracellular, IC) entrance (Figure[8). The structure could neatly
be categorized as outward facing, inward facing, or occluded,
based either on geometrical constriction radius (Figure[§A) or
on the distances of the inverted-repeat gates (Figure [SB).

Using multiple MD simulation with a Markov state model,
Selvam, Mittal, and Shukla1%® sampled conformational tran-
sitions from the inward facing conformation through an oc-
cluded state to an outward facing conformation of PepTs,.
Their computational results were validated by comparison of
simulated with experimental DEER spectroscopy data. The
occluded state formed by closure of both ends of the protein.
In a computed free energy landscape, the occluded confor-
mation occupied a stable local minimum, as expected for a
thermodynamic state.

The existence of occluded states (in crystal structures and
MD simulations) in addition to the pseudo-symmetrical rocker
switch conformations indicate that MFS transporters do not
follow a strict rigid-domain rocker switch mechanism'# but
instead transition between these states in a more flexible man-
ner (Figure[2B). The central binding site remains near the cen-
ter of the transporter during the transport cycle while extra-
cellular and intracellular gates change conformations locally
in such a way that the end state conformations are approxi-
mately symmetry related. Overall, the evidence suggests that
MES transporters can be described as transporters with two
gates that are related by the internal repeat symmetry.

2. Rocking bundle transporter Mhp1: three gates

In the rocking bundle transport mechanism, a transporter
with two asymmetric halves undergoes alternating access by
the movement of one domain relative to the other whereby the
centrally located substrate binding site remains fixed®. The
transporters in the large LeuT-like superfamily of APC (amino
acid-polyamine-organoCation) transporters” were the first for
which this mechanism was confirmed® and they have been
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Figure 9. The three gates in Mhpl. A Mhpl1 in the membrane. The
hash motif (helices 3, 4, 8, 9) is shown in yellow, the bundle (helices
1, 2, 6, 7) in red, flexible (thin gate) helices 5 and 10 in blue, and
C-terminal helices 11 and 12 in gray. The views on the gates (B-D)
are indicated by broken rectangles. B extracellular thin gate (formed
by TM10). C thick gate, quantified by the distance across the Na2
sodium binding site. D intracellular thin gate (TMS5). Images were
produced with VMD2,

characterized as transporters with three gate (Figure QA).

Here we use the LeuT-like hydantoin permease Mhpl
from Microbacterium liquefaciens as an example. Mhpl
is a nucleobase-sodium symporter (NCS1 family), which
co-transports one sodium ion with one 5-substituted
hydantoinm. It shares a five-helix inverted repeat archi-
tecture with other members of the superfamily of LeuT-like
transportersm. X-ray crystallographic structures of Mhpl
in outward facing and inward facing conformations together
with computer simulations, mass spectrometry, and electron
paramagnetic resonance (EPR) measurements revealed the

structural basis for the alternating access mechanism in this
secondary transporter23- 25 IIHLI4]

The transporter can be understood as a gated pore with two
thin and one thick gate@, i.e., as a pore with three gates:
The thick gate regulates the passage through the center of the
membrane by means of the large conformational change—the
rocking bundle motion—that switches the transporter from its
outward facing to its inward facing conformation. In Mhpl
it consists of the hash motif (formed by helices TM3, TM4
and their inverted-repeat counterparts TM8 and TM9; see Fig-
ures[9A, C and[5B) that can rotate by about 30° on an axis par-
allel to TM3 relative to the four-helix “bundle” (TM1, TM2
and TM6, TM7)|Z|. Thin gates are formed by the N-termini of
the pseudo-symmetry related helices TM5 and TM 10 and the
linker to each preceding helix?3. The extracellular (EC) thin
gate (TM10; Figure [OB) governs access to the substrate bind-
ing site from the periplasmic medium while the intracellular
(IC; Figure PD) gate fulfills the symmetrical role of control-
ling the pathway to the cytosol.
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Figure 10. The putative role of the extracellular (EC) gate of Mhpl is to prevent a sodium leak when the thick gate is open. The left four panels
show a cut through the electrostatic solvation free energy (Born energy) landscape of a Na™ ion inside Mhpl1 for different conformations of
the transporter, computed with the Poisson-Boltzmann equation. Red (—10 kJ-mol~!) to yellow (+10 kJ-mol~!) regions can be considered
accessible for sodium ions under typical conditions. (The Na* Born energy was calculated as described previously1%3) The gate cartoons in
A-C represent some of the states for the triple-gated transporter in Figure [/} the cartoon in D symbolizes a leaky state that was artificially
modeled by removal of the EC-gate portion of TM10. A Outward facing open conformation (EC gate open, thick gate closed). B Inward facing
open conformation (EC gate closed, thick gate and IC gate open). The solvent accessible surface (cyan) is shown from the side in the context
of the protein helices (view on the surface from the top). The color scheme for the helices is the same as in Figure[J] except that the N-terminal
half of the EC gate (TM10) is shown in black, and other colors are muted. The closed EC gate prevents a continuous sodium pathway. C
Outward facing occluded conformation (EC gate closed, thick gate closed). D Simple model for a hypothetical inward facing open, leaky
conformation with IC gate and thick gate open and EC gate removed. The solvent accessible surface representation and the electrostatic free
energy s{l(%w a sodium pathway through the membrane-spanning portion of the transporter. Images were produced with UCSF Chimera'97 and
PyMOL™.

The sodium binding site is formed between bundle and hash
motifs, so opening of the thick gate, i.e., the alternating-access
transition, opens up the sodium binding site and weakens ion
binding to ensure rapid diffusion of the ion into the cytoso-
lic compartment and opening a pathway for the substrate to
follow2!1l (In LeuT, the bundle rotates relative to the scaf-
fold domain (equivalent to the hash motif in Mhp1) and helix
TMIla undergoes a large outward bending motion® as indi-
cated in Figure 2JA, reinforcing the caveat of structural biol-
ogy that molecular mechanisms can depend sensitively on the
actual molecular details.)

as described in Section[[V]and shown in Figure [5B.

As discussed in Section [[I} a protein that functions accord-
ing to the alternating access mechanism cannot function if it
presents a continuous, leaky pathway!? [or if it allows too
many non-productive leak cycles to occur (Section [[I)]. The
EC gate appears to prevent Mhp1 from leaking the driving ion,
Na™, as demonstrated by modeling: Figure shows that in
the inward facing conformation, with the EC gate closed, the
solvent accessible surface only extends from the IC side into
the binding site at the center of the protein. However, when the
EC gate is removed (the atoms were deleted from the structure

The role of the thin gates in Mhpl appears to be more
subtle (and almost certainly differs from the role of thin
gates in related neurotransmitter sodium symporter (NSS)-
like transporters such as Leu T2 " In Mhpl, the whole
N-terminus of TM 10 moves together with the linker between
TM9 and TM10%2112 thys forming a distinct gate struc-
ture that is mirrored in TM5 and the TM 4-5 linker, which
are related to TM9/10 through the inverted-repeat symmetry

as a simple model of a hypothetical inward facing conforma-
tion with an open EC gate) a pathway opens up through the
membrane (Figure @]D). The calculated electrostatic solva-
tion free energy (Born energy) in the volume of the pathway
shows that Na™ ions could traverse the membrane because a
low-energy path is visible (Figure [I0D). On the contrary, in
all other states, no low energy path can be found for a sodium
ion (Figures [[0JA-C) because either the thick gate or the EC
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Simulations started from crystal structures (circles) in three different conformational states (represented by the PDB ID), except for the magenta
trajectories, which were started from a frame of the inward facing open simulation (gray) that showed an almost closed intracellular gate. Data
for three independent simulations each starting from the outward facing states (blue and red) are shown together with one from the inward
facing open (gray) and two from the inward facing occluded (magenta) states. B, C Putative inward-facing occluded conformation of Mhp1
(snapshot from the high-probability region of the inward facing occluded trajectory (magenta) in A). The cut through the transporter is shown
in the same way as the crystal structures in Figure[3] D Inward facing open crystal structure (PDB ID 2X79) with the open IC gate. Molecular

images were drawn with PyMOL108|

gate blocks the passage. Thus, the EC gate fulfills an impor-
tant role in preventing a sodium ion leak when the thick gate
is in its open, i.e., inward facing state. When the thick gate is
closed (outward facing), the EC gate only regulates access to
the binding site from the extracellular compartment.
Additionally, the EC gate is involved in substrate
selectivity“*. Mhpl transports 5-substituted hydantoins where
the substituent must be a bulky hydrophobic moiety such as a
benzyl or indolylmethyl group. However, if the 5-substituent
is too voluminous such as a naphtyl group, transport is in-
hibited even though the molecule binds tightly. A crystal
structure of outward-facing Mhp1 with 5-(2-naphthylmethyl)-
L-hydantoin bound revealed that the EC gate was trapped in
an open conformation due to a steric clash of the naphtyl
ring with Leu363%*, A Leu363Ala mutant of Mhpl, which
removes the clash, was competitive for transporting 5-(2-
naphthylmethyl)-L-hydantoin. These results strongly suggest
that closure of the EC gate is required for the alternating ac-
cess transition to occur. In the language of the gated pore view,
the thin EC gate is coupled to the thick gate. Structural com-
parison suggests that this coupling is due to the geometrical ar-
chitecture and the direct connection of the rotating hash motif
to the EC gate through the 9-10 linker. The thick gate cannot
move into the space occupied by the open EC gate and there-
fore is prevented from closing. Conversely, the open thick
gate appears to latch the EC gate in its closed position®, pos-
sibly helped by changes in the extracellular EL4 loop1®. In
LeuT, a different volume sensing mechanism was described,

using a combination of MD simulations and single molecule
FRET experiments, whereby two hydrophobic residues, F259
and 1359, allosterically couple occupancy of the binding site
with a substrate of the right size to release of a sodium ion
and subsequent conformational transition to the inward-facing
state 7.,

The presence of three gates naively predicts the existence
of 2% — 1 = 7 distinct conformations (discounting variations
due to bound substrate and ions and the leak state). In the
following we will discuss in how far Mhpl follows this pre-
diction and how additional considerations about coupling be-
tween gates reduce the number of distinct states.

The crystallographic structures of Mhpl in Figure [3] show
an occluded state?2% in addition to the outward®® and inward
facing states®> that are necessary for alternating access. Given
the definition of the three gates (see Figure [J), the crystallo-
graphic occluded structure is in an outward-facing occluded
conformation because the thick gate is closed (outward fac-
ing) and both thin gates are also closed. MD simulations had
shown that the thin gates could change conformations on the
100-ns time scale®”. A detailed analysis of the simulations in
terms of the gate distances (Figure[TTJA) showed that the EC
gate was mobile when the thick gate was closed (outward fac-
ing conformation) and the simulations sampled both outward
open and outward occluded conformations. The IC thin gate
remained locked, though. Conversely, once the thick gate was
open (inward facing conformation), the EC gate was locked
and the IC gate could sample open and closed conformations.



The dynamic behavior of the thin gates reflects the two-fold
symmetry that is imposed by the inverted repeat symmetry
(Figure[5B). Using site-directed spin labeling and DEER spec-
troscopy, Kazmier et al. "% showed that the IC gate formed by
TMS5 undergoes motions between open and closed conforma-
tions, in agreement with the computational results.

The crystallographic inward facing structure? (PDB ID
2X79) shows the IC gate in a wide open position¥, corre-
sponding to an inward open structure. The MD simulations
with the thick and both thin gates closed showed that a second
occluded state might exist (Figure [TTB,C), as predicted by a
pore with three gates (Figure [7). Thus, the MD simulations
sampled one additional conformation predicted for a triple-
gated pore, bringing the total observed to 4 out of 7 (discount-
ing the leak state). They also suggest that some other confor-
mations are not observable because of coupling between thick
and thin gates. For example, opening of the thick gate while
the EC gate was open was experimentally ruled out** (see
also the preceding discussion of volume sensing); conversely
the MD suggested that the EC gate will remain closed when
the thick gate is open. These observations rule out two more
putative states (EC open/thick open/IC closed and the leak
state, EC open/thick open/IC open). The remaining two states
(EC closed/thick closed/IC open and EC open/thick closed/IC
open) seem unlikely based on the MD, which showed that the
IC gate is locked when the thick gate is closed, so that a closed
thick gate prevents an open IF gate. Based on this analysis,
only 4 out of 8 possible states, namely the three crystallo-
graphic conformations (OF open, OF occluded, IF open) and
the MD-based prediction for IF occluded, should be the ob-
servable conformations for Mhpl. Further experiments and
simulations will be necessary to confirm the coupling between
the three Mhpl gates as predicted from qualitative observa-
tions.

An analysis based on gate states is general but limited in im-
portant details and must be augmented with additional infor-
mation about the relative stability of the states. For example,
under physiological conditions, the inward facing conforma-
tion is more prevalent than the outward facing one although
this can be changed with the addition of substrate /%13, The
DEER experiments suggest that some conformations such as
the inward facing occluded one might be much shorter lived
than other ones' 2. Such quantitative information is crucial in
order to interpret kinetic reaction diagrams based on the pre-
dicted states, as discussed in Section[V1]

3. Elevator transporters: ASCT2 and CNT

A diverse class of transporters uses an elevator mecha-
nism to achieve alternating access >4 2120 A rransport do-
main moves relative to another static scaffold domain up
and down through the membrane and in this way exposes
access to the binding site that resides fully (or mostly) in
the transport domain’®. Confirmed examples of elevator
proteins include, for example, the bacterial homolog of a
neuronal sodium/glutamate transporter Gltpp®''2l' (see Fig-

ure [2[C), the sodium/proton antiporter TtNapA'22, the diva-
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lent anion sodium symporter (DASS) VcINDY!%, the con-
centrative nucleoside transporter (CNT) CNTnw 124 the neu-
tral amino acid transporter ASCT2122, and the sodium/proton
exchanger hsNHE112% with an extensive list of proposed
elevator-like transport mechanisms provided by Garaeva and
SlotboomM?.  As for the rocking-bundle transporters, the
large conformational elevator transition that switches between
outward and inward facing conformation can be designated
the thick gate, with the understanding that “gate” stands for a
bistable element. Thin gates have been directly identified in
a number of elevator transporters?. Two examples, CNTnw
and ASCT?2 are shown in Figure 2} both are inverted-repeat
trimeric membrane proteins whose protomers consist of a
trimerization domain that forms the scaffold and a mobile
transport domain. However, the oligomerization state does not
appear to be a deciding element because gates have also been

described for monomeric and dimeric elevator transporters: 2.

CNTnw is a sodium-driven nucleoside symporter for
which multiple conformations—outward facing, multiple in-
termediates, and inward facing—were resolved with X-ray
crystallography!>*. The structures showed that access to the
binding site in the outward facing conformation is governed
by a conformational change of transmembrane helix TM4b
whereas in the inward facing conformation, helical hairpin
HP1b fulfills the equivalent role (Figure[T2A). Therefore, with
TM4b and HP1b considered as thin gates, and together with
the elevator movement that switches between inward and out-
ward facing conformations, CNTnw is an elevator transporter
with three gates. Consistent with this categorization, Hirschi,
Johnson, and Lee'®* found inward-open, inward-occluded,
outward open, and three slightly different intermediate oc-
cluded structures. Although the occluded structures have the
two thin gates closed and so prevent an ion leak, they do not
fit neatly into the simple scheme in Figure [7] with N = 3 be-
cause the position of the transport domain is in an intermediate
position between outward facing and inward facing instead of
either as would be expected of a simple switch. The structures
show that the transport domain undergoes internal conforma-
tional changes instead of a simple rigid body motion during
the elevator transition’?#, somewhat reminiscent of the situa-
tion in the unrelated MFS transporters discussed above where
N and C domain show internal motions. At least for elevator-
type transitions the characterization of the transport domain
movement as a “thick gate”, i.e. as a simple bistable switch,
may be an oversimplification that needs to be carefully con-
sidered. It nevertheless serves as a useful starting point to
categorize conformations.

Elevator transporters also defy the categorization as simple
gated pores in other ways. For example, in the Alanine Ser-
ine Cysteine Transporter 2 ASCT?2, an exchanger for neutral
amino acids'%, the transport domain moves such a large dis-
tance through the membrane that the same hairpin HP2 can
act as both the extracellular and the intracellular thin gate
(Figure [[2B), thus making ASCT2 a transporter with nomi-
nally one thin and one thick gate. Functionally, however, it
is effectively a triply gated transporter because access to the
binding site is controlled by HP2 in the inward facing and
outward facing conformation"°122, Consistent with this clas-
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A Elevator transporter with two thin gates (CNT

NW)

O\ transport

B Elevator transporter with one thin gate (ASCT2) domain scaffold

domain

substrate

'U. thin gates

Figure 12. Elevator transporters with gates. The moving transport domain, which contains the substrate and ion binding sites (orange circle), is
shown as colored helices. The static scaffold domain is shown in outline. Insets show structural elements that fulfill the role of thin gates. The
large movement of the transport domain relative to the scaffold domain can be considered the thick gate, with the overall vertical movement
indicated on the left. A The concentrative nucleoside transporter CNTxw of the SLC28 family uses two different gates, TM4b in the outward
facing state [5-A movement between closed (yellow) and open (orange)] and HP1 in the inward facing one [6-A movement between closed
closed (light pink) and open (red)]. B In the neutral amino acid transporter ASCT2 of the SLC1 family, the same helical hairpin 2 (HP2)
controls access to the binding site in the outward facing [4-A movement between closed (light pink) and open (magenta)] and inward facing
conformation [8 A movement between closed (light pink) and open (magenta)]. (Figure modified from A. A. Garaeva and D. J. Slotboom2,
Biochemical Society Transactions, vol. 48, 1227-1241, 2020; licensed under the Creative Commons Attribution 4.0 International (CC BY 4.0)
license.)

sification, at least four distinct conformations have already
been determined experimentally, namely outward-facing open
and occluded!?’, inward-facing occluded'®, and inward fac-
ing open!?>. ASCT?2 belongs to the SLCI transporter fam-
ily, the same as the neuronal glutamate EAAT transporters
and their bacterial homolog Gltpy, the archetypical elevator
transporter®’. Recent structural evidence!>12? suggests that
Gltpy, also employs HP2 as a dual-function gate in outward
facing and inward facing conformations, similar to what was
found for ASCT?2.

VI. UNIFIED TRANSPORT CYCLE MODEL

In our enumeration of gate states we have implicitly as-
sumed that these states do not depend on the binding of driv-
ing ions or substrate. Such an assumption is not warranted.

For instance, the symporter in Figure[T]A must avoid leak cy-
cles that involve a slippage transition between the inward- and
outward-facing transporter conformations when when only
the ion is bound or it would just dissipate the ion gradient.
Mechanistically, the absence of the substrate when the ion is
present must be changing the free energy landscape of the
transition® in such a way that the ion-only transition faces
a much higher barrier than the fully loaded transporter. In
other words, binding of an ion and a substrate unlocks the
transporter and enables the conformational transition to occur
as experimentally found for the aspartate-sodium symporter
Gltp, 13, A similar argument can be made for the antiporter
cycle in Figure[IB where the transition between the empty in-
ward and outward-facing states (Figure @A) needs to be sup-
pressed to avoid leak cycles that only dissipate the ion. In
this case, binding of the ion or the substrate unlocks the trans-
porter. In both cases it is clear that presence or absence of
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Figure 13. Unified picture of transporter function for a hypothet-
ical transporter with a 1:1 stoichiometry between driving ion (red
circle) and substrate (blue square) and two gates. All combinations
of conformational states (outward facing open, inward facing open,
and occluded) with bound ion and/or substrate are listed. Leak states
are omitted for simplicity. When an ion or substrate is shown, the
corresponding binding or dissociation reaction is implied. Depend-
ing on the physiological function (symbol on the right), only certain
sequences of states are visited (in the idealized case) while others
(omitted) are not part of the cycle. A Unified transport cycle with
all possible kinetic paths. B Symporter. (The cycle drawn here cor-
responds to the one in Figure and a specific binding/unbinding
order was assumed.) C Antiporter. (The cycle corresponds to the
one in Figure with a specific binding/unbinding order.) D Uni-
porter.
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bound ion and/or substrate corresponds to a protein with dif-
ferent energetics from, say, the unloaded conformation.

Consequently, one may roughly estimate the number of
available states of a transporter as the product of the num-
ber of conformational states nc with the number of ways to
bind driving ions and substrates. We can estimate n¢ from the
gate model as nc = 2V — 1 for N gates where a leak state is
excluded. As an example we assume an ideal transporter with
a fixed ion:substrate stoichiometry of v;:vs. We further make
the simplifying assumption that there are v; ion binding sites
and vg substrate binding sites. Under these assumptions there

V_,' Vi Vi . . .

arenj =Y, ( kf) = 2% ways to distribute zero to V; parti-
cles over v; binding sites. Hence the number of states in this
particular model is

Q(N, v, vs) = nenng = (2N —1)2Y1Ys, (11)

For example, for the transporters in Figure [T} v; = vs =1
and with N =2, Q = 3 x 4 = 12 different states should be
considered, as shown in Figure[T3] In principle, all theoreti-
cally possible transitions between states (arrows in Figure[13])
contribute to an overall transport process>L. In our example,
occluded states are included for completeness. However, oc-
cluded states (numbers 5-8) cannot exchange with each other
and their effect could be replaced with an effective rate con-
stant between the outward facing and inward facing confor-
mations that are connected by the occluded state.

Equation [TT]illustrates how one can approach enumerating
relevant states for a transporter by clearly stating the assump-
tions and then evaluating the resulting combinatorics. In re-
alistic proteins these simplifying assumptions do not always
hold. If ions and substrates compete for overlapping bind-
ing sites then Q is less than the value given by Eq. [I1} For
instance, in the competitive binding mechanism observed in
the sodium/proton antiporter NhaAl*1!132 two protons v; = 2
and one sodium ion vg = 1 compete for two binding sites.
Based on simulations®3, one binding site can carry one of
the protons (n;, = 2! = 2) whereas for the second site, the
other proton and the sodium ion compete (1, s = 22_1=73),
resulting in nj, ny, s = 6 potential states for each conforma-
tion. These binding site occupancies have been observed in
simulations’>313% but it remains an open question how the
mixed occupancy state (with one proton and one sodium ion)
is prevented from transitioning between inward facing and
outward facing conformation. Further complications arise
when the stoichiometry itself varies depending on external
conditions such as substrate identity or concentration. For ex-
ample, the proton-coupled peptide transporters (POT) PepTs;
transports tri-peptides with a 3:1 proton:peptide stoichiome-
try whereas di-peptides are transported with 4 or 5 protons>.
Another example is the mammalian sodium/iodide symporter
(NIS) with a 2:1 Na*:I" stoichiometry!?>. However, it trans-
ports perchlorate Cl1O, with the different 1:1 stoichiometry
because perchlorate binds to an allosteric site that inhibits
binding of one sodium ion to one of the two sodium bind-
ing sites; even micromolar concentrations of perchlorate al-
ter the stoichiometry of iodide transport!3®. A second sub-
strate binding site may also be present in the LeuT transporter
that can positively stimulate intracellular gate opening!*Z, thus



necessitating more involved models as discussed by LeVine
et al.®!. The situation appears to be even more complicated
for the Nramp transition metal transporters, which display dif-
ferent proton:metal stoichiometries depending on membrane
voltage and chemical identity of the metal ion!*3%, In prin-
ciple, these additional complexities can be taken into account
in a kinetic model with the addition of additional states but
they require detailed insights into the specific system in ques-
tion.

The simple model for a transporter with two gates and ideal
1:1 stoichiometry generates, based on the state count Equa-
tion [I1] a kinetic scheme in which 12 states (four outward
facing open, four occluded, and four inward facing open) are
connected by either ion or substrate binding/unbinding reac-
tions or conformational transitions (Figure [T3]A). This sim-
ple scheme already contains rich functional behavior because
depending on the magnitudes of the rate constants of differ-
ent transitions, distinct physiological functions are realized”.
If the conformational transitions with only substrate bound
(2 +» 6 <» 10) and only ion bound (3 <+ 7 <> 11) are sup-
pressed by virtue of low kinetic rate constants>>, then natu-
rally the transport cycle for a symporter (Figure[I3B) emerges.
Conversely, if the apo transition (1 <+ 5 <+ 9) and the transi-
tion with both substrate and ion bound (4 <> 8 <+ 12) are sup-
pressed, the cycle represents an antiporter (Figure [I3(C). The
same observation had been made by Robinson ef al. 1%, who
postulated such a free exchange model for the EmrE trans-
porter. Furthermore, by suppressing transitions that involve
the driving ion (3 <> 7 <> 11 and 4 <> 8 <> 12) and only re-
taining a cycle that contains the alternating-access transition
with either substrate bound or the empty transporter, a sim-
ple uniporter model emerges (Figure [I3]D). In this case, no
energy coupling occurs and the substrate will move down its
electrochemical gradient by facilitated diffusion, as observed,
for instance, in some sugar transporters #4.

The cycles in Figure [T3B-D were purposefully simplified
and only highlighted one specific sequence of substrate and
ion binding and unbinding events. It is not always clear that
the binding order is fixed. The model can be made more re-
alistic by retaining all transitions related to ion and substrate
binding (connections between outward facing states 1, 2, 3,
an 4 and between inward facing states 9, 10, 11, and 12 in
Figure [I3) while still suppressing the undesirable conforma-
tional transition (e.g., the ion leak pathway 3 <+ 7 <> 11 for
the symporter in Figure[I3B or the apo transition 1 <+ 5 <+ 9
for the antiporter in Figure [[3[C). With these additional tran-
sitions included, different sequences of binding or dissocia-
tion reactions would all be considered simultaneously and,
depending on ion and substrate concentrations, different bind-
ing orders may prevail'*l. Overall, the three physiologi-
cally distinct types of transporters primarily differ in which
of the alternating-access transitions are forbidden (or strongly
suppressed). Mutations may differentially change the tran-
sition rates and so switch the function of transporter from,
say, a symporter to a uniporter as seen in the MFS sugar
transportersm2 or Nramp transporters139 or turn an antiporter
into a symporter as reviewed by Henderson, Fendler, and
Poolman®. Furthermore, different transport modalities may
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depend on the chemical identity of the substrate. For example
in Nramp transporters, the type of metal ion controls whether
either cotransport with protons occurs (with a stoichiometry
that may vary depending on voltage and pH) or metal ion
uniport’®®, Although the kinetic scheme shown in Figure[13]A
does not model different stoichiometries, it is not difficult to
extend it with additional states and paths for, say, multiple ion
binding/unbinding reactions in order to assess transport as a
function of external parameters such as pH, substrate concen-
trations, and membrane potential.

The presence of occluded states in the transport cycle is im-
portant because the alternating access conformational transi-
tion cannot complete if the occluded intermediate state cannot
be reached. As the examples of volumetric sensors in Mhp 1%
and LeuTH show (see Section , some proteins con-
trol the conformational switch by kinetically controlling pro-
gression through an occluded state. The transport domain of
the CNTnw transporter contracts in intermediate states in or-
dered to facilitate the apo transition of its symporter cycle!2%,
Overall, the simple model indicates that occluded states could
act as convenient control points for kinetic control of func-
tion (control of rates as performed by enzymes) as opposed to
thermodynamic control (changes in binding affinities and free
energy differences between states).

The unified view of transporter function has recently been
investigated in more detail. The Henzler-Wildman group ran
computational models that indicated that, given the known
parameters of the EmrE transporter'?, the protein should be
able to switch between symport and antiport mode based on
external concentrations'*!. In a commentary on the EmrE
work, Grabe, Zuckerman, and Rosenberg'4® outlined how
slippage processes should be considered an important part of
transporter function. They then went on to demonstrate com-
putationally how slippage pathways can provide a form of
proof-reading and a new kind of selectivity mechanism for
transporters"®. Specifically, they showed how the bacterial
vSGLT sodium:sugar symporter might be able to discriminate
carbohydrate substrates from very similar toxic compounds
and under certain conditions even export toxins. Furthermore,
Zuckerman and co-workers employed a systematic approach
to explore the space of all transport reactions (such as Figure
[T3]A for the simple 2-gate, 1:1 transporter) to computationally
engineer transporters with specific functions such as antiport
or symport with specific selectivities®*. Overall, there is in-
creasing evidence that the unified transport cycle model is a
useful and comprehensive framework in which to understand
the continuum of secondary transporter function.

VIl. TOWARDS BIOLOGICAL COMPLEXITY

In order to be general and to delineate overall constraints
under which transporters operate and to show some com-
mon patterns, the preceding discussion omitted many details
that are nevertheless essential for actual transporter proteins.
There are only a few hard rules that biological secondary ac-
tive transporters have to adhere to: The only available free en-
ergy sources are external electrochemical gradients and vec-



torial transport as an out-of-equilibrium process is governed
by the second law of thermodynamics, as outlined in Sec-
tion However, thermodynamics does not say anything
about molecular details and even leaves some loopholes open
in the form of the possibility for ergodicity-breaking processes
that have been hypothesized to be at work in electron-transport
proteins!*>. Some of the exceptions and deviations from the
general principles have already been mentioned in passing.
In order to provide a compact summary and to point towards
the considerations required to move towards experimentally
observed biological complexity, a number of findings will be
reiterated.

Not all secondary active transporters fall neatly in the
scheme described above. Inverted repeat symmetry is often
observed but this is not a necessary requirement because bi-
stable proteins can conceivably evolve by other routes, too.
Some transporters (such as chloride/proton antiporters, CIC)
do not undergo distinct large scale (domain-level) conforma-
tional changes and instead access to the binding site is gov-
erned at the single sidechain level467148,

The key questions in understanding the molecular mecha-
nism of transport are (1) where do ions and substrate bind and
what are energetics and kinetics of the binding/dissociation
processes, (2) what are the moving elements of the alter-
nating access conformational transition and what are the
rates, and (3) how are the interactions of the driving ions
and transported substrates coupled to the conformational
transitior?1#%?  Counting states and connecting them via
binding or dissociation reactions or conformational transitions
provides a framework within which to organize experimental
and computational findings to answer (1) and (2). However,
the mechanism of coupling between conformational change
and ion/substrate will always require a detailed analysis of
the specific transporter, as shown, for example, for LeuT-like

transporters U121 CIC148, or as outlined for LacY!22,

In principle, a kinetic diagram®!' or a master equation

approach!>? can capture the non-equilibrium dynamics of an
arbitrary complex process, as long as it is possible to de-
fine the different states and obtain the appropriate rates. For
instance, a kinetic diagram with the appropriate states in-
cluded can yield very different forward and backward trans-
port rates®? and exhibit switching between symporter and an-
tiporter functionality!*' and kinetic selectivity®. Such dia-
grams will contain different conformational change rates and
different on/off rates, which in turn requires different molec-
ular environments in OF and IF conformations. The kinetic
diagram approach is also flexible enough to model trans-
porters where co- and countertransport occur together, as for
instance some for bacterial homologs of NSS transporters
(MhsT, Tytl) that co-transport Na™ and substrate and counter-
transport HT2450 the serotonin transporter SERT, which
co-transports Na™, serotonin, and Cl~ and counter-transports
K+ or HHY, or for the neuronal glutamate transporter EAATS3,
in which inward-directed Na™ and H* gradients and the out-
ward facing K gradient drive glutamate uptake>”. Similarly,
by adding additional states to the diagram it would also be
possible to model transporters with stoichiometries that differ
with the substrate, such as the POT>” and Nramp'®? trans-
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porters. Expanding diagrammatic cycle models to accommo-
date increasing complexity and realism comes at the cost of
an increasing number of states and rates that need to be mea-
sured or estimated, as seen for the multiscale kinetic model of
CIC-ecl with N = 2° = 64 states!*8. However, even though a
priori N(N — 1) = 4032 rate coefficients would be needed for
this model, only 68 rate coefficients had to be actually deter-
mined because most transitions were disallowed as the states
were chosen to represent elementary processes such as sin-
gle binding/dissociation events. Thus, with a good choice of
states, kinetic diagrams appear to be a viable approach to rep-
resent even complex transport cycles.

The next step in modeling transporter function should take
into account the interaction of the membrane protein with its
environment. These interactions may include the effect of the
lipid bilayer on the transporter>**1°l. They may also include
the effect of regulation through phosphorylation!®216% which
may take the form of phosphorylated states having very dif-
ferent transport properties than the unphosphorylated ones,
as shown for the human dopamine transporter hDAT where
interaction of the phosphorylated N-terminus with the trans-
port pathway may affect Nat efflux!®1%0  Finally, realis-
tic models should account for the effect of allosteric mod-
ulation by small molecules such as occupancy of the al-
losteric site in neuronal neurotransmitter transporters® or the
iodide transporter'3®, or potentiators in neuronal glutamate
transporters. 07165,

VIIl. CONCLUSION

We provided a perspective on broad and general princi-
ples that apply to many secondary active transporters. Trans-
porters are seen as catalysts or “physical enzymes” that enable
transport across the cell membrane against an electrochemical
gradient by transducing free energy from the electrochemi-
cal gradient of a driving ion to the vectorial transport of the
substrate. Energy transduction requires cyclical reactions that
include both driving ion and transported substrate. The alter-
nating access model provides a simple scheme through which
such cycles can be established. The protein must exist in at
least two distinct conformations in which the binding sites are
exposed only to either the outside or the inside solution. Im-
portantly, no energy transduction is possible if a continuous
pore is established. The two protein conformations that are
needed for the two alternating access states are often related
by a structural two-fold pseudo symmetry that originates in
inverted repeats in the protein’s genetic sequence. Currently,
three broad classes of alternating access transitions have been
described: rocker-switch, rocking-bundle, and elevator tran-
sitions. A description of transporters as gated pores is fruit-
ful in many cases because gates (two state switches) can be
identified with structural elements in the transporter. Enumer-
ating all distinct gate states naturally includes occluded states
in the alternating access picture and also suggests what kind
of protein conformations might be observable. By connect-
ing the possible conformational states and ion/substrate bound
states in a kinetic model, a unified picture emerges in which



symporter, antiporter, and uniporter function are extremes in
a continuum of functionality. Although not all transporters
can be as neatly classified as some of the examples given, the
kinetic diagram approach provides a flexible and quantitative
framework in which to organize our knowledge from experi-
ments and simulations.

Many open questions remain. For example, the molecu-
lar mechanism of coupling between conformational changes
and ion/substrate binding and allosteric interactions between
gates need to be evaluated for most known transporters. Gen-
eral theories of allosteric coupling will likely be helpful to de-
fine the specific quantitative questions that need to be asked”!.
Occluded states were explained as a consequence of the ex-
istence of gates in transporters, so a natural question to ask
is if all transporters have occluded states, and if so, are they
ultimately a consequence of the symmetries of the inverted
repeats? It is tempting to speculate that occluded states are
the fully symmetrical high energy conformations whose en-
ergy is lowered by symmetry breaking. The simple unified
model indicates that transporter function may form a contin-
uum. However, how difficult is it to move through this con-
tinuum and what are the minimal changes to change phys-
iological function? How can such changes be achieved with
allosteric modulators (small molecules) or changes in external
conditions such as membrane tension, pressure, temperature,
or transmembrane voltage?

More broadly speaking, it has also been recognized that
channels and transporters form a spectrum46 169 170, or as ex-
pressed by Liuger®: “Channel and carrier [transporter] mod-
els should therefore not be regarded as mutually exclusive
possibilities, but rather as limiting cases of a more general
mechanism.” There seems to be value in stepping back and
asking what the general principles are under which a class of
proteins has to operate.

Data availability The data that support the findings of this
study are available from the corresponding author upon rea-
sonable request.
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