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Abstract

Potassium ion homeostasis is essential for bacterial survival, playing roles in osmoregulation, pH
homeostasis, regulation of protein synthesis, enzyme activation, membrane potential adjustment
and electrical signaling. To accomplish such diverse physiological tasks, it is not surprising that a
single bacterium typically encodes several potassium uptake and release systems. To understand
the role each individual protein fulfills and how these proteins work in concert, it is important

to identify the molecular details of their function. One needs to understand whether the systems
transport ions actively or passively, and what mechanisms or ligands lead to the activation or
inactivation of individual systems. Combining mechanistic information with knowledge about the
physiology under different stress situations, such as osmostress, pH stress or nutrient limitation,
one can identify the task of each system and deduce how they are coordinated with each

other. By reviewing the general principles of bacterial membrane physiology and describing

the molecular architecture and function of several bacterial K*-transporting systems, we aim to
provide a framework for microbiologists studying bacterial potassium homeostasis and the many
K*-translocating systems that are still poorly understood.
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Introduction

Bacteria are true artists of survival. As motile cells or organized in biofilms, they can
survive under very different environmental conditions with huge and sudden changes

in pH, temperature and salinity. The partition of ions, especially K* ions, across the
microbial membrane is emerging as an important modulator of microbial physiology in both
planktonic and multicellular niches. K* uptake and release are involved in osmoregulation,
pH homeostasis, regulation of protein synthesis, enzyme activation, membrane potential
adjustment and electrical signaling. For these purposes, individual bacteria possess an array
of different ion transport proteins. Some are passive channels that allow K* to flow down

its electrochemical gradient, others are active transporters that use ATP or the proton motive
force to accumulate ions far above their electrochemical equilibrium setpoint. Each transport
system possesses different molecular properties that influence how the protein responds to
— or generates — stimuli, including conductances and transport rates, open probabilities, and
ligand activation or deactivation. The actions of these various proteins integrate to establish
the microbe’s membrane physiology.

For a discussion on potassium transport focused on cellular physiology we direct the reader
to other recent reviews [1, 2]. Here, we provide a brief overview of the major principles
that guide potassium-coupled membrane physiology in microbes. We then address the
mechanisms of known bacterial K* transport systems, primarily revealed through /in vivo
transport assays, electrophysiological approaches and structural biology, including recent
structures of major bacterial potassium transport systems [3-8]. Understanding the most
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fundamental molecular properties of these proteins: whether transport is passive or active,
the magnitude of the transport rate, and what stimuli are required for transport to occur,

is an essential foundation to construct a coherent understanding of their physiological
contributions and outcomes.

K* transport and equilibrium ion distributions

In order to perform the processes essential to life, all cells regulate the partition of

ions across the plasma membrane, expending energy to maintain a non-equilibrium

ion distribution. For processes that induce a separation of charge, this non-equilibrium
distribution contributes to an electrical potential across the membrane, Ay-. In respiring
bacteria, the electron transport chain (ETC) is the major determinant of the cell’s membrane
potential, due to the separation of charge across the membrane as protons are pumped

from the cytosol to the outside or the periplasm. This electrical gradient, together with the
chemical proton gradient, provide the major contribution to the “proton motive force” (pmf),
which bacteria harness to drive the synthesis of ATP and various secondary active transport
processes [9]. The membrane potential for a metabolizing bacterium is on the order of —150
mV [10, 11]. By some estimates, maintaining this inside-negative membrane potential is
responsible for consumption of 50% of the bacteria’s total energy [12]. Other factors also
contribute to the resting membrane potential, including the Donnan potential, which arises
from impermeant, negatively charged macromolecules including DNA or RNA present in
excess in the cytoplasm [13]. These fixed charges contribute to the membrane potential
regardless of the metabolic activity of the bacterium.

When the rate of respiration is such that the electron transport chain defines the electrical
gradient Ay, other ions will distribute across that membrane according to this potential. The
potential favors accumulation of membrane-permeant cations in the cytoplasm, as well as
the expulsion of membrane-permeant anions, until the chemical free energy of any species
balances this electrical potential, according to the Nernst equation. For K*, the equilibrium
distribution is established by the membrane potential:

k.
Ay = — %ln [[K+]]m

out

Where Ris the gas constant, 7is the temperature, F~is the Faraday constant, and zis the
charge of the ion. Simple diffusion of charged ions through the lipid bilayer is prohibitively
slow; K* permeability through the lipid bilayer is characterized by a logP of about —12,
roughly 10 orders of magnitude slower than water [14]. Therefore, the equilibration of
intracellular K* concentrations requires proteins to establish ion selective pathways across
the membrane.

Many bacteria maintain intracellular K* concentrations of hundreds of millimolar, and

some Gram-positive species accumulate K* to half-molar concentrations [15]. These high
potassium concentrations contribute to maintaining cell turgor, pH homeostasis, and are
optimal for the activity of various enzymes, including the ribosome [16, 17]. Microbial
environments are often comparatively lower in K* (0.1-10 mM). For example, Luria-Bertani

J Mol Biol. Author manuscript; available in PMC 2022 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stautz et al.

Page 4

media commonly used to culture £. co/iin the laboratory has a K* concentration of

about 7 mM [18, 19], and seawater has a concentration of roughly 10 mM (https://
Wwww.ncei.noaa.gov/access/ocean-carbon-data-system/oceans/DOE94.pdf), and so bacteria
often maintain large K* chemical gradients across the membrane. Multiple transporters,
channels, pumps, and accessory systems with various transport mechanisms all play a role in
K™ partition across the plasma membrane. The mechanism of transport is critically important
to understanding the influence of a potassium transport protein on cellular potassium
concentrations under different physiological circumstances.

Transporters couple the translocation of ions against their electrochemical gradient to the
favorable hydrolysis of ATP or other established ion gradients, such as the proton gradient
established by the ETC. This transport mechanism is characterized by an energy-coupled
alternating access of the ion binding site. In a simplified way, this can be described as

two gates opening only one at a time towards opposite sides of the membrane, facilitating
substrate occlusion. Such proteins are essential for accumulating potassium, especially in
K*-deficient environments (Figure 1a, 1b). The structures of both ATP- and H*-coupled
microbial K* transporters — KdpFABC and KimA, respectively — have been described in
recent years [7, 8, 20].

In contrast, ion channels permit the flow of ions down their electrochemical gradient,
which does not require an energy input. These proteins do not occlude the substrate but
can simply be described as a gated pore that opens or closes to control ion passage. In
classical mammalian physiological contexts, ion channels do not contribute to building
potassium gradients; instead they exploit the potassium gradient built by the energy-coupled
transporters for other physiological purposes. Thus it was a mechanistic surprise when

the “potassium uptake” Trk system, which had been shown to play an important role

in K* accumulation in certain contexts [16, 21, 22], was shown via single-channel
electrophysiology to be an ion channel [6]. However, an ion channel mechanism does not
necessarily preclude ion transport against a chemical gradient, as long as the efectrical
gradient is favorable. For example, Ca2* uptake into mitochondria is mediated by the Ca2*
channel MCU, and thermodynamically driven by the membrane potential established by
the ETC in the energized mitochondrial membrane [23, 24]. Likewise, in bacteria, the
maintenance of low intracellular fluoride (a bacterial toxin found at high concentrations in
certain environmental niches) is managed by an ion channel. The expulsion of this anionic
species is thermodynamically driven by the inside-negative electrical potential [25, 26].

Thus, the inside-negative membrane potential allows for bacteria to enrich positively
charged ions within the cell relative to their external environment according to the Nernst
potential. Assuming that other charged species were also able to equilibrate across the
membrane via a slow process in order to compensate the accumulating charge, passive
potassium diffusion across the membrane alone would lead to a cytoplasmic accumulation
of intracellular potassium of ~50-fold in a —=100 mV potential, or 350-fold in a =150

mV potential, according to Eg. 1. Thus, in an environment with millimolar potassium
concentrations, cytoplasmic accumulation of K* to the physiological range of hundreds of
millimolar could be achieved by ion channel-mediated passive diffusive mechanisms alone
in a metabolically active cell (Figure 1¢). These mechanisms must be tightly regulated, as
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unhindered K* uptake would initiate processes of K*-mediated cytotoxicity (Figure 1d).
Together, proteins with disparate mechanisms can work together to maintain the cytoplasmic
K* concentration.

K* transport and dynamic changes to membrane potential

In the preceding section, we considered a scenario in which the bacterial membrane

was only slightly permeable to potassium, such that the membrane potential was defined
primarily by the rate of respiration and the electron transport chain. However, any
transmembrane ion gradient can contribute to the membrane potential, with its relative
impact defined by its relative membrane permeability. In the context of a bacterium, opening
a selective, large conductance K* channel would suddenly and transiently increase the
membrane’s K* permeability. This change would be accompanied by a change in the
membrane potential according to the Goldman equation, which is a weighted average of the
relative permeabilities of each ion:

R P L
RT, lel[zoni ]in+ > ipilion | our

F Zipi[[onﬂom + Y ipilioni |in

Vin=

If the rate of K* movement is sufficiently high, the electrical gradient that evolves as it
partitions across the membrane upon channel opening may outweigh other contributions to
the membrane potential. There is substantial and detailed precedent for this in eukaryotic
biology, where ionic gradients are maintained by Na*/K* ATPase, but dynamically perturbed
by the opening of different populations of ion channels, with dramatic consequences for the
cell’s membrane potential [27].

lon channels are typically expressed in low numbers in prokaryotic cell membranes [28,
29]. Could an ion channel influence the potential established by the ETC? The enzymes
in the ETC, such as quinol oxidase, turn over at about ~10* protons per second [30], and
a rough calculation suggests a bacterial cell that dedicates 60% of its membrane to this
enzyme could fit ~100 molecules [31]. Thus, for a metabolically active bacterium, charge
evolves across a microbial membrane via respiration on the order of 106 charges/sec. The
opening of an electrodiffusive K* channel could substantially influence A if it permits the
movement of 2108 K* ions per second. This is within the realm of physiological channel
conductances, many of which can permeate 108 —108 ions per second. Thus, even for a
rapidly metabolizing bacteria, opening a K* permeation pathway could influence Ay, and
bacteria with low metabolic activity will be correspondingly more sensitive to membrane
potential modulation through the opening of K* channels.

Let’s compare two highly simplified scenarios: in the first, the resting bacterial membrane
has low (but non-zero) potassium permeability. In this case, the membrane potential is
dominated by contributions from the ETC. As long as a K*-permeable protein is expressed
in the inner membrane, K* will accumulate inside the cell, even in the absence of active
transport, following the membrane potential established by the electron transport chain
(Figure 1c). In fact, in this scenario, K* permeation pathways must be tightly regulated to
prevent K* uptake causing cytotoxicity when environmental K* is high (Figure 1d).
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In the second scenario, imagine a high-conductance K* channel opening, such that the
transient high permeability of K* dominates the electrical potential term (Figure 1e, 1f).
Without the accompanying movement of a counterion, channel opening will not lead to
drastic changes in the cellular K* concentration, or K* rushing out of the cell. Rather,

the movement of just a few K* ions will establish a new membrane potential that
counterbalances the chemical potential and halts further ion translocation. This newly
established membrane potential will depend on the relative magnitude of charge separation
by the ETC and the ion translocation by the K* channel, but regardless, will move towards
the Nernst potential defined by the K* gradient. If the Nernst potential for K* is substantially
different than the resting membrane potential, a transient perturbation in the membrane
potential will occur, for as long as the high-conductance K* channel is open. Single channel
electrophysiological recordings of purified and reconstituted bacterial ion channels show
that these proteins often exhibit “flickery” behavior, with frequent, rapid openings and
closings and fast inactivation kinetics, meaning that the channel may only be open for
millisecond timescales [4, 6, 32]. Once the channel closes (and K* membrane permeability
suddenly plummets), Ay can return to the resting potential. In the scenario described

here, the major physiological consequence of the channel is not to modulate potassium
concentrations, but instead to modulate the membrane potential, which itself impacts a host
of processes, such as magnesium influx and ribosome binding, motility, antibiotic efficacy,
and bacterial proliferation [33—-37]. The magnitude of the influence of the K* gradient is
modulated by the respiration rate of the bacterium [37], coupling the two processes. In
addition, the membrane potential itself can regulate K* channel activation or inactivation in
a negative feedback mechanism. K* channel activity has been linked to membrane potential
changes in a variety of systems [38-41].

Thus, potassium channels can influence membrane potential by eliciting large rapid changes
in the relative permeability of potassium. Membrane potential changes could also be evoked
by large rapid changes in the transmembrane ion gradients. Such events are unusual in
eukaryotic cells, with their large volumes and carefully controlled extracellular potassium
concentrations. But what about bacteria? The volume of a bacterium is very small compared
to a eukaryotic cell, about one thousandth the size [1]. A bacterium with 100 mM
cytoplasmic K* would contain only 108 K* ions. A respectable K* channel can conduct

that many ions in a few seconds. Would this be expected to correspond to a drastic
reduction in the K* concentration inside the cell? At least in the case of potassium, it’s
unlikely: due to their small membrane surface area, bacteria also have a small capacitance,
meaning that the transmembrane movement of just a few charges would quickly build up

a large negative-inside membrane potential prohibiting further ion movement [42]. Without
counterion movement, the cytoplasmic potassium would not be seriously depleted by ion
channel opening, at least to a first approximation. Note that for different ions present at
much lower concentrations, such as some divalent cations, this rough approximation fails
since the movement of enough ions to change the membrane potential would be tightly
coupled to chemical potential changes as well [1].

While intracellular K* might be relatively stable, drastic and sudden changes in external
ion concentrations are far from unusual. Sometimes, major shifts in external potassium
are coupled to a bacterium’s particular lifestyle: for example, intracellular pathogens
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experience 4 mM external K* in the bloodstream, but 150 mM K* in the host’s cytosol

[43, 44]. The potassium gradient, and thus the membrane potential change effected by the
opening of a large-conductance potassium channel, would be extremely different in these
two circumstances. In addition, in bacterial biofilms, oscillating potassium concentration
gradients are coupled to nutrient limitation in the biofilm’s interior [45]. Such changes in

K* ion gradient could readily impact the membrane potential. Moreover, other stimuli could
be integrated in the process by influencing K* translocation, including high concentration of
activating ligands or low concentrations of negative modulators, or perturbations in pH. This
leads to the possibility that K* transport systems could be involved in signaling pathways
by dynamically altering membrane potentials, a scenario most thoroughly explored in

the context of cell-to-cell communication in bacterial biofilms [40, 45, 46]. However,
transient changes in membrane potential have been observed and linked to other microbial
physiologies as well [35, 37, 47-49].

Consistent with diverse roles for K* in signaling and physiology, several different potassium
transport systems are typically found within one bacterial species. We will discuss the
transport systems that are commonly found in most bacteria in different combinations in
further detail. These transport systems exhibit various mechanisms for passage of K* into
and out of the cell, including ligand-gated channels, proton symport, and pH regulation.

The presence of various regulatory modules in these K* transport proteins allows for

spatial and temporal control of K* passage across the membrane and therefore could

both induce and respond to dynamic changes in membrane potential upon some physical

or biochemical stimulus. The rates at which these systems transport K*, the affinity for
various ligands, how channels are influenced by voltage and the identity of co-transported
molecules among other factors determine how these channels and transporters both generate
and respond to chemical and electrical signals. A complete mechanistic understanding of
the proteins that modulate K* translocation can provide insight into how these ion gradients
affect bacterial physiology. Here, we review studies of several K*-transporting proteins,
highlighting insights into the mechanisms of K* transport gained through structural and
functional studies.

Molecular determinants of bacterial K* channels and transporters

Current literature is ambiguous in identifying the transport modes of the different K*-
translocating systems found in bacteria. Most assignments are relics of pre-structure times or
are adapted from eukaryotic systems, not taking into account the different electrophysiology
of pro- and eukaryotes. A few bacterial ion channels have been studied in structural and
biophysical depth as models to understand eukaryotic K* channels, but the mechanistic
characterization of bacterial ion channels, for the sake of understanding distinctly microbial
physiologies, has generally lagged. Partly this is because bacterial membranes are too

small to apply the ion channel biophysicist’s most potent and versatile tool, patch

clamp electrophysiology. And partly it is because the unique physiologies associated with
microbial ion channel biology are only now being discovered. In the following section, we
will discuss the transport mode and regulation of several K*-translocating systems based on
structural and functional data. We will focus on those systems for which structural data of
the complete systems is available. These are particularly the 2-TM potassium channels KcsA
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and MthK, the two-pored potassium channels Trk and Ktr, and the potassium transporters
Kdp and Kup. A first overview of the assembly of the complexes and of the topology of the
transmembrane subunits, which aims to highlight the differences and similarities between
the different systems at a glance, is provided in Figure 2.

2-TM potassium channels

Almost every bacterium encodes at least one tetrameric potassium channel, most commonly
of the 2-TM type. However, their physiological role is poorly understood. YugO from
Bacillus subtilis was suggested to serve electrical signaling in biofilms [40], HpKch from
Helicobacter pylori [50] and CglK from Corynebacterium glutamicum [51] are suggested

to mediate K* uptake, and Kch from Escherichia coli seems to be involved in membrane
potential adjustment [52]. Unfortunately, sufficient structural and functional data to address
the mechanisms of ion flux and regulation is not available for any of these channels. Instead,
we will discuss KcsA from Streptomyces lividans and MthK from Methanothermobacter
thermoautotrophicum, which are of unknown physiological role but have been studied in
great molecular detail as model systems for eukaryotic potassium channels.

KcsA was first described in 1995 [53]. It is an ion channel highly selective for potassium.
The channel was shown to be activated following a downshift of the intracellular pH

[54]. Further, it is voltage-dependent, with an increased activity at depolarization (weak
outward rectifier). Once activated, up to 108 ions per second flow through the channel

for approximately 200 milliseconds, until a slow inactivation takes place [55]. In order to
understand ion selectivity, activation and inactivation mechanisms of tetrameric potassium
channels, massive amounts of data focusing on KcsA have been produced. This review does
not aim to summarize all the details. Instead, we will briefly introduce the architecture

of this archetypal 2-TM potassium channel and summarize the general principle of ion
selectivity and of gating. lon selectivity is required to ensure that potassium ions are the
predominantly translocated species, while gating is needed to ensure that potassium flux
only occurs in physiologically appropriate situations.

As a 2-TM potassium channel, KcsA forms a homotetramer, with each protomer consisting
of two transmembrane helices and a pore domain in between them. This arrangement is
called membrane-pore-membrane (M1PM2) motif (Figure 3). The pore domain contains a
short pore helix followed by a pore loop. The orientation of four pore domains towards each
other in the tetrameric assembly leads to the formation of the central pore. The pore loops
form the major constriction of the pore and contain the selectivity filter, which is the basis
for ion selectivity and mediates part of KcsA’s regulation. The large vestibule below the
selectivity filter is separated from the cytosol by a helical bundle formed by the C-terminal
end of the second transmembrane helices, functioning as a gate (Figure 3a). It can adopt
open and closed conformations, regulating ion flux [56].

The best-studied feature of KcsA is its selectivity filter, consisting of the highly conserved
amino acid sequence TVGYG. The distances of the backbone carbonyls of these amino
acids in the tetramer are ideal for replacing the hydration shell of potassium, allowing

the translocation of a partially or fully dehydrated ion. The amino acids form four
consecutive ion binding sites, named S1 to S4 (counted from the extracellular side),
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with eight coordinating oxygens for each potassium ion binding site (Figure 3a) [57].

The low energetic effort for K* dehydration allows the high conductance of potassium

ions resulting in the discrimination against other ions. This is particularly relevant for the
naturally prevalent Na*, which is poorly translocated in a partially hydrated state [58].
When the potassium ion is released from the tunnel, it gets rehydrated in an energetically
favorable event [59]. The long-proposed mechanism for potassium ion conduction suggested
co-translocation of potassium ions and water molecules, where alternating positions (S1
and S3 or S2 and S4) were occupied by ions and surrounded by water. The rationale for
this hypothesis is the high electrical repulsion between the dehydrated ions. In recent years
this mechanism was challenged by a direct knock-on mechanism derived from molecular
dynamics (MD) simulations. These suggest that it is rather a direct repulsion of the ions

in consecutive sites that squeezes them through the pore, facilitating high conductance [53]
[60]. The voltage across the membrane is essential for this mechanism, as it drives the
continuous flow of ions through the pore. The requirement of a direct knock-on mechanism
hence might be the key to the observed voltage dependency of KcsA [61, 62].

To control the ion flux, KcsA has two gating points. The first is the selectivity filter, which
can adopt two conformations. One is the conductive state, where potassium ions can pass
through the filter, and the other is a collapsed state, adopted after a certain time of ion flux in
a mechanism called C-type inactivation. The second gating point is the helical bundle, which
widens the pore below the selectivity filter up to a diameter of 22 A [63] in an open, active
conformation and closes the pore restricting ion flux in the closed, inactive conformation.

In the resting state, KcsA’s helical bundle is closed, while the selectivity filter is in

a conductive state (Figure 3a; inset). Upon a pH shift to a lower intracellular pH

of 4, key residues in the helical bundle and the selectivity filter become protonated,
triggering the opening of the helical bundle (Figure 3b) [56]. In this conformation, KcsA

is in an open, conductive state; the flow of ions along the electrochemical gradient

is possible for milliseconds, with increased ion flux at increased membrane voltages

[64]. The flow is stopped by a C-type-like inactivation, in which the selectivity filter
undergoes a conformational change due to allosteric coupling with the helical bundle gate.
Conformational rearrangements along transmembrane helix 2 lead to the collapse of the
selectivity filter, causing a constriction of the pore by 2 A (8 A to 6 A diameter). . Once
C-type inactivation is completed, the translocation of ions is stopped even though the helical
bundle is still in an open conformation; the channel is thus in an active, non-conductive
state. Upon an increase in pH, the helical bundle closes again. The recovery of the collapsed
selectivity filter allows the restoration of the conductive state, while the closed helical
bundle prevents ion translocation [63]. Besides serving C-type inactivation, conformational
changes in the selectivity filter also preclude unspecific ion leaks. Normally, potassium is
translocated through KcsA at high external potassium concentrations. At low potassium
concentrations, the selectivity filter collapses to prevent the binding of unspecific ions,
particularly sodium. This collapse does not occur when potassium ions are bound to the
selectivity filter, thereby stabilizing it. Thus, this feature allows the channel to further
distinguish between potassium and sodium ions [65].
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All 2-TM potassium channels form a tetramer of M1PM2 domains with a central selectivity
filter and share the same general mechanism of ion translocation, but differences have
evolved in their regulation. While KcsA is regulated by pH, other potassium channels such
as HpKchA from H. pylori, YugO from B. subtilis, and MthK from M. thermoautotrophicum
have additional cytoplasmic regulatory domains. For the latter, structural data is available,
although its physiological role remains elusive. All of these 2-TM potassium channels are
regulated by so-called Regulator of Conductance of K* (RCK) domains, which assemble

to an octameric ring. The ring can result from different assemblies of the RCK domains:

(1) a tandem pair of RCK domains covalently bound to the M1PM2 domain, (2) a single
RCK domain each fused to the N and C terminus, (3) a single RCK domain covalently
bound while the other is expressed separately via a second start codon, (4) a tandem soluble
cytosolic RCK domain, and (5) a single RCK domain expressed solely as a soluble protein
[66]. Independent of the assembly, all structurally characterized RCK gating rings interact
directly with the pore and, through conformational changes triggered by the binding of
ligands from the cytosol, are responsible for or involved in the opening and closing of the
channel. Thus, the RCK domain couples the channel to the metabolic demands and status of
the cell.

Every structurally known RCK gating ring consists of a tetramer of dimers. The dimers
associate to form the two-layered octameric ring, with each dimer contributing an up and

a down domain. Inside each layer, the single RCK domains are not in contact [67]. Each
individual RCK domain consists of a conserved N and a less conserved C lobe. The N lobes
form the inner ring, which is bound to or associates with the pore domain, while the C lobes
are oriented to the periphery [67, 68]. The N lobes of each RCK domain contain a conserved
Rossmann fold, which consists of alternating alpha helices and beta strands [69, 70]. RCK
domains that bind nucleotides include a GxGxxG...D/E motif within the Rossmann fold.
The C lobes are connected to the N lobes via a helix-turn-helix motif formed by so-called
crossover helices of the dimer. Ligand binding sites can be located within the N lobe, at

the interface between the N and the C lobes in the dimer interface, and within the C lobes.
Ligands that bind to RCK domains vary from ADP [71], ATP [72], NAD* [73] and cyclic
di-AMP [74, 75] to ions like Na* [76] or Ca?* [77].

In the following, we will focus on the potassium channel MthK and its regulation by an
RCK domain. MthK is allosterically activated through the binding of Ca2* ions to the RCK
domains, which lead to conformational changes that allow the translocation of potassium
ions with up to 108 molecules per second. The flux of potassium is stopped by an N-type
inactivation [78] , also known as ball-and-chain inactivation, in which the N terminus plugs
the pore. Like KcsA, MthK is pH dependent, but in this protein a shift to lower internal pH
decreases activation of the channel because Ca2* binding is reduced [79]. Voltage-dependent
Ca?* binding from the cytosolic side to the pore domain renders MthK an inward-rectifying
channel [80].

The transmembrane domains of MthK show the same assembly as KcsA with the same
conserved selectivity filter (TVGYG) (Figure 4a). However, instead of containing elongated
helices following the helical bundle, an RCK domain is covalently linked. A second soluble
copy of the RCK domain is produced from a second start codon within the m#hK gene.
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This soluble domain binds to the tethered domain, forming the RCK dimer (Figure 4a).
Subsequently, four dimers associate to form the octameric gating ring, which is bound to
the M1PM2 domains. In its closed conformation, the gating ring has four-fold symmetry,
and the TM2 helices of the transmembrane domains are straight and elongated by two
helical turns compared to the open state. They form a helical bundle underneath the

pore, constituting the intracellular gate. The helical bundle constricts the pore diameter
immediately below the selectivity filter at the membrane-cytosol interface. This prevents ion
translocation (Figure 4b). The C-linker between TM2 and the tethered RCK domain lies

on top of the bound RCK domain, presumably stabilizing the closed state of the tunnel by
interacting with the RCK domain and the membrane interface. A slight rocking of the RCK
gating ring, caused by the rather flexible C-linker and interactions between the hydrophobic
membrane and the RCK domains, can occur without leading to channel activation [4].

Upon binding of Ca2* to the RCK domains, MthK opens and potassium ions are
translocated. The binding of Ca?* to at least two of three known binding sites provides
sufficient energy for a conformational change within the RCK domains, which in turn
results in a loss of the four-fold symmetry of the gating ring. The ring breaks open by
slight shifts at the four dimer-to-dimer interfaces, called assembly interfaces, resulting in
two-fold symmetry. The structural change in the RCK gating ring results in a loosening of
the C-linker and in a wrenching of the last 2 helical turns of TM2. This pulls the helical
bundle open and causes the TM2 helices to kink at a highly conserved hinge glycine. Thus,
potassium ion flux is enabled. The new conformational freedom allows the RCK gating ring
to bend up to 20° away from the membrane plane and undergo an even stronger rocking
motion (Figure 4b) [4]. Four to five seconds after activation, the channel is inactivated

by an N-type inactivation [78], in which the N-terminal peptide of one protomer plugs

into the pore and stops ion translocation while the helical bundle remains open. The
previously flexible N terminus likely interacts with hydrophobic residues inside the pore
and charged residues at the pore-cytoplasm interface [4]. To allow ion translocation again,
the N-terminal peptide has to be released from the pore to restore the tunnel. This release
probably coincides with the dissociation of Ca2* from the RCK domains and the triggering
of the closed conformation. In addition to the helical bundle gate, selectivity filter gating
has been shown for MthK. At low potassium concentrations, the filter collapses into a
non-conductive state, which at the same time stabilizes the closed helical bundle. However,
C-type inactivation does not play a role in MthK, and the relevance of the non-conductive
selectivity filter is unclear [81].

Both ion channels discussed here exhibit a key feature characteristic of channel and not
transporter activity: none of the described states during ion translocation occlude the ion
between two gates. Instead, the helical bundle presents the main gate, which opens upon

a stimulus (pH shift, Ca2* increase), while the selectivity filter is already conductive. To
avoid extended open events that dissipate the membrane potential, a non-conductive state is
established rather rapidly, either by filter gating (C-type inactivation) or N-type inactivation
with an N-terminal plug. Further, the collapse of the selectivity filter at conditions where low
external potassium concentrations are available precludes non-selective ion translocation.
However, due to the different activation modes, it is also clear that both channels have to
fulfil different physiological roles. Being strongly inward-rectifying, MthK might mainly
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serve K* uptake at conditions with increased intracellular Ca2* levels, while KcsA could be
involved at pH homeostasis as it is activated at a rather low intracellular pH.

Potassium uptake by the multiligand-regulated potassium channels KtrAB and TrkAH

In most bacteria, KtrAB and TrkAH are the major K* uptake systems for everyday
challenges [16, 21, 82, 83]. With an apparent affinity of around 1 mM, they serve a role

in osmoadapation, general potassium homeostasis at neutral to alkaline pH, pH homeostasis
and, potentially, membrane potential adjustment [38]. Due to their Na* or H* dependency,
KtrAB and TrkAH were initially described to function as active transporters [84—-86],
coupling potassium influx to either Na* or H* transport to accumulate K* inside the cell
against the concentration gradient. However, in 2013, Cao and colleagues demonstrated
using single channel recordings that TrkAH is an ATP- and ADP-gated ion channel [6].
The measured single channel conductance for K* of 550 pS at -60 mV is equivalent to

an ion flow of 3.3*107 per second. Measurements at different voltages showed that TrkAH
is slightly inward rectifying. The presence of ATP led to an increased open probability,
while ADP decreased it. Similarly, flux assays and SSM-based electrophysiology revealed
that KtrAB functions as a Na*- and ATP-dependent K* channel, neither symporting nor
antiporting sodium ions [5, 87].

The transport mode — channel activity — is also reflected by the structural data available for
KtrAB from Vibrio alginolyticus and B. subtilis, and TrkAH from Vibrio parahaemolyticus.
Both complexes contain two parallel pores regulated by an RCK gating ring. KtrAB consists
of a dimer of the ion-translocating subunit KtrB and an octameric ring of the regulatory
RCK protein KtrA (Figure 5a). In TrkAH, a dimer of the membrane-bound subunit TrkH
forms a complex with a tetrameric ring of the regulatory RCK protein TrkA (Figure 5c). The
ion-translocating subunits KtrB and TrkH are prokaryotic members of the Superfamily of
K* Transporters (SKT) [88-90]. SKT members most likely evolved from tetrameric 2-TM
potassium channels like KcsA by gene duplication and gene fusion [91]. Consequently,
each protomer consists of four nonidentical, covalently linked M1PM2 motifs, referred to

as domains 1 to 4 (D1 to D4), which are arranged to a pseudo-fourfold symmetric pore

for potassium translocation. TrkH contains two more N-terminal transmembrane helices of
unknown function, which are named domain 0 and are located at the periphery of the pore
[83, 90]. As in 2-TM potassium channels, the pore loops connecting the transmembrane
helices at the extracellular side form the selectivity filter. Compared to the classical
selectivity filter sequence T(X)GYG, KtrB and TrkH harbor a less conserved selectivity
filter, reduced to the first glycine in each pore loop (Figure 5a) [92, 93]. Just below the
selectivity filter, an intramembrane, pore-blocking loop, formed by the central part of broken
helix D3M2 (consisting of D3M2a and D3M2b), together with a highly conserved arginine
in helix D4M2, constitutes the channels’ gate [90, 93-95]. This loop seems to present a
required adaptation compared to the helical bundle in 2-TM potassium channels, because
two parallel pores cannot be gated by a helical bundle. Opening and closing of the gates

in KtrB and TrkH is controlled by the soluble RCK proteins KtrA and TrkA, respectively.
KtrA consists of only one RCK domain, eight of which assemble into a homooctameric ring
[6, 67, 96]. In comparison, TrkA assembles as a tetrameric gating ring, in which each of

the protomers comprises two homologous RCK domains, which are referred to as RCK1
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and RCK2. Despite the different organization, each of the RCK domains consists of a
ring-forming N lobe (called N1 and N2 in TrkA), which possesses the conserved Rossmann
fold including a GxGxxG...D/E motif for nucleotide binding, and a flexible C lobe at the
periphery [68].

To function as effective potassium channels in the context of osmoadaptation and pH
homeostasis, KtrAB and TrkAH need to fulfill two tasks: First, they should selectively
take up potassium even at a high excess of sodium. Second, they should be gated to grant
rapid potassium flux when needed, while avoiding excessive potassium uptake causing
cytotoxicity, or potassium efflux during membrane depolarization. At first sight, the poorly
conserved selectivity filter seems to contradict the first requirement because it could result
in a less selective ion translocation, as was shown for tetrameric potassium channels with
degraded selectivity filter sequences [97, 98]. In line with this, single channel recordings of
TrkAH revealed similar conductivity for K*, Rb* and Cs*, whereas Na* and Li* showed
lower but still significant rates [6]. Based on the apparent non-selective ion translocation, it
was recently suggested that TrkAH might serve a particular role in membrane potential
adjustment, rather than or in addition to potassium homeostasis [38]. By contrast, a
significantly different channel profile has been described for KtrAB, revealing that it in
fact functions as a selective K* channel [87]. Like TrkAH, KtrAB binds all tested group 1
elements with a similar affinity, except Li*. However, ion translocation by channel subunit
KtrB alone, without the KtrA gating domain, increases with decreasing ion size. Only K*
and Na™ are efficiently translocated, while the passage of bigger ions is blocked. This
selection of translocated ions is mediated by the intramembrane gate, which apparently
cannot open wide enough to accommaodate the passage of the bigger ions. More important
than the exclusion of the bigger ions, the channel also shows a significant preference for
K* over Na*: In the presence of Na™, the binding affinity for K* increases at least 10-fold,
resulting in the preferred binding of K* over Na*. This consequently leads to the required
selective accumulation of K*, as was shown in K* uptake experiments at native-like mixed
ion conditions [87].

With respect to gating, the pore-forming subunits, KtrB and TrkH, seem to permit potassium
permeation independent of any ligands. The naturally occurring assemblies KtrAB and
TrkAH, on the other hand, were both shown to be dependent on different ligands. First, Na*,
in addition to its role in selectivity and affinity, is involved in the activation of the KtrAB
complex. Na* as ligand is plausible because internal Na* levels probably transiently increase
at hyperosmotic external conditions, when a maximal activity of KtrAB is required. In the
presence of Na*, the V/;,, of potassium uptake increases when compared to KtrB alone,
while the K, decreases, approaching the determined Kp for K* binding. In the absence of
Na*, KtrAB is completely inactive. It is hypothesized that Na*, in the presence of the KtrA
gating domain, increases the gate’s open probability [86, 87, 92]. While the binding site and
structural consequences of Na* binding remain elusive, its effects on K* binding affinity
and gating suggest that it is located within KtrB [87]. Second, both KtrAB and TrkAH
depend on nucleotides, which directly bind to the N lobe of KtrA and TrkA, respectively

[5, 6]. While NAD*/NADH were initially suggested as ligands, extensive studies revealed
the preferred binding of ATP and ADP to the N lobe, with ATP as an activating and

ADP as an inactivating ligand [5, 6, 72, 99, 100]. In KtrAB, ATP stabilizes a round, in
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TrkAH a broken gating ring, while ADP promotes an oval-shaped ring spanning the width
of the dimer interface. The basic principles of ATP- and ADP-dependent conformational
changes in KtrA and TrkA, respectively, were reviewed by Levin and Zhou [93], while
recent structures of both systems provide further details [38, 101]. Importantly, it was shown
that divalent cations (Mg2* or Ca?*) are necessary for the activation of KtrAB by ATP.
Binding of the cations to a well-conserved site at the KtrA dimer interface tethers two ATP
molecules via their -y-phosphate and thereby stabilizes the active round conformation of the
octameric ring [101]. Similarly, divalent ions stabilize the active, ATP-bound conformation
of KtrA homolog KtrC [102]. Third, KtrAB, TrkAH and KtrCD of Gram-positive bacteria
(as shown for B. subtilis, Streptococcus agalactiae, Listeria monocytogenes, Staphylococcus
aureus, Mycoplasma pneumoniae) are inactivated by c-di-AMP [103], which binds to the

C lobe of KtrA, TrkA, and KtrC, respectively. A crystal structure of a KtrA C lobe dimer

in the presence of c-di-AMP showed that it fosters a stable, compact interaction [75]. This
interaction might prevent the flexibility of the C lobe observed in the absence of c-di-AMP
[99, 100], which could result in the fixation of the gating ring in its closed conformation.
Simultaneously, the stabilization of the ring might favor the binding of ADP over ATP.
Whether a similar regulatory mechanism by second messengers exists in Gram-negative
bacteria is unclear since the binding site for c-di-AMP is not conserved.

As elaborated above, the complex assembly of KtrAB and TrkAH is unique and differs
from tetrameric ligand-gated K* channels. The RCK domains are separately expressed
proteins, which interact with the two pores while lacking the covalent tether [5, 6, 104].
In consequence, these unique systems require an adapted mechanism to transmit the
conformational changes of the regulatory rings to the channel subunits.

For the KtrAB complex, structural analysis revealed two different kinds of contacts between
the KtrB dimer and the octameric KtrA ring: The lateral contact involves the C terminus

of KtrB, which on the one hand interacts with neighboring KtrB subunit, stabilizing dimer
formation, and on the other hand interacts with the KtrA ring. Deletion of the last 4

residues of the C terminus led to a non-functional channel and abolished the assembly of the
complex, while a deletion of the last 10 residues even prevented dimer formation [5]. The
second contact of the KtrAB complex was initially described as tip contact, because in the
ATP-bound conformation a cytoplasmic loop between a helical hairpin formed by D1M2b
and helix D2M1 was observed to form a direct but minor interaction with the KtrA ring.
However, in the ADP-bound cryo-EM map, this interaction became much more significant
due to a rearrangement of the helical hairpin into an elongated subunit-interconnecting helix
reaching from the KtrB protomer into the oval-shaped KtrA ring [100]. Hence, the tip
contact is not only required for complex formation but appears to be the major element for
controlling gating by allosteric coupling at a distance. Together with the adjacent D4M2b
helix, which is also extended in the ADP-bound state to span the entire membrane, extended
helix D1M2b narrows the pore, reduces water accessibility and likely locks the gate,

the intramembrane loop, in a rigid, closed conformation [100]. Consequently, the current
working model for channel activation is that, upon stimulating conditions, e.g. hyperosmotic
stress where the ATP level and possibly also the internal Na* concentration transiently
increase, ADP is replaced by ATP in a competitive manner, inducing a conformational
rearrangement of KtrA to a round gating ring [5, 67]. The elongated helices D1M2b form
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helical hairpins and helices D4M2b partially unfold, unlocking the intramembrane loop to,
in principle, allow K* permeation. Na* might bind in the KtrB protomers, further stabilizing
an open gate conformation. If sufficient intracellular K* concentrations are reached, the
corresponding ATP to ADP ratio and the internal Na* concentration decrease, inducing

the adoption of the closed conformation (Figure 5b). Further, in Gram-positive bacteria,
c-di-AMP is produced, stabilizing the inactive state. However, it needs to be mentioned that
this working model has various weaknesses. First, in the published ATP-bound structure

of KtrAB, the intramembrane loop remains in the closed conformation, although the
crystallizing condition contained a high Na* concentration [5]. It remains to be investigated
whether there is an additional stimulus/ligand required for channel opening. Further, the
resolution of the ADP-bound KtrAB map of 6.6 A is too low to reveal any details on the
stabilization of the closed channel by ADP. Additionally, a functional proof of complex
inactivation upon ADP binding is still missing, and the detailed role of c-di-AMP upon
closing needs to be elucidated. Furthermore and conceptually most important, it is puzzling
to understand under which conditions ADP would ever bind to KtrA, because, even under
non-stressed conditions, the cellular ATP concentration is always in excess compared to the
ADP concentration, while the binding affinities for both nucleotides appear to be similar [72,
100].

When compared to KtrAB, both the organization of the TrkA ring and the interaction
surfaces between the TrkH and T rkA differ. Therefore, despite the similarities of both
systems, the two channels are modulated by different mechanisms. In TrkH, the C terminus
is much shorter than in KtrB and is not involved in any interactions [90]. Instead,
interactions between each TrkH protomer and the TrkA N1 and N2 domains, respectively,
are established by a cytosolic loop attached to the broken D3M2b helix, which is directly
linked to the gate, the intramembrane loop, and lies parallel to the membrane plane. The
interactions are named HN1 and HN2, respectively. Importantly, the TrkA gating ring
comprises two distinct subunit interfaces between the N lobes of the RCK1 domain and
the N lobes of the RCK2 domain, which are described as N1-N1 and N2-N2, respectively.
In the presence of ADP, each N2 domain of TrkA binds one ADP molecule, while the N1
domain remains unoccupied [6, 38]. The pores of the dimeric TrkH are blocked by the
intramembrane loops constricting ion permeation, as observed in KtrAB (cf. [99, 100]). In
TrkAH, the closure of the gate by ADP has been confirmed by patch clamp measurement
[6]. A recently solved structure of partially open TrkAH with bound ATP allows the
proposal of a nucleotide-dependent gating mechanism: In contrast to ADP, ATP binds to
both the N1 and the N2 domain, which is consistent with previously solved structures of
isolated T rkA [6, 38]. Detailed analysis of the nucleotide binding sites revealed that the
N1 domain has conserved residues selecting for ATP by y-phosphate recognition, while the
N2 domain can coordinate both ADP and ATP. ATP binding causes the N2 domain of each
TrkA protomer to rotate relative to the N1 domain, breaking the N2-N2 interfaces. This
results in a splitting of the tetrameric gating ring into two dimers. While the N2 domain
remains attached to TrkH, the HN1 interface is completely abolished, which likely results
in a pulling on the D3M2b helix. The rearrangement of D3M2b consequently moves the
intramembrane loop towards the intracellular side resulting in an unlocked intramembrane
loop and an open pore (Figure 5d)[38]. Thus, the current assumption is that the binding of
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ATP to the N1 domain is crucial for the conformational changes in TrkA and the opening of
the pore [38]. This hypothesis is supported by the observation that ATP-stimulated channel
opening is abolished upon mutation of the ATP binding site in the N1 domain [6]. The role
of nucleotide binding in the N2 domain is less clear. ADP binding to this domain stabilizes
the closed state, possibly by more efficiently stabilizing the HN2 interface. While the gating
mechanism of potassium channel TrkAH is much better understood than that of KtrAB,
here, too, it remains to be established why TrkAH would ever be closed under physiological
conditions with an excess of ATP. A rather low affinity for ATP binding in the N1 domain
could pose a possible explanation.

Despite the many details that are missing to fully understand the regulatory mechanism

of TrkAH and particularly KtrAB, it is clear from the presented data that both systems,

like other RCK-gated K* channels, function as ligand-gated ion channels. Importantly,

the observed pmf dependency described for both systems as well as the determined low

K, values and the rather high minimal external K* concentrations required for potassium
accumulation are in line with the channel activity of these proteins. Channel activity also
explains how the systems can play different physiological roles. When activated, scenarios
in which they serve osmoadaptation, pH homeostasis, and/or membrane potential adjustment
are conceivable.

K* pump KdpFABC

In some circumstances, especially when the external potassium concentration is too low to
accumulate enough K* with the given membrane potential, an active transporter is required
to maintain cytoplasmic K* levels. In many bacteria facing potassium limitation in their
natural environment, the KdpFABC (K*-dependent P-type ATPase) system is found, which
has been best characterized for £. coli. KdpFABC is a heterotetrameric K* pump, which is
unique for combining P-type ATPase and SKT subunits, resulting in an active transporter
with high apparent affinity for K* of 2 uM. It actively pumps potassium ions with a turnover
rate of ~100 per second, fueled by the hydrolysis of ATP [105]. The complex consists of

the P-type ATPase KdpB, the SKT protein KdpA, and the supplementary subunits KdpF and
KdpC. Each of these subunits has its own characteristics and functions within the KdpFABC
heterotetramer.

Subunit KdpA has 10 TM helices and, like TrkH and KtrB, belongs to the SKT superfamily
[106]. As such, it contains the structural motifs D1 to D4, forming a pore-like structure, with
an additional transmembrane helix each fused N- and C-terminally. The KdpA selectivity
filter, as in TrkH and KtrB, features a reduced selectivity filter motif, in which ion
coordination has been observed in only two sites [7, 20]. Mutations of the central glycine
residue of the D2 pore loop result in an altered ion selectivity: exchanging it for serine
allows for stimulation of ATPase activity by NH4*, while a mutation to aspartate enables
ATPase stimulation by Rb* [107, 108]. Insertions of positively charged residues in the

site corresponding to S1 of the KcsA selectivity filter result in a reduced affinity for K*
[109]. The first crystal structure of KdpFABC suggested that the positively charged side
chain occupies the coordination site of K*, thus competing for binding [7]. The selectivity
filter is probably the main mediator of the high ion specificity and affinity required for the
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physiological function of KdpFABC, and thus could be the main reason for the inclusion

of a channel-like subunit in an active transporter. Below the selectivity filter, an essential
arginine was identified by mutagenesis [110]. Moreover, KdpA also contains a broken
D3M2 helix, forming an intramembrane loop in the potential translocation pore below

the selectivity filter [7]. Of note, this loop is much less polar than those of KtrB and

TrkH. Furthermore, the pore below the intramembrane loop appears to be too narrow to
accommodate the translocation of potassium ions. In line with this, KdpA alone is unable to
facilitate K* uptake [20].

KdpB is a 7 TM P-type ATPase, responsible for ATP hydrolysis driving K* translocation
by KdpFABC. Like all P-type ATPases, KdpB consists of a transmembrane domain and
three cytosolic domains (N — nucleotide binding, P — phosphorylation, A — actuator), which
are responsible for ATP binding and hydrolysis. During the transport cycle, known as

the Post-Albers cycle, P-type ATPases undergo inward- and outward-facing conformations,
canonically known as E1 and E2, with the phosphorylated intermediates E1-P and E2-P
[111-114]. Energy-coupled alternating access is one of the main criteria allowing active
transport against an electrochemical potential. In the phosphorylated intermediates, an
aspartate in the P domain is phosphorylated. Dephosphorylation is mediated by a conserved
TGES sequence in the A domain. The transmembrane domain contains the canonical
substrate binding site (CBS), formed around a kink in transmembrane helix 4 induced

by a conserved proline [7]. Mutagenesis of an aspartate within the transmembrane domain
uncouples ATP hydrolysis from K* transport, while mutating a lysine abolishes ATPase
activity [110, 115]. These two residues form a dipole in the immediate vicinity of the CBS

[71.

KdpF, the smallest subunit in the KdpFABC complex, consists of only a single
transmembrane helix. Based on in vitro complementation of KdpF by lipids and its absence
in some kap operons, it is assumed to function as a lipid-like stabilizer of the complex [116,
117]. KdpC is a subunit of unassigned classification, consisting of a single transmembrane
helix and a periplasmic soluble domain that lies on top of the channel-like subunit KdpA
[7]. It is essential to the KdpFABC complex [118]. Although its function remains unclear,
sequence alignments have suggested a role similar to g-subunits of other P-type ATPases,
which are involved in substrate binding and affinity [119, 120].

In the assembled complex, KdpB shares a large interface with KdpA while KdpC is
associated with the other side of KdpA (Figure 6a). The complex contains several notable
features: The cytosolic P domain of KdpB is associated with KdpA by a salt bridge with

an arginine in KdpA that lies at the bottom of a helix coupling to the intramembrane loop
(coupling helix). A hydrated tunnel between KdpA and KdpB was observed, ranging from
below the selectivity filter in KdpA to the CBS in KdpB within the membrane plane [7]. In
the inward-open E2 conformation, this tunnel appears to close at the subunit interface, with
a new half-channel opening from the KdpB CBS to the cytosol between the P domain and
KdpA [20]. Because KdpB is the smallest member of the P-type ATPase family, it was long
assumed not to have an intrinsic transport function, but rather to solely provide the energy
for active transport through KdpA [121, 122]. However, ATP hydrolysis and K* transport
are strictly co-dependent, raising the question how these processes are coupled [123]. This
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requires an intricate interplay between the pore and ATPase subunits. Recently, two different
transport models have been proposed that attempt to unify previous functional data with new
structural insights.

The first transport model, known as the coupling helix model, proposes ion transport through
the channel subunit KdpA powered by ATP hydrolysis in KdpB, as was long assumed

[7]. Two separate communication pathways between the subunits are the basis for this
suggested mechanism (Figure 6b). When ions bind in the selectivity filter in KdpA, the
charge induces a proton dislocation via Grotthuss mechanism along a water wire that fills
the tunnel between KdpA and KdpB. This process is supported by a dipole at each end of
the water wire (the essential arginine and an aspartate in KdpA, and the aspartate/lysine
dipole previously identified in KdpB), and the terminal acceptor is a water molecule in

the KdpB CBS, whose protonation mimics a positive substrate, inducing ATP hydrolysis.
The conformational shift in the P domain pulls on the coupling helix via the salt bridge
between the two elements, displacing the intramembrane loop and allowing ion passage
through the KdpA channel. The proposed gating function of the intramembrane loop is
comparable to that in KtrB [95]. When the ion is released, the proton is transferred back to
KdpA and the P domain moves the coupling helix back, returning the complex to its initial
state. KdpC was suggested to act as a periplasmic gate facilitating alternating access. New
structural data, including the first E2 structure of KdpFABC, cast doubt on this model [20].
Notably, no movement of the proposed gating elements, the intramembrane loop and KdpC,
was observed, while individual densities possibly representing ions were observed along
the tunnel connecting KdpA and KdpB in cryo-EM maps. Moreover, a new half-channel
opening from the KdpB CBS to the cytosol in the E2 state, which includes the breaking of
the salt bridge between the P domain and the coupling helix, suggests an alternating access
mechanism for the canonical P-type ATPase transport site. This led to the proposition of K*
transport through the intersubunit tunnel rather than through the KdpA pore. In this model,
ions entering the complex through the KdpA are diverted into the intersubunit tunnel by the
positive charge of the conserved arginine common to SKT proteins. lon binding in the CBS
induces ATP hydrolysis and the conformational shift to the E2 state, in which ion release
through the inward-open half-channel is facilitated by a rearrangement of the side chains of
the lysine/aspartate dipole in the KdpB CBS (Figure 6c). Although the intersubunit transport
model addresses many of the issues of the coupling helix model, it remains to be proven,
particularly because the assignment of densities as ions with the cryo-EM approaches used
in these structural studies is difficult. Both models highlight the chimeric nature of the
KdpFABC complex, which unifies the affinity and selectivity of ion channels with the active
energy coupling of P-type ATPases to fill a highly important niche in the spectrum of
prokaryotic K* uptake systems.

Being an active transporter, it is particularly important that KApFABC is regulated in its
activity because otherwise it would continuously pump potassium ions into the cytosol to the
point of toxicity. KdpFABC synthesis is controlled by the two-component system KdpDE
depending on the internal and external potassium concentration [124, 125]. However, a
faster protein-based regulatory mechanism is required to prevent excessive K* uptake by
KdpFABC already in the membrane. A regulatory phosphorylation of the serine in the
conserved TGES motif of the A domain was observed in all structural studies, and shown
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to inhibit ATPase and transport activity by the complex [7, 20]. Although the kinase
responsible for the phosphorylation remains unknown, it was shown to be induced by high
K* concentrations in a time-dependent manner, indicating a fast adaptation mechanism to
arise in K* levels [126]. The initial inhibition mechanism was proposed to lock the A
domain via a salt bridge with the phosphate, but subsequent functional studies suggested
that the phosphate stalls the protein in the E1-P state, preventing the transition to the E2-P
conformation and the dephosphorylation of the protein [126]. Thus, active K* uptake by
KdpFABC is regulated on the transcriptional level, and for a more acute regulation after the
normalization of K* levels, on a protein level by phosphorylation.

K*/H* symporter family KUP

Like KtrAB and TrkAH, members of the KUP family, Kup and KimA, serve the potassium
uptake at moderate external potassium concentrations, with a particularly high activity

at acidic pH. They have been studied in different detail in £. coli, B. subtilis, L.
monocytogenes, S. aureus and Lactococcus lactis [103, 127, 128]. The apparent affinities for
K* vary from micro- to millimolar concentrations depending on the organism the systems
originate from; KimA from B. subtilis has a medium affinity for K* with a Km value of

215 uM [8]. The KUP family is a member of the APC (amino acid-polyamine-organocation)
superfamily, whose members are solute/cation symporters or solute/solute antiporters [129].
KimA and Kup are K*/H* symporters and thus facilitate the accumulation of K* against its
concentration gradient by the transport of protons along the concentration gradient [8, 127,
130].

The first structural insight into how KUP transporters shuttle K* across the membrane
was gained recently by solving a cryo-EM structure of inward-occluded B. subtilis KimA
[8]. KimA forms a homodimer in the membrane, in which each protomer consists of a
transmembrane domain formed by 12 transmembrane helices and a C-terminal cytosolic
domain (Figure 7a). Dimer formation is mediated by the interaction of the loop connecting
these two domains with the cytosolic domain of the adjacent protomer. In the dimer,

the cytosolic domains are swapped with respect to the transmembrane domain, so each
cytoplasmic domain sits underneath the transmembrane domain of the opposite protomer.

In the transmembrane domain, the first ten helices are arranged in a 5+5 inverted repeat with
discontinuous transmembrane helices 1 and 6. This packing is called the LeuT fold. The
additional helices 11 and 12 connect the transmembrane domain to the cytosolic domain,
which presumably has a regulatory function. In general, the substrate binding site in proteins
adopting the LeuT fold is positioned in the broken region of helices 1 and 6, which form a
cavity. In this region, non-protein densities assigned to three potassium ions were observed
in the cryo-EM structure of KimA. Functional assays showed that only one of these
potassium ions is required for efficient transport, with access to its binding site controlled
by a tyrosine and an aspartate in TM1, serving as external and internal gates, respectively
(Figure 7b). Importantly, these residues are conserved among KUP members. With a pK,

of 8, a glutamate residue in TM6 located slightly below the substrate binding site is likely
responsible for proton binding. The other two ions captured in the cryo-EM structure
probably present a first regulatory mechanism for KimA’s activity. The binding of potassium
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ions in the inward-facing tunnel leads to trans-inhibition, probably hindering the further K*
uptake at elevated intracellular potassium concentrations (Figure 7b). Based on these first
structural data, an alternating access transport cycle for KimA, and by extrapolation Kup,
was proposed, where H* and K* can enter the tunnel freely from the extracellular space
when KimA is in the outward-open conformation. In this state, the inward-facing exit tunnel
is closed. Upon binding of both ions, the gating tyrosine moves to close the external gate.
At the same time, TM1 and TM6 (broken helices) close the extracellular tunnel and open

up the intracellular pathway. In this inward-occluded state (as captured in the structure), the
pathway for K* towards the cytosol is still blocked. The proton-binding glutamate needs to
be deprotonated to allow opening of the gate towards the cell interior and K* release (Figure
7b) [8].

Like for KdpFABC, a regulatory mechanism is particularly important for KUP proteins

to avoid an excessive accumulation of potassium ions. One mechanism is the described
transinhibition. Another level of regulation is probably mediated by the cytoplasmic domain,
which is conserved in KimA and Kup. The structure showed that it consists of p-strand-a.-
helix motifs. A 5-stranded p-sheet is surrounded by 4 helices in each protomer. This motif
extends upon dimer formation to a p-sheet with 10 strands [8]. This structure is comparable
to that of many other soluble proteins, such as the phosphopantetheine adenylyltransferase
(PPAT, PDB 1GNB8). It has been shown that these proteins can bind ADP and ATP [131].
KimA and Kup from Gram-positive bacteria were shown to bind and be inactivated by
c-di-AMP [132-134]. It seems reasonable to speculate that the cytosolic domain is involved
in the binding, yet structural data is missing.

Towards understanding the molecular physiology of potassium homeostasis

So far, the molecular characteristics of individual potassium transport systems as identified
in specific organisms have been described. However, these systems are not limited to

these organisms, but are widely spread among different prokaryotic species. Moreover,
these proteins do not work in isolation. Most bacteria have a number of K* transport
systems, which are present in different combinations. (Table 1). Together, the action of these
various potassium channels and transporters influences each bacterium’s unique physiology
[16]. For example, £. coli possesses three identified potassium uptake systems, Trk, Kup
and Kdp [85, 128, 135]. Further uptake with low affinity is proposed to be mediated by
different, non-specific systems. Similarly, potassium efflux is mediated by mechanosensitive
channels, which expel K* together with other osmotically active compounds [136], and by
the glutathione-controlled potassium/proton antiporter Kef [137, 138]. In addition to these
systems of known function, £. coliencodes the ligand-gated tetrameric potassium channel
Kch. Like most tetrameric potassium channels, which are found in almost every prokaryote,
its physiological role is unknown. It does not seem to participate in K* uptake or efflux
under tested conditions [52]. Instead, it was hypothesized that it might contribute to the
adjustment of the membrane potential. Likewise, B. subtilis encodes numerous potassium-
transporting systems, the channels KtrAB, KtrCD, YugO, the K*/H* symporter KimA, and
the K*/H* antiporters KhtSTU and potentially CpaA (formerly YjbQ) [40, 82, 132, 139,
140]. Additionally, B. subtilis also harbors mechanosensitive channels, which mediate K*
efflux. KtrAB and KtrCD are homologs of each other and of TrkAH from E. coliand
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other organisms, but interestingly KtrCD has a tenfold lower affinity for K* [82], which is
modulated by glutamate [141].

The individual systems are active under different physiological conditions (which can be
partly deduced from their functional characterization) and work together in concert to play
their physiological roles, many of which are still being discovered. The intertwining roles
of multiple K* transport systems in osmoadaptation and maintaining or adapting the internal
pH have been characterized for decades but are still being expanded upon. For example,
c-di-AMP emerged somewhat recently as an overarching regulator that controls the activity
of different uptake and efflux systems involved in osmoadaptation in Gram-positive bacteria
[103].

The understanding of the molecular basis of other K*-linked physiologies is still in

its infancy. For example, potassium fluxes were recently shown to mediate electrical
communication between cells within biofilms [40], the synchronization of metabolic
behavior between two or more biofilms, and the attraction of motile bacteria to established
biofilms [142]. Interestingly, electrical signaling even permits interspecies interaction
because potassium ions are essential currencies for all cells [33]. However, the molecular
principles, including when and how the involved ion channels, such as YugO from B.
subtilis, are activated, which ligands or stimuli control activity, and whether other K*-
transporting systems are involved remains elusive.

K* homeostasis has additionally been implicated in the virulence of various pathogenic
bacteria. A deletion of the Trk system in Mycobacterium tuberculosis results in an
attenuation in host colonization in a murine model [44]. Similarly, Trk channels are critical
to the virulence of Salmonella enterica, and have been implicated in multiple characteristic
processes of growth and virulence /n vitro, including protein secretion, motility and
invasion of epithelial cells, and in the pathogenesis of Sa/monellain mice and chicken.

A deletion of Trk results in a severe defect in the type Il secretion system of Sa/monella
pathogenicity island 1, which is not based on a failure to regulate intracellular pH or

ATP but rather on a disturbed K* homeostasis [143, 144]. Staphylococcus aureus exhibits
an unusually high level of osmotolerance and Na™ tolerance, properties that support its
capacity for human colonization, pathogenesis, and growth in food. These tolerances are
mediated by potassium uptake systems Ktr and Kdp. Deleting the Ktr system results in
sensitivity to hyperosmotic conditions, a hyperpolarized plasma membrane, and an increased
susceptibility to aminoglycoside antibiotics and cationic antimicrobials. In a mouse
competitive index model of bacteraemia, the Ak#rAB mutant was significantly outcompeted
by the parental strain [145, 146]. In general, many pathogenic bacteria, including S.
aureus, S. typhimurium, Yersinia pestis, Acinetobacter baumannii, S. pneumoniae, and

M. tuberculosis, encode the high-affinity potassium pump Kdp, which reflects their need
to accumulate potassium ions in low-potassium surroundings such as those faced when
invading a host [145, 147-149]. Finally, 2-TM potassium channel HpKchA, the only
identified K*-translocating system of Helicobacter pylori, is essential for the colonization
of the murine stomach [50].
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Thus, K* homeostasis plays a role in an expanding collection of microbial physiologies.
Meanwhile, a host of situation-dependent processes such as energy state (reflected in ATP
concentrations), second messengers (such as c-di-AMP), the internal and external pH, the
membrane permeability of other common environmental ions like CI-, the respiration rate,
and the changing environmental K* concentrations all influence K* movement across the
microbial membrane. Teasing out a mechanistic understanding of how K* homeostasis
contributes to physiology first requires revealing the mysteries of the individual proteins —
do they transport K* with or against the chemical gradient, do they themselves influence the
membrane potential, and what ligand, environmental conditions, or co-transported substrates
are required for their activity? While molecular details for some systems have been gained
in recent years, highlighted in this review, we are still lacking this important information for
many others.
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Figure 1. Simplified scenarios showing the interplay between bacterial metabolism, K* chemical
gradient, and membrane potential.

Yellow arrows indicate proton movement and blue arrows indicate K* movement. Darker
shades of pink indicate higher K* concentrations. Transporters (a, b) utilize energy derived
from ATP hydrolysis (a) or the proton motive force (b) to accumulate intracellular

K* against its electrochemical gradient. Channels (c-f) facilitate the thermodynamically
favorable movement of K* down its electrochemical gradient. In the first case (c, d),

an inside-negative membrane potential is established by the proton gradient due to the
high relative permeability of protons from the electron transport chain (getc). K* can be
accumulated to physiological levels in the cytoplasm even at low external concentrations
(c), but the accumulation must be regulated to prevent uncontrolled K* uptake causing
K*-mediated cytotoxicity at higher external K* concentrations (d). When the relative
permeability of K* (gk+) surpasses that of protons due to a decrease in metabolic activity
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or K* channel opening (g,f), the degree of membrane depolarization is determined by the
external K* concentration.
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Figure 2. Assembly and topology of bacterial K *-translocating systems.
Overview of the assembly of the different systems discussed. Channel-like subunits/domains

are shown in green, RCK subunits/domains in gray, the P-type ATPase KdpB in beige with
blue, red and yellow, KdpC in purple, KdpF in cyan, the LeuT-fold domain in light blue, and
the adenylyltransferase-like domain in orange. The topologies provide more molecular detail
of the transmembrane domains. Characteristic are the M1PM2 domains of the channel-like
proteins (green), the insertion of the cytosolic N, P and A domains (red, blue, and yellow,
respectively) into loops of the transmembrane domain of KdpB (beige) and the 5+5 inverted
repeat of the LeuT-fold domain (light blue) of KimA.
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d

Selectivity Filter

Helical
bundle

+
@

Figure 3. Gating of potassium channel KcsA.
(a) Structure (PDB 1J95) of the membrane-inserted domains of KcsA in its conductive,

closed state with the inset highlighting the selectivity filter, (b) Bundle gate mechanism.
Cartoons of closed, conductive and open, conductive states, respectively. For simplicity only
two M1PM2 domains are shown.
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d

Figure 4. CaZ*-gating by K* channel MthK.
(a) Structure (PDB 6U6H) of MthK in its closed, conductive state in the absence of Ca2*

with the inset highlighting the selectivity filter. (b) Helical bundle gating controlled by

the cytosolic RCK domains (tethered RCK domains light grey, soluble RCK domains dark
grey). Cartoons of closed, conductive and open, conductive state, respectively. For simplicity
only two M1PM2 domains are shown.
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Figure 5. Gating of nucleotide- and cation-gated two-pored K* channelsKtrAB and TrkAH.
(a) Structure (PDB 4J7C) of KtrAB in its ATP-bound (but still closed) state with the

inset highlighting the selectivity filter, (b) Intramembrane loop gating of KtrAB controlled
by the cytosolic RCK subunits. Cartoons of ADP-bound, closed and ATP-bound, open
state, respectively, (c) Structure (PDB 4J9U) of TrkAH in its ADP-bound, closed state, (d)
Intramembrane loop gating of TrkAH controlled by the cytosolic RCK subunits (RCK2
light grey, RCK1 dark grey). Cartoons of ADP-bound, closed and ATP- bound, open state,
respectively.
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Figure 6. lon transport models through K* pump KdpFABC.
(a) Structure (PDB 5MRW) of KdpFABC in its E1 state. (b) Transport cycle of the coupling

helix model. (c) Transport cycle of the intersubunit transport model.
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Figure 7. K*/H* symport by KimA.
(a) Structure (PDB 6S3K) of KimA in its inward, occluded state, rainbow-colored from N
terminus (blue) to C terminus (red). (b) Cartoon of the alternating access transport by KimA.
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Bacterial K*-translocating systems.

Page 39

Summary of known bacterial K*-translocating systems highlighting the individual composition, hypothesized
transport mode and direction, and representative structures. Putative transport modes are indicated with *. No
transport direction is indicated for channels, as by definition ion fluxes are dictated by the electrochemical

gradient.
System Subunit | Description, family Transport mode (incl. Structures (PDB/EMDB)
dependency, direction)
lon channel
KcsA [150] 2-TM potassium channel \/oltage-dependent channel 3EFF (full-length, closed)
1KA4C (closed, conductive)
1K4D (closed, inactive)
5VK®6 (open, conductive)
5VKE (open, inactive)
MthK [77, 151] 2-TM potassium channel with Ca?*-gated channel 6U6D (Ca?*-free closed)
fused and soluble RCK domain BUX7,6UXA 6UXB (Ca*-bound
open)
6U68,6U6E,6U6H (Ca?*-bound
open-inactivated)
GsuK [71] 2-TM potassium channel with Ca?*- & ADP/NAD*-gated 4GX5 (Ca?*-bound closed)
dual fused RCK domain channel
EcKch 6-TM potassium channel with Ligand-gated channel* 1ID1 (RCK domain)
fused and soluble RCK domain
HpKch 2-TM potassium channel with Ligand-gated channel*
fused and soluble RCK domain
YugO 2-TM potassium channel with Ligand-gated channel*
fused RCK domain
TrkAH [6] TrkA RCK subunit (cytosolic) ATP-, proton- (& c-di-AMP-) 4J9U (ADP-bound)
gated channel 6V4K (ATP-bound)
TrkH Translocating subunit (TM),
SKT family
KtrAB [5, 100] KtrA RCK subunit (cytosolic) ATP-, Na*- (& c-di-AMP-) 4J)7C (ATP-bound)
- - gated, pmf-dependent channel | EM-3405 (ADP-bound)
KtrB Translocating subunit (TM), 4XTT (c-di-AMP-bound KtrA C-

SKT family

term)

KtrCD [82, 141, 152] | KtrC

RCK subunit (cytosolic)

KtrD

Translocating subunit (TM),
SKT family

ATP- (& c-di-AMP) gated,
glutamate-dependent channel

618V (ATP-bound KtrC)

Primary active transporter

KdpFABC [7, 20] KdpF

Small lipid-like subunit

KdpA

Channel-like subunit, SKT
family

KdpB

P-type ATPase subunit

KdpC

Periplasmatically oriented
single TM subunit

K* pump (uptake)

5MRW (E1 state)
6HRA (E1 state)
6HRB (E2 state)

Secondary active transporter

KimA [8, 132, 152 KUP family K*/H* symporter (uptake) 6S3K
154]

KUP] (TrkD) [127, KUP family K*/H* symporter (uptake)

155
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System Subunit | Description, family Transport mode (incl. Structures (PDB/EMDB)
dependency, direction)
Kef system [138, KefB/C Cation:Proton antiporter 2 with Glutathione-gated K*/H* 3L9W (KefC_RCK-KefF)
140] fused RCK/KTN domain antiporter
- (export)

KefG/F Flavoprotein
YjbQ(CpaA)[132, Cation:Proton antiporter 2 K*/H* antiport (export) 5F29 (RCK domain)
156]
KhtSTU [140, 157, KhtS Antiporter modulator of KhtU Ligand-gated K*/H* antiport*
158] - - (export)

KhtT C-terminal RCK protein

KhtU Cation:Proton antiporter 2
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