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ABSTRACT

KtrAB is a cation channel involved in the homeostasis of potassium in many bacterial
species. This channel is a complex composed by KtrB, the ion conduction membrane
protein, and KtrA, an RCK cytosolic regulatory protein. KtrA binds ATP and ADP and
assembles as an octameric ring that adopts different conformations upon nucleotide
binding, regulating channel function. ATP binding induces the adoption of a square-
conformation of the ring and increased K* flux activity through the channel; ADP binding
results in a non-square conformation and decreased K* flux. However, it was not clear
how ATP binding induced the adoption of the square-activated conformation by the KtrA
octameric ring. We employed X-ray crystallography and a proteoliposome K* flux assay
to study the mechanism of nucleotide-dependent activation in KtrA. In particular, we
identified residues in the KtrA intra-dimer interface that are vital for activation in the
presence of ATP and demonstrated that divalent cations are cofactors in the activation

process.

Recently, the cyclic dinucleotide c-di-AMP was shown to be involved in the regulation
of potassium homeostasis in many bacteria. Particularly, c-di-AMP regulates the activity
of potassium channels and transporters by binding directly to their regulatory domains
and/or by controlling the protein expression level through interaction with a riboswitch
and modulation of transcription. We used differential scanning fluorimetry and ITC to
characterize the binding of c-di-AMP to the two B. subtilis RCK regulatory subunits, KtrA
and KtrC. Furthermore, we also explored the role of this cyclic dinucleotide in the
function of the KtrCB-ATP channel and used X-ray crystallography to obtain a structure
of KtirCB-ATP in complex with c-di-AMP.



RESUMO

KtrAB € um canal catidnico que esta envolvido na regulacdo da homeostase de potassio
em varias espécies bacterianas. Este canal € um complexo composto por KtrB, a
proteina membranar que facilita a passagem de ides, e por KtrA, uma proteina RCK
citosolica com fungbes reguladoras. KtrA liga ATP e ADP e organiza-se num anel
octamérico que adota conformacdes diferentes consoante o nucleétido, regulando a
funcdo do canal. A ligacdo de ATP promove a adocdo de uma conformacdo quadrada
do anel e induz um fluxo elevado de K*; a ligacdo de ADP promove uma conformacao
“ndo-quadrada” que resulta num fluxo de K* diminuto. No entanto, a forma como a
ligacdo de ATP promove a adocao da conformacao quadrada pelo anel octamérico de
KtrA ainda ndo era evidente. Utilizamos cristalografia de raios-X e um ensaio funcional
de medicdo de fluxo de K* com recurso a proteolipossomas, para estudar a
dependéncia nucleotidica do mecanismo de ativacdo de KtrA. Em particular,
identificAmos residuos na interface entre as subunidades do dimero de KtrA que sdo
vitais para a ativagdo na presenca de ATP e demonstramos que catifes divalentes sao

cofatores no processo de ativagéo.

Recentemente, foi demonstrado que o dinucleétido ciclico c-di-AMP esta envolvido na
regulacdo da homeostase de potassio em varias bactérias. Em particular, c-di-AMP
regula a atividade de canais e transportadores de potassio, ligando-se diretamente aos
seus dominios reguladores e/ou controlando o nivel de expressao proteica através da
interacdo com uma riboswitch e modulacdo da transcricdo. Fizemos uma
caracterizacdo da interagcédo de c-di-AMP com as duas subunidades reguladoras RCK
de B.subtilis, KtrA e KtrC, utilizando técnicas de fluorescéncia e ITC. Exploramos
também o papel desempenhado por este dinucleétido ciclico na fungao do canal KtrCB-
ATP e determinamos uma estrutura de KtrCB-ATP em complexo com c-di-AMP
utilizando cristalografia de raios-X.



INTRODUCTION

This work addresses the molecular details of the mechanism of regulation of the KirAB
cation channel from B. subtilis. This channel is involved in potassium uptake and was
proposed to have evolved from potassium channels. As such, this introductory section
includes segments regarding the physiological importance of potassium, as well as
insights about ion channels. In particular, potassium channel structure and mechanisms
of regulation are discussed, with examples for specific channels being provided. A
detailed analysis of the current knowledge regarding the TrkAH and KtrAB cation
channels is also included. On another note, the B. subtilis potassium homeostasis
machinery was recently shown to be regulated by c-di-AMP, a cyclic dinucleotide. The
role of this nucleotide in the regulation of the B. subtilis Ktr channel proteins is also
studied in this thesis. Therefore, an overview of the currently known cyclic dinucleotides
and their roles in the regulation of physiological processes, with emphasis on c-di-AMP,

is presented in this section.

With these segments, | hope to introduce important concepts that will result in a better

understanding of this thesis.

Physiological role of the potassium (K¥) ion

Potassium (K*) is an essential macro element for all living organisms. In fact, potassium
is the most abundant inorganic cation in the cytosol of both prokaryotic and eukaryotic
cells, with estimated concentrations of ~ 140 mM in mammalian cells (Voet et al., 2006),
50 to 250 mM in plants and fungi (Rodriguez-Navarro, 2000) and 200 to 500 mM in
bacteria (Schultz & Solomon, 1961). Potassium is therefore accumulated inside the cells
against a large concentration gradient that reaches up to 10° to 10°fold difference in

bacteria, fungi and plant cells (Rodriguez-Navarro, 2000; Schultz & Solomon, 1961).

Since sodium is generally more abundant in the environment than potassium, the
preferential accumulation of potassium inside the cell poses an interesting question. In
the 1920’s Macallum described the principles of evolutionary chemistry
(paleochemistry) of living organisms, where he addressed the evolutionary importance
of K* prevalence in the cytosol (Macallum, 1926). Regarding eukaryotic cells, Macallum
noted that, even though the cation content of fluids such as the blood and lymph was

very similar to that of sea water, the cytosolic cation content was remarkably different.



He pointed out that the cytosolic content of the cell is more conservative to changes
than its surrounding environment and must be older than the media that constitutes its
current environment. Therefore, the relative proportions of the inorganic elements
contained in the cytosol are of more ancient origin than the relative proportions of the
same elements in the surrounding media. A possible hypothesis advanced by the author
is that the first cells emerged in a primordial K*-rich environment (Macallum, 1926). This
hypothesis has been supported in recent studies that show a potassium prevalence over
sodium in the vapour of inland geothermal systems, and suggests that the first cells
would have emerged in primordial anoxic geothermal fields, where the elementary
composition of the condensed vapour would resemble the current internal cell content
(Mulkidjanian et al., 2012). Potassium would then have evolved as an essential cation

used by the cell machinery for physiological processes.

K* has been shown to be compatible with protein structures even at high concentrations
(D T Clarkson & Hanson, 1980), and to contribute to the electrical neutralization of
anionic groups inside the cell, while also being required for modulation of enzyme
activity (H J Evans & Sorger, 1966; Suelter, 1970). This monovalent cation is essential
for protein synthesis (Lubin & Ennis, 1964), enabling a proper ribosomal functional
activity (Naslund & Hultin, 1970, 1971) by playing a role in ribosomal conformation
stabilization. Particularly, K* has been shown to be present throughout the large subunit
of the ribosome, interacting with both RNA and protein molecules (Klein et al., 2004;
Nissen et al., 2000; Rozov et al., 2019). In this way, K* helps to ensure ribosomal
integrity and architecture. Absence of the monovalent cation results in the
destabilization of ribosomal structure, with denaturation and loss of proteins and RNA

integrity, which leads to loss of function.

K*also plays a central role in several physiological processes such as osmoregulation,

pH homeostasis and establishment of the transmembrane electrical potential.

Regarding osmoregulation, the intracellular K* concentration is adjusted according to
the osmotic conditions of the external media in order to maintain the turgor pressure
stable and enable cell division and growth (Meury, 1988). Prokaryotes, for instance, are
subjected to changes in the external environment that result in osmotic stress. The
osmoregulation process has been extensively studied in organisms like Escherichia coli
(Epstein & Schultz, 1965; Meury et al., 1985) and Bacillus subtilis (Whatmore et al.,
1990; Whatmore & Reed, 1990). K* uptake is the initial response used by these

organisms in order to cope with exposure to a hyperosmotic environment, followed by
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production of glutamate to counterbalance the positive charges (Cayley et al., 1991,
Epstein & Schultz, 1965; Larsen et al., 1987; McLaggan et al., 1994). Potassium
glutamate provides a transient adaptation to osmotic stress, but the high ionic strength
is detrimental for cellular metabolism during prolonged stress, due to the inhibitory effect
in enzyme activity (Cayley, et al., 1991). Therefore, the potassium glutamate increase
in the cytosol acts as a signal to promote protein expression of transport systems and
uptake of compatible solutes such as proline (Brill et al., 2011; Whatmore, et al., 1990),
glycine betaine (Boch et al., 1994; Holtmann & Bremer, 2004; Prince & Villarejo, 1990;
L. Sutherland et al., 1986) and threalose (Dinnbier et al., 1988; Larsen, et al., 1987) that

function as osmoprotectants.

In the 1960’s, Mitchell published the Chemiosmotic Hypothesis, shedding light on the
role played by the proton flux in microbial energetics (Mitchell, 1966). His work showed
that the energy transduction required for ATP synthesis, solute transport and cell motility
is regulated by a transmembrane electrochemical potential of protons designated proton
motive force (PMF). The PMF (Ap) is composed by two interchangeable components:
the membrane potential (Ay) and the pH gradient (ApH), being described by:
Ap=Ayp+ApH. K* uptake has been shown to regulate these two components. Most
microbes control their pH homeostasis in order to have a near neutral intracellular pH,
despite fluctuations of external pH. Organisms like Escherichia coli and Bacillus subtilis
for instance, maintain their intracellular pH between 7.4 and 7.8, while being exposed
to external pH's in the 5.0 to 9.0 range (Padan et al., 1976; Shioi et al.,, 1980;
Slonczewski et al., 1981). K* uptake is used as a mechanism to alkalinize the cytosol
when the cells are exposed to an acidic pH. The influx of K* modulates Ay by
depolarizing the cells due to the increase in positive charges, allowing efflux of protons
and therefore increasing ApH and maintaining a near neutral intracellular pH (Bakker &
Mangerich, 1981; Kroll & Booth, 1981). When these organisms are exposed to an
alkaline pH, K*/H* transporters modulate proton influx in order to adjust the intracellular
pH to near neutral (Kroll & Booth, 1983).

More recently, K* has been proposed to be involved in cell communication between
bacterial communities through signalling in biofilms. Biofilms are organized bacterial
communities that typically form under environmental stress conditions, such as nutrient
limitation (Branda et al., 2001; Vlamakis et al., 2008). Recent studies of Bacillus subtilis
biofilms by Suel and colleagues revealed the existence of a metabolic oscillation that
results from a co-dependence between cells in the interior and at the periphery of the

biofilm (J. Liu et al., 2015). As the biofilm grows in size, cells in the interior and at the
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periphery compete for nutrients. This metabolic oscillation causes a periodic halt in
biofilm growth, until nutrients are made available to the interior cells (J. Liu, et al., 2015).
Coordination of the metabolism between distant cells in the biofilm is conveyed through
electrical signalling (Prindle et al., 2015). It was proposed that this signal results from a
K* flux from the cytosol to the extracellular media, which produces electrical waves that
propagate through the biofilm and coordinate metabolic states.

lon channels

The cellular membrane is a phospholipid bilayer that envelopes and defines the cell, by
separating the agueous media inside the cell from the surrounding environment. This
membrane creates a barrier for the passage of hydrophilic compounds and allows the
cell to create electrical charge differences by controlling the intracellular and
extracellular ion concentrations. These charge differences establish an electrical
potential across the membrane (membrane potential), inside negative at the resting
state, which enables the cell to store and use energy. The main inorganic ions involved
in this membrane potential are K*, Na*, Ca?* and CI- and their transport is mediated by
specialized membrane-embedded proteins, namely ion channels and ion pumps (Bertil
Hille, 2001). lon channels are involved in the passive diffusion of ions down their
electrochemical gradient while ion pumps transport ions against their gradient, at the
cost of energy (in the form of ATP, for example).

The study of ion channels can be traced back to the 19" century, when Ringer
demonstrated that a specific proportion of sodium, potassium and calcium was required
in order to enable the contraction of the frog cardiac muscle for several hours (Ringer,
1882a, 1882b, 1883a, 1883b). In the beginning of the 20" century, Julius Bernstein
suggested the “membrane hypothesis”. In his studies of excitable cells from nerve and
muscle, he proposed that, in the resting state, the cellular membrane is selectively
permeable to K*, with the resting potential being set by the movement of K* ions across
the membrane according to their concentration gradient. When a stimulus occurs, the
membrane would become non-selective and therefore permeable to other ions as well,
short-circuiting the diffusion potential of K* and transiently increasing the membrane
potential to 0 mV and generating what is known as the action potential (Bernstein, 1902)
(English translation in: Boylan JW (ed) Founders of experimental physiology. JF
Lehmanns Verlag, Minchen 1971, pp 258-299]).



In the 1950s, Hodgkin and Huxley provided a breakthrough in ion channel
understanding (Hodgkin & Huxley, 1952a, 1952b, 1952c, 1952d). They recorded
intracellularly an action potential for the first time and showed that it exceeded 0 mV,
adjusting Bernstein’s hypothesis. In fact they demonstrated, along with Katz, that this
overshoot is due to an increased permeability of the membrane to Na* ions during the
action potential and not to non-selective permeability (Hodgkin & Katz, 1949). In 1955,
Hodgkin and Keynes provided the first experimental evidence for channel mediated ion
flux, by measuring directional K* flow using the “?K* isotope. They suggested that the
ions move in a single file and that several ions cross the membrane at the same time
(Hodgkin & Keynes, 1955). Later on, Armstrong and Hille demonstrated that K* and Na*
flux across the membrane is mediated by unique protein pores (Na* channels and K*
channels) (Armstrong, 1971, 1981; B. Hille, 1970).

Potassium channels

Potassium channels are ubiquitous in all living organisms and kingdoms of life including
archaea (Jiang et al., 2002a; Parfenova et al., 2007), bacteria (Milkman, 1994; Schrempf
et al., 1995), yeast (Ketchum et al., 1995; X. L. Zhou et al., 1995), plants (Anderson et
al., 1992; Sentenac et al., 1992) and animals (Atkinson et al., 1991; Dworetzky et al.,
1994; Papazian et al., 1987; Tempel et al., 1988), making them the most widely
distributed type of ion channel. Attesting to their physiological importance, K* channels
are present in most cell types, including cells from electrically inexcitable tissues such
as the liver (Pearson et al.,, 1999) and also in organellar membranes, including
mitochondria (Siemen et al., 1999; Szabo et al., 2005) and chloroplasts (Carraretto et
al., 2013; Tempel, et al., 1988; Tester & Blatt, 1989).

The first K* channel to be cloned was the Shaker channel from Drosophila melanogaster
(Kamb et al., 1987; Papazian, et al., 1987; Pongs et al., 1988). This revealed for the first
time the sequence of a K* channel and led to subsequent biochemical and functional
studies, using pore blockers and mutagenesis, in order to map the channel pore and
selectivity filter, as well as the gating region (Aggarwal & MacKinnon, 1996;
Heginbotham et al., 1994; Hidalgo & MacKinnon, 1995; Roderick MacKinnon, 1991; R.
MacKinnon & Miller, 1989; Ranganathan et al., 1996; Yellen et al., 1991). These studies

allowed important inferences about the general architecture of K* channels.

K* channels usually assemble as tetramers, with four subunits surrounding a central

pore, through which K* flows. Each of these subunits can have two, four or six
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transmembrane helices, as well as associated cytoplasmic regulatory domains. The
hallmark of K* channels is their ability to conduct K* at high rates (107-108 per second),
while also being able to select for K* ions (1.33 A radius) over the smaller Na* ions (0.95
A radius) by a factor of over 1000. Remarkably, this high selectivity for K* does not
compromise the conduction rates that are very similar to the rates of unrestricted
diffusion of ions in water (Bertil Hille, 2001; R. MacKinnon, 2004). K* channel selectivity
occurs in the selectivity filter, a region that forms the coordination shell for K* ions inside
the channel pore. The K* channel selectivity filter contains a highly conserved sequence
(TVGYG or TVGFG) and mutation of these residues impairs the ability of the channel to

discriminate between K* and Na* (Heginbotham, et al., 1994).

The determination of the high resolution potassium channel structures of the
Streptomyces lividans KcsA (Doyle et al.,, 1998; Y. Zhou et al., 2001) and the
Methanobacterium thermoautotrophicum MthK (Jiang, et al., 2002a; Jiang et al., 2002b)
was a major contribution to the study of potassium channels. These structures
confirmed many of the previous predictions and provided a better understanding of K*
conduction, by revealing molecular details regarding the pore and selectivity filter

structure and the mechanisms of permeation and gating.

Selectivity and permeation

KcsA assembles as a tetramer of identical subunits, with four-fold symmetry around the
pore. Each subunit adopts the TM1-P-loop-TM2 architecture that consists of two
transmembrane helices (TM1 and TM2) and a pore loop (P-loop) region that includes
the pore helix (P-helix) and the selectivity filter sequence (Figure 1a). The intracellular
end of the channel presents a constriction known as the cytoplasmic gate, formed by
the packing of the TM2 helices in a bundle. This gate leads to a water filled cavity at the
centre of the membrane that contains a hydrated K* ion, stabilized by its hydration shell
(the oxygen atoms of eight water molecules) and the negative charges provided by the
C-terminus of the four P-helices. The selectivity filter constitutes the narrowest region of
the pore, around 4.5 A wide, and contains four evenly spaced K* binding sites (S1 to
S4) that allow ion permeation in a single file. Each K* ion is coordinated by eight oxygen
atoms from the main chain carbonyl and threonine hydroxyl groups of the conserved
TVGYG sequence (Doyle, et al., 1998; Y. Zhou, et al., 2001) (Figure 1b). This oxygen
coordination results in a cage-like structural configuration surrounding the K* ion, with

four oxygens on a plane above the ion and another four on a plane below; this
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configuration mimics the K* hydration shell and therefore compensates the dehydration
energy cost, helping to explain the high flux rates and selectivity for K*.

Selectivity,
filter

Figure 1: KcsA potassium channel structure (PDB: 1K4C). a) Top view of the tetramer
forming the ion pore. TM1, P-helix and TM2 are colored yellow, green and cyan, respectively.
The selectivity filter is highlighted in orange and K* ions are shown as blue spheres. b) Side view
of two channel subunits, depicting the selectivity filter (orange sticks), the water filled cavity and
the cytoplasmic gate formed by the TM2 helix bundle. K* ions and water molecules are shown
as blue and red spheres, respectively. The ion binding sites S1 to S4 are indicated. The structure

shows an average K*occupation in the S1, S3 and S2, S4 configurations.

It was also shown that the selectivity filter contains more than one ion at a time and
proposed that K* adopts two distinct configurations, occupying two sites at a time (S1,
S3 or S2, S4), while the remaining sites are occupied by water molecules (Morais-
Cabral et al., 2001). lon conduction is propelled by electrostatic repulsions, but the
number of actual K* ions inside the filter is a subject that is still being explored. The
conduction model described above, with two K* ions intercalated with water molecules
at a time in the filter, is called the soft knock-on model. Recently, the hard or direct
knock-on model has been proposed, in which all four sites of the filter contain K* ions
and there are no water molecules present (Kopfer et al., 2014). This model arose from
re-refinement of available KcsA structures using different approaches, as well as
molecular dynamics simulations. The conclusion was that direct contact between the
ions is not energetically prohibitive and Coulomb repulsion between the ions drives ion
conduction. Other techniques have been employed to understand this issue, including

two-dimensional infrared spectroscopy (Kopec et al., 2018; Kratochvil et al., 2016), and
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results have been obtained that support both models. Further studies will be required to
reach a consensus regarding the mechanism of ion permeation through the selectivity
filter.

Gating

lon flux through a potassium channel pore is regulated by a process called gating, which
allows the channel to go from a closed non-active state to an open active state in
response to different stimuli. These stimuli can be ligands (ligand-gated channels),
changes in the membrane potential (voltage-gated channels), membrane pressure
(mechanosensitive channels) or temperature (temperature-gated channels). A channel
can encompass several gates that obstruct ion conductance, such as the cytoplasmic
gate shown in Figure 1b. For instance, the KcsA cytoplasmic gate is regulated by pH.
At low pH, binding of protons at the cytoplasmic gate, disrupts the hydrogen bonds that
stabilize the TM2 helix bundle and results in channel opening (Cuello et al., 1998;
Heginbotham et al., 1999; Takeuchi et al., 2007; Thompson et al., 2008).

In other channels, such as MthK, the gating process is regulated by ligand binding to
cytoplasmic regulatory domains. MthK is a ligand-gated K* channel that assembles as
a tetramer and displays a four-fold symmetry around the pore. Each subunit is
composed by two transmembrane helices (TM1 and TM2) linked by the pore loop (P-
loop) region, and an attached cytosolic regulatory domain at the C terminus of TM2.
Four additional copies of this cytosolic domain are expressed via an alternative starting
codon initiated at methionine 107. These additional domains assemble in the cytosol
with the four domains attached to the channel to form an octameric gating ring (Figure
2) (Jiang, et al., 2002a, 2002b). The MthK selectivity filter contains the canonical

TVGYG sequence characteristic of K* channels.

The MthK channel has been extensively studied and was shown to be activated by Ca?*
and inhibited by pH (H*) (Jiang, et al., 2002a; M. M.-C. Kuo et al., 2007; Li et al., 2007;
Parfenova et al., 2006; Pau et al., 2010; Zadek & Nimigean, 2006). Several full-length
and transmembrane (pore) channel structures (Fan et al., 2020; Jiang, et al., 2002a,
2002b; Sheng Ye et al., 2010), along with several structures of the gating ring in different
conformations (Dong et al., 2005; Pau et al., 2011; Smith et al., 2013; S. Ye et al., 2006)
were obtained. Recently, cryo-electron microscopy (Cryo-EM) structures of different
MthK functional states have also been determined (Fan, et al., 2020). These structures

provided molecular details regarding channel regulation.
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a) Closed b) Open

TM2 bundle
__ (cytoplasmic gate)

(P
Flexible (ACS )

intqg:face

Assembly
interface

Figure 2: MthK potassium channel structures. a) Top- Side view of a closed MthK channel
(PDB: 6U6D), depicting the obstruction to ion conduction created by the TM2 bundle. Bottom-
gating ring in the absence of calcium. b) Top- Side view of an open MthK channel (PDB: 1LNQ),
depicting the bending of the TM2 helices and opening of the pore. The linkers between the TM2
helices and their C-terminal cytosolic domains are not observed in the structure. Bottom- gating
ring with bound calcium. The assembly and flexible ring interfaces are highlighted for one set of
dimers in the gating ring. Expansion of the ring in the open state compared to the closed state is
illustrated by the distances between the Ca of R116 residues in opposite sides of the rings. Pore
domains are shown in in grey. In the octameric ring, the domains depicted in cyan are covalently
attached to the pore domain and the domains depicted in yellow are expressed separately and

assemble with the cyan ones in the cytosol.

In the closed state, the pore inner helices (TM2) that make up the cytoplasmic gate are
straight and create a constriction at the intracellular side, forming a bundle that impairs
ion conduction (Figure 2a). Upon Ca?* binding, the octameric gating ring expands and
pulls on the C-linker that attaches the gating ring to the C-terminus of the TM2 helices,
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causing them to bend just below the selectivity filter. The bent helices splay open and

create a wide entryway that allows for ion conduction (open state) (Figure 2b).

K* channels are also known to be inactivated shortly after activation, going from an open
active state to an open inactivate state. Inactivation consists in the stoppage of ion
conduction while the activating stimulus is still present. There are currently two
mechanisms proposed for inactivation of K* channels: C-type inactivation and N-type

inactivation.

The C-type inactivation mechanism is usually slow and results from conformational
changes at the selectivity filter that impair K* binding and abolish ion conduction
(Toshinori Hoshi et al., 1991). This mechanism provides an example of gating at the
selectivity filter. In the KcsA channel, the structure of the selectivity filter was shown to
depend on the number of K* ions that are present inside the filter. In the presence of a
[K*] below 20 mM, only one K* ion was detected inside the filter and a conformational
change occurs that causes the filter to collapse, closing in the middle (Y. Zhou, et al.,
2001). Furthermore, functional studies revealed that E71, a residue that establishes
contacts with the selectivity filter sequence, is essential for the inactivation process
(Cordero-Morales et al., 2006).

The N-type inactivation mechanism is a fast, auto-inhibitory process in which an N-
terminal portion of the channel goes through the open cytoplasmic gate into the pore
and blocks ion conduction (T Hoshi et al., 1990; Zagotta et al., 1990). This process is
often referred to as the ball and chain mechanism, originally described for Na* channels
(Bezanilla & Armstrong, 1977). The ball consists of a cytoplasmic region at the channel
N terminus, with hydrophobic residues at the beginning that establish interactions within
the pore and a few hydrophilic residues at the end that interact with residues at the
intracellular gate region. The chain is a stretch of residues that confers mobility. A recent
Cryo-EM structure of the open-inactivated state of the MthK channel presents an
example of N-type inactivation. The structure displays an elongated density inside the
pore corresponding to the first 17 residues of the N-terminal domain, modelled as an a-
helix (Fan, et al., 2020). Molecular dynamics simulations indicate that the binding of this
a-helix inside the pore is energetically favourable and functional studies showed that a
MthK mutant lacking residues 2-17 is no longer inactivated (Fan, et al., 2020; M. M. Kuo
et al., 2008). Furthermore, an open state Cryo-EM structure determined for this mutant

does not have an extended density inside the pore (Fan, et al., 2020).
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RCK domains

RCK (regulator of conductance of K*) domains are cytosolic regulatory domains that
modulate the activity of K* channels and transporters (Jiang et al., 2001), with one
example being the gating ring described above for the MthK K* channel (Jiang, et al.,
2002a). A sequence analysis of 270 prokaryotic genomes showed that more than half
of the identified potassium channels (127 of 217) contain RCK domains, demonstrating
their importance in prokaryotic K* homeostasis (M. M. Kuo et al., 2005; Loukin et al.,
2005).

RCK domains have a characteristic structural feature, the Rossman-fold (Rossmann et
al., 1974). The classical Rossman-fold is composed by two B-a-B-a-f motifs linked by
an a-helix. The motifs are arranged so that the six B-strands are parallel and form an
extended (B-sheet with both faces surrounded by the a-helices. In some RCK domains,
the Rossman-fold contains the classical nucleotide binding motif (GxGxxGx[n]E/D;
where G is glycine, E glutamate, D aspartate, x any amino acid and n is the number of
residues until E/D, usually ~16) (Bellamacina, 1996), which enables them to bind
nucleotides. Domains that contain this nucleotide binding motif are sometimes referred
to as KTN domains (K* transport and nucleotide binding) (Jiang, et al., 2001; Roosild et
al.,, 2002). RCK domains form dimeric or pseudo-dimeric units that assemble as a
functional octameric ring (Albright et al., 2006; Cao et al., 2013; Deller et al., 2015; Dong,
et al., 2005; Jiang, et al., 2002a; Jiang, et al., 2001; Kong et al., 2012; Vieira-Pires et
al., 2013; Wu et al., 2010). The KefC K* transporter presents an exception in which the
dimer is the functional unit (Roosild et al., 2009). The majority of RCK domains include
an N-terminal domain, that adopts the Rossman-fold, and a C-terminal domain that is
less conserved. However, it is possible to find RCK domains that lack the C-terminal

domain.

RCK domains have been found in K* channels with two or six transmembrane helices
per subunit (2TM and 6TM, respectively). Interestingly, while in 2TM K* channels RCK
domains with and without the nucleotide binding motif have been found, none of the
RCK domains found in 6TM K* channels contain this motif and these are regulated by
cations (M. M. Kuo, et al., 2005). In general, RCK domains are classified as either
nucleotide- or cation-dependent (Cao, et al., 2013). RCK domains are also known to
display different arrangements and interactions with the effector membrane protein. In
some prokaryotic RCK-containing K* channels, each channel subunit contains a single

RCK domain attached to the C terminus of the membrane protein. Additional copies of
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the domain are expressed as separate proteins via an alternative starting codon,
enabling the assembly of the functional octameric gating ring, as seen in the MthK
channel (Jiang, et al., 2002a, 2002b). In the Slo K* channel family, each channel subunit
contains two tandem RCK domains attached to the C terminus of the membrane protein,
enabling the formation of the gating ring without the need for a separate RCK domain
protein (Wu, et al., 2010; Yuan et al., 2010). Single or two tandem RCK domains can
also be expressed as soluble proteins that form an independent octameric ring and
assemble in a complex with the membrane protein (Cao, et al., 2013; Vieira-Pires, et
al., 2013). Prokaryotic genome sequencing analysis also revealed that at least five 2TM
K* channels have an RCK attached to both the N-terminal and C-terminal domains (M.

M. Kuo, et al., 2005) but, to the date, none of these channels has been studied.

RCK domains regulate K* flux through rearrangements of the dimer unit upon binding
of signalling molecules, which ultimately results in a conformational change in the
effector membrane protein. In the MthK channel, which contains a cation-dependent
RCK gating ring, the mechanisms that underlie these conformational changes have
been explained by thorough functional and structural analyses. The eight RCK domains
that compose the MthK octameric gating ring are arranged in a tetramer of dimers, with
the N-terminal domains forming the ring and the C-terminal domains at the periphery
(Figure 2). In each dimer, only one subunit is attached to the C terminus of the
membrane protein; the attached subunits of different dimers are disposed on a higher
plane than the ones coming from solution and do not interact with each other. The ring
displays two unique protein interfaces termed assembly interface and flexible interface
(Jiang, et al., 2002a; S. Ye, et al., 2006).The assembly interface is formed by the inter-
dimer contacts of N-terminal helices aD and aE and the flexible interface is formed by
intra-dimer contacts involving the RCK C-terminal domains and helices aF and aG
(Figure 2).

Three distinct Ca?* binding sites (C1, C2 and C3) have been identified in each RCK
domain, totalling six sites per dimer (Pau, et al., 2011). The C1 site is located in the N-
terminal domain of each dimer subunit, while sites C2 and C3 are located at intra-dimer
interfaces in the C-terminal domains (Figure 3). All the sites are involved in channel
activation and sites C1 and C3 are allosterically coupled (Pau, et al., 2011; Smith, et al.,
2013).
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Figure 3: MthK RCK dimer calcium binding sites. Cartoon representation of a MthK RCK
dimer with one subunit in cyan and another in yellow (PDB: 4L73). The three calcium binding
sites C1, C2 and C3 are shown in close-up detail. Residues involved in interactions with calcium
ions are depicted using stick representation. Calcium ions and water molecules are shown as

green and red spheres, respectively.

Ca?* binding activates the MthK channel by stabilizing the octameric gating ring in an
expanded conformation that is propagated to the pore domain, opening the gate. The
ligand induced conformational changes in the octameric ring are achieved by rigid body
movements of the individual RCK dimer subunits, occurring across the flexible and
assembly ring interfaces. Interestingly, in the absence of Ca?*, the gating ring is able to
adopt different conformations (S. Ye, et al., 2006).

MthK can also be activated by other divalent cations including Cd?*, Ba?* and Sr?*, but
not Mg?* (Dvir et al., 2010; M. M.-C. Kuo, et al., 2007; F. J. Smith et al., 2012). Like Ca?*,
these cations also bind to the RCK gating ring, sharing at least the C1 binding site,
although other sites have been reported depending on the cation. Interestingly, the
ability of Ba?* to activate MthK led to the suggestion that, in physiological conditions, K*

might also activate the channel. In these conditions, the cytosolic concentration of K* is
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around 150 mM or higher. Moreover, the ionic radius of K* is very similar to that of Ba?*
(1.33 and 1.38 A radius, respectively) and, in two of the described Ba®* binding sites,
the interaction of the divalent cation with the protein is suggested to also be compatible
with a K* ion (Smith, et al., 2012).

MthK has been shown to be inhibited by pH. A pH lower than 7.5 inhibits ion conduction
through the channel by impairing calcium binding to the RCK domains and disrupting
the assembly of the octameric gating ring (Dong, et al., 2005; M. M.-C. Kuo, et al., 2007;
Pau, et al., 2010; Smith, et al., 2012; S. Ye, et al., 2006). The increased concentration
of protons (H*) at lower pH alters the RCK oligomerization state by destabilizing the
inter-dimer interactions at the assembly interfaces of the ring, breaking the RCK

octameric ring into dimers.

The Trk and Ktr cation channels

Trk and Ktr are multimeric complexes formed by an ion-conducting transmembrane
subunit (TrkH, G or | in Trk systems and KitrB or D in Ktr systems), and a cytosolic
regulatory subunit (TrkA or E and KtrA, C or E, respectively). Some of these cytosolic
regulatory proteins are RCK domains that, unlike in K* channels with RCK domains, are
not covalently bonded to the transmembrane channel region.

These cation channels play key roles in the regulation of pH homeostasis, adjustment
of membrane potential, osmoregulation, resistance to antibiotics and bacterial
pathogenicity (Berry et al., 2003; Gries et al., 2013; Holtmann et al., 2003; Kraegeloh et
al., 2005; Matsuda et al., 2004; Nanatani et al., 2015; Ochrombel et al., 2011; Prindle,
et al., 2015; J. Su et al., 2009). Particularly, they are essential for resistance to osmotic

stress and high salinity, by mediating an early K* uptake (Price-Whelan et al., 2013).

Trk is a constitutively expressed protein system with an estimated K* Ky of 1 mM. This
system has been extensively studied in Escherichia coli. The E.coli K12 strain contains
two ion conduction subunits (TrkH and TrkG) and one RCK cytosolic regulatory subunit,
TrkA. TrkA establishes functional complexes with both ion conduction subunits and has
been reported to be required for a high-flux Trk-mediated K* transport (Bossemeyer et
al., 1989; Rhoads et al., 1976; Schlosser et al., 1991; Schlosser et al., 1995). Halophilic
bacteria such as Halomonas elongata rely on Trk-mediated K* transport to avoid Na*
intake in saline environments and cope with salt stress. In this organism Trkl is the ion

conduction subunit and TrkA is the regulatory subunit (Kraegeloh, et al., 2005).
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The Kitr protein system has been described and characterized in Vibrio alginolyticus
(Nakamura et al., 1998), in the cyanobacterium Synechocystis and in the Gram-positive
bacteria Bacillus subtilis. In Synechocystis, there is only one ion-conducting subunit,
KtrB, previously known as NtpJ (Berry, et al., 2003). KtrB assembles in a functional
complex with the regulatory subunits KtrA and KtrE. While KtrA is an RCK domain, KtrE
displays amino acid sequence similarity with glycosyl transferases (Matsuda, et al.,
2004). In Baciilus subtilis there are two ion conducting subunits, KtrB and KtrD, and two
RCK cytosolic regulatory subunits, KtrA and KtrC. KtrA and KtrB are in the same operon
while KtrC and KtrD are encoded separately. This has led to the proposal that two K*
transport systems exist in this organism: KtrAB and KtrCD. The two systems differ in K*
affinity; KtrAB has a Ky for K* of 1 mM as opposed to 10 mM in KtrCD (Holtmann, et al.,
2003). Glutamate has been suggested to increase the KtrCD K* affinity (Krtiger et al.,
2020a). Recently, we showed that each ion conduction subunit can assemble in a

functional complex with KtrA or KtrC (Rocha et al., 2019).

The initial functional studies of the Trk and Ktr systems suggested that they were
transporters, coupling influx of K* with H* (Harms et al., 2001; Stewart et al., 1985) and
Na* (Tholema et al., 1999; Zulkifli et al., 2010), respectively. However, recent structural
and functional studies showed that these proteins are cation channels (Cao et al., 2011;
Cao, et al., 2013; Mikusevic et al., 2019; Szollosi et al., 2016; Vieira-Pires, et al., 2013;
H. Zhang et al., 2020). Trk and Ktr channels belong to the superfamily of K* transporters
(SKT). In this superfamily, each transmembrane subunit (protomer) is typically
composed by four homologous non-identical repeats, adopting the same TM1-P-loop-
TM2 architecture present in K* channels. These domains are termed D1-D4 and create
an ion permeation pathway. SKT protomers are proposed to have evolved from a 2TM
K* channel ancestor by multiple gene duplication and fusion (Durell et al., 1999),
nonetheless, these proteins also reveal differences in comparison to K* channels. The
TM1-P-loop-TM2 domains have variable sequences and are connected by cytoplasmic
loops of different lengths (Durell, et al., 1999). Furthermore, the selectivity filter of SKT
proteins is less conserved than in K* channels: instead of the canonical TVGYG
sequence, only the first glycine residue is conserved in SKT protomers, conferring less
selectivity for K* (Tholema, et al., 1999; Tholema et al., 2005) (Figure 4).
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a) KcsA b) KtrB c) TrkH

Figure 4: Selectivity filter comparison between KcsA, KtrB and TrkH. a) KcsA selectivity
filter (PDB: 1K4C). b) KtrB selectivity filter (PDB: 4J7C). c) TrkH selectivity filter (PDB: 3PJZ).
Selectivity filter residues are shown as sticks. K* ions are shown as green spheres and ion
binding sites are labelled S1 to S4. Conserved glycine is highlighted in orange.

The determined structures of the Vibrio parahaemolyticus TrkAH (Cao, et al., 2011; Cao,
et al., 2013; H. Zhang, et al., 2020) and of the Vibrio alginolyticus and Bacillus subtilis
KtrAB (Diskowski et al., 2017; Szollosi, et al., 2016; Vieira-Pires, et al., 2013) channels
confirmed that each TrkH and KtrB protomer is composed by four TM1-P-loop-TM2
segments (D1-D4), with TrkH also containing two additional transmembrane helices at
the N terminus (DO0). Interestingly, the ion conducting subunits organize as homodimers,
with each protomer forming an ion permeation pathway. Furthermore, these
homodimers assemble in a complex with an octameric gating ring formed by RCK

cytosolic regulatory proteins.

TrkAH channel structure and regulation

TrkAH is a nucleotide regulated cation channel, upregulated by ATP and downregulated
by ADP (Cao, et al., 2013). The structures of the Vibrio parahaemolyticus TrkH, TrkA
and TrkAH complexes, contributed to the understanding of the regulation mechanism of
this channel (Cao, et al., 2011; Cao, et al., 2013; H. Zhang, et al., 2020).

The TrkH dimer assembles in a complex with a gating ring formed by the nucleotide-
dependent RCK regulatory protein TrkA (Figure 5a). The TrkH dimer interface between
the two protomers is formed by helices from the D3 and D4 domains. A large portion of
this extensive interface is formed by the second half of the broken M2 helix from the D3

domain (D3M2b), which is sharply tilted in relation to the membrane (Figure 5b). As
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described above, the ion permeation pathway is formed by the assembly of domains D1
to D4 and has two important features: the selectivity filter and the intramembrane loop.

a)

HNA }?z:f/,ﬂ)//) HN2 Intramembrane T D3M2b helix
interface e f"‘-rf- ) interface loop D3-D4 loop
c) RCK1 RCK2

N1 lobe [JGTNSBEN N2lobe C2lobe ggl¥ N2-N2
interface

Figure 5: TrkAH structure. a) Extracellular view of the TrkAH complex. TrkH dimer, shown in
wheat, sits on top of a TrkA octameric ring formed by four TrkA protomers. In each TrkA
protomer, the N and C-terminal domains are shown in blue and grey, respectively, for RCK1 and
in violet and pink for RCK2. K* ion is shown as green sphere. HN1 and HN2 contact regions
between TrkH and TrkA are indicated. b) Membrane view of the TrkH dimer with relevant
structural elements discussed in the text highlighted in one subunit. D2 domain is omitted in this
subunit for clarity. Selectivity filter is shown in yellow and intramembrane loop in blue. R468 is
shown in orange stick. ¢) Top- Scheme showing RCK domain organization in the TrkA protomer.
Bottom- Cartoon representation of a nucleotide bound TrkA protomer (PDB: 4J9V). ATPyS is
shown in stick representation. d) Cartoon representation of a TrkA ring with the inter-protomer

N1-N1 and N2-N2 interfaces indicated. Color scheme for ¢) and d) is the same stated in a).
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The intramembrane loop, together with R468, forms a barrier for cation permeation and
is positioned close to the selectivity filter (Figure 5b). R468 is positioned in the second
transmembrane segment of D4 and is highly conserved in bacterial SKT proteins. The
intramembrane circular loop connects the two helical sections of TM2 in D3 and is
present in TrkH, TrkG and KtrB. The intramembrane loop is rich in glycine and other
small residues such as serine and alanine, which are well conserved across different
sequences (Cao, et al., 2011). These two elements form a narrow constriction that
needs to widen in order to allow cation permeation, possibly acting as a gate, and are a
feature that has not been observed in the structure of any K* channel to date. Mutations
of R468 in TrkH result in an increased channel activity and the intramembrane loop is

required for TrkH interaction with the regulatory protein TrkA (Cao, et al., 2013).

Each TrkA protomer contains two tandem RCK domains, RCK1 and RCK2, and both
have a nucleotide binding site (Figure 5c). Therefore, the TrkA ring is formed by a
tetramer of protomers and contains eight nucleotide binding sites. In the case of TrkA,
the flexible interface described for K* channels RCK domains is equivalent to the
intramolecular interface between RCK1 and RCK2 in a TrkA protomer. The gating ring
shows two assembly interfaces between TrkA protomers: one between the N-terminal
lobes of RCK1 (N1-N1 interface) and another between the N-terminal lobes of RCK2
(N2-N2 interface) (Figure 5d). These interactions give the ring a 2-fold symmetry that
matches the TrkH dimer (Cao, et al., 2013). The X-ray structure of a closed state TrkAH
bound to NADH revealed that each TrkH monomer interacts with the TrkA N2 domains.
The structure of an isolated TrkA in solution showed a gating ring with a substantial
conformational change compared to the complex structure. In this structure, the N2-N2
interfaces rotate and slide past each other, converting TrkA from a planar to a twisted
conformation. It was suggested that this conformational change may be regulated by

nucleotide-binding and act as a mechanism for activating the TrkAH complex.
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Figure 6: ADP and ATP-bound TrkAH structures. Membrane views of the TrkAH complexes
a) ADP-bound and b) ATP-bound, depicting conformational changes in the TrkH-TrkA contacts
and disruption of the HN1 interface in the ATP-bound TrkAH. Close-up views are shown for the
HN1 and HN2 interfaces for c) TrkAH-ADP and d) TrkAH-ATP, showing no major changes in the
HNZ2 interface. e) Close-up view of the ADP (left) and ATP-bound (right) TrkA N2-N2 interfaces,
depicting the disruption of the N2-N2 interface in the ATP bound state. TrkH is shown in wheat.
In each TrkA protomer, the N and C-terminal domains are shown in blue and grey, respectively,
for RCK1 and in violet and pink for RCK2. In b), TrkA C-terminal domains are absent in the ring,

since they were not modelled in the structure due to poor density in these regions.
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A Cryo-EM structure of TrkAH bound to ATP and an X-ray crystallography structure of
TrkAH bound to ADP have recently been solved (H. Zhang, et al., 2020), providing new
insights on the regulatory mechanism of this channel. In the ADP-bound structure the
channelis in a closed conformation, similar to the one previously obtained in the NADH-
bound TrkAH structure. This structure revealed that each TrkH monomer interacts with
both the N1 and N2 domains of TrkA (HN1 and HN2 interfaces, respectively), and not
only with the N2 domain as previously described (Figure 6a and 6c¢). The ATP-bound
structure provides a new perspective of TrkAH regulation. In this structure, TrkH is
partially open and only interacts with TrkA through the HN2 interface (Figure 6b and
6d). ATP appears to bind in the TrkA N1 and N2 domains. Binding of ATP leads to
conformational changes in the TrkA gating ring that involve a rotation of the N2 domains
relative to the N1 domains. This rotation disrupts the N2-N2 interface, resulting in the
breaking of the TrkA tetramer into two dimers and forcing the N1 domains to move away
from TrkH, eliminating the HN1 interaction (Figure 6b, 6d and 6e). However, in this
structure TrkA is poorly resolved at the level of the N1 domains and the C-terminal
domains could not be modelled. Functional studies performed by the authors support
that the HN1 interaction is required to close the channel and that mobility at the N2-N2
interface is required for TrkA-induced opening of TrkH. Nonetheless, the ATP-bound
TrkAH channel is only in a partially open state and further studies are required to
understand the conformational changes that the channel undergoes to reach a fully-
open state.

The mechanism of TrkAH activation proposed by the authors is the following: ADP
binding to TrkA stabilizes the TrkA tetrameric gating ring and keeps the channel closed,
by promoting interactions with TrkH at the HN1 and HN2 interfaces. Upon ATP binding
to TrKA, the N2-N2 interfaces of the ring are disrupted, breaking it into two dimers. The
conformational changes that result from this breakage eliminate the HN1 interaction and
lead to the opening of TrkH. The opening of the ion permeation pathway results from
dilation of the pore-lining helices and movement of the intramembrane loop towards the

cytoplasmic side.

KtrAB structure and regulation

KtrAB is a cation channel regulated by nucleotide-dependent conformational changes
of its RCK domain KirA. Binding of ATP to KtrA results in high ion flux, while binding of
ADP decreases the flux activity (Kroning et al., 2007; Vieira-Pires, et al., 2013). This

channel has been extensively studied, with structures being determined for KtrAB
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complexes from Vibrio alginolyticus and Bacillus subtilis, as well as for KtrA alone bound
to different nucleotides (Albright, et al., 2006; Diskowski, et al., 2017; Roosild, et al.,
2002; Szollosi, et al., 2016; Vieira-Pires, et al., 2013).

Like TrkH, KtrB assembles as a homodimer in the membrane (Albright et al., 2007,
Vieira-Pires, et al., 2013), with each protomer forming an ion permeation pathway. Only
one canonical cation binding site in the selectivity filter is confirmed, with the possibility
of two others being available (Figure 4b). A recent study of KtrB form Vibrio algynoliticus
revealed that KtrB is able to bind different cations with similar affinities, in the low
milimolar range (Kq of 1.6-3 mM). Interestingly, in the presence of Na* or Li*, the binding
affinity for K* increased by ten-fold (K4 of 96-260 uM) (Mikusevic, et al., 2019).

As described for TrkH, below the selectivity filter there is an intramembrane loop in
repeat D3. Together with the highly conserved arginine residue (R417), this loop blocks
access between the selectivity filter and the cytoplasmic pore (Figure 7b). Electron
paramagnetic resonance studies revealed movement of the loop in the presence of K;
point mutations and truncations in the intramembrane loop also showed an increased
K* flux (Hanelt, Lochte, et al., 2010; Hanelt, Wunnicke, et al., 2010; Vieira-Pires, et al.,
2013).

The most striking difference between KtrB and TrkH resides in the C terminus. TrkH has
a short C terminus that does not establish any contacts; KtrB has a long C terminus that
runs from one protomer to the other, interacting with KtrA, entering the pore of the
neighbouring subunit and finishing just below the intramembrane loop (Figure 7b and
7c¢) (Vieira-Pires, et al., 2013). A highly conserved C-terminal glycine (G445) is
positioned close to the intramembrane loop so that its C-terminal carboxylate group
interacts with the side chain of a lysine that is part of the intramembrane loop and is
conserved in both KtrB (K315) and TrkH (K357) (Figure 7b). This C-terminal glycine
does not exist in TrkH. The glycine carboxylate by itself does not appear to have a
substantial effect in channel regulation, as shown by truncation studies. However,
removal of the last four residues of the KtrB C terminus results in a non-functional
channel and impairs the KtrAB complex assembly (Vieira-Pires, et al., 2013);
Furthermore, removal of the last 10 or 15 residues of the KtrB C terminus destabilizes
the KtrB dimer (Albright, et al., 2007).
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Tip contact

N-lobe

/ Intramembrane

D1M2b loop
tip helix C terminus

Figure 7: KtrAB structure. a) Extracellular view of the KtrAB complex. A KtrB dimer, shown in
orange, sits on top of a KtrA octameric ring formed by four KtrA dimers. KtrA subunits in the ring
are alternately colored blue and red. Lateral and tip contact interfaces between KtrB and KtrA
are indicated. K* ion is shown as green sphere. b) Membrane view of the KtrB dimer with relevant
structural elements discussed in the text highlighted in one subunit. D2 domain is omitted in this
subunit for clarity. Selectivity filter is shown in blue and intramembrane loop in cyan. KtrB long C
terminus that protrudes into the opposite subunit is shown in green. D1M2b tip helix is shown in
yellow. R417 is shown in white stick, K315 is shown in purple stick and G445 is shown in green
stick. ¢) Close-up views of a lateral and a tip contact interface. D3-D4 KtrB loop is shown in grey.
KtrB C terminus and D1M2b helix are shown in green and yellow, respectively. d) Cartoon
representation of an ATP-bound KtrA dimer. Subunits are colored blue and red and ATP is shown

in stick representation. N and C-lobe domains are indicated for a KtrA protomer.
The KtrB dimer assembles in a complex with a KtrA octameric gating ring to form the

KtrAB channel (Figure 7a). Unlike TrkA, each KtrA protomer only contains one
nucleotide-binding RCK domain (Figure 7d). Since the basic KtrA structural unit is a
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dimer, the KtrA octameric ring is composed by a tetramer of dimers, with eight N-

terminal nucleotide binding sites.

Earlier crystal structures of a C-terminal truncated version of KtrA (KtrAac) from Bacillus
subtilis were obtained with several bound nucleotides, including ATP, ADP, NAD* and
NADH (Albright, et al., 2006; Roosild, et al., 2002). These structures revealed that the
KtrA octameric gating ring is able to adopt different conformations. Three distinct
conformations were described: a four-fold symmetric square conformation and two two-
fold symmetric conformations (a diamond and a rectangle), that result from diagonal
expansions of two opposing KtrA dimers. Curiously, the same conformation was
adopted with different ligands. The square conformation was observed with ATP and
NADH, the diamond conformation was observed with ADP, NADH and NAD* and the
rectangle conformation was only obtained with NADH. Biochemical studies showed that
both the full-length and the C-terminal truncated versions of KtrA bind ATP and ADP
even more tightly than NAD* or NADH, suggesting that these two nucleotides are
involved in the regulation of KtrAB (Albright, et al., 2006; Kroning, et al., 2007).

Crystal structures of the ATP-bound KtrAB channel and of the native full-length KtrA
alone from Bacillus subtilis, bound to both ATP and ADP were determined (Vieira-Pires,
et al., 2013). Additionally, a crystal structure of the KtrAAcB bound to ADP and a Cryo-
EM structure of the Vibrio alginolyticus KtrAB bound to ADP were also obtained
(Diskowski, et al., 2017). These structures helped to gain some understanding about
the KtrAB regulation mechanism.

The KtrA full-length structures clearly show a different ring conformation for each ligand:
a two-fold diamond conformation with ADP and a four-fold square conformation with
ATP (Vieira-Pires, et al., 2013) (Figure 11). The conformation of the KtrA ring in the
ATP-bound KtrAB complex is very similar to the isolated KtrA ring with ATP. This
indicates that, unlike the truncated form where ligand binding is not coupled to ring
conformation, in the full-length isolated KtrA the binding of either ATP or ADP
determines the conformation of the ring. These results reinforced the essential role
played by the C-terminal domain of the RCK protein in the conformation adopted by the

octameric ring upon ligand binding.

The ATP-bound KitrAB channel structure revealed that the KtrB dimer sits directly on
the face of the KtrA ring, establishing two types of contacts with it through cytoplasmic

loops: a lateral contact and a tip contact (Figure 7a and 7c) (Vieira-Pires, et al., 2013).
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The lateral contact is established by the D3-D4 loop of a KtrB subunit, a section of the
KtrB C terminus of the neighbouring KtrB subunit and the KtrA N-terminal domain. The
tip contact occurs at the apexes of the cytoplasmatic face of KtrB, where the D1M2b tip
helix interacts with two opposing KtrA subunits (Figure 7c). However, even though ATP
binding leads to the activation of the KtrAB channel (Szollosi, et al., 2016; Vieira-Pires,
et al., 2013), the ATP-bound KtrAB structure captured a state where the channel pores
are closed, with the intramembrane loop occluding the ion permeation pathway, possibly

because the protein was crystallized in detergent.

The ADP-bound KtrAAcB crystal structure and KtrAB Cryo-EM structure revealed details
of the low activity state of the channel (Diskowski, et al., 2017; Szollosi, et al., 2016). In
these structures, the KtrB homodimer displays a similar conformation to that observed
in the ATP-bound state. The KtrB protomers interaction involves their C-termini, which
also establishes lateral contacts with the KtrA octameric ring. However, the RCK ring
adopts a non-square conformation and is asymmetrically expanded along the diagonal
defined by the tip contacts. The most interesting feature observed in the Cryo-EM
structure of the low activity state is related to the KtrB D1M2 helix. In the ATP-bound
state the D1M2 helix is divided in three regions: M2a, M2b and the M2b tip helix, with
the tip helix bent towards the membrane (Figure 7b). In the ADP-bound state, D1M2b
forms a continuous helix that is fully extended towards the cytoplasmic side, poking
through the inner hole of the KtrA ring (Figure 8). Furthermore, the KirB D4M2 helix also
seems to straighten in the ADP bound state compared to the bending observed in the
ATP bound state in the vicinity of the conserved R417. Unfortunately, the resolution of
the structure does not allow mapping of the specific contacts established by the KtrB
D1M2b helix and KtrA, but the interaction is likely to occur with residues in the vicinity
of the ADP binding site. For the same reason, the conformation of the gate composed
by the intramembrane loop and R417 could not be analysed.
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KtrAB-ATP KtrAB-ADP

Figure 8: ATP and ADP-bound KtrAB structures. Side view of the KtrAB complex bound to
ATP or ADP, showing the conformational rearrangement of the D1M2b helix, protruding into the
KtrA ring in the ADP-bound state. KtrB subunits are shown in light and dark grey and KtrA ring
subunits are alternately colored light and dark blue. D1M2b helix is shown in yellow. KtrAB-ADP
structure image was adapted from (Diskowski, et al., 2017) due to the lack of an available model
in the PDB.

An activation mechanism was proposed in which, in the ADP-bound state, the KtrAB
channel is in a closed state with the KtrB D1M2 helix fully extended and interacting with
the KtrA gating ring. This D1M2 conformation, together with the straightening of the
D4M2 helix, stabilizes the occlusion of the permeation pathway by the intramembrane
loop/R417 gating region. Upon ADP replacement by ATP, the KtrA octameric ring
contracts and adopts a square conformation. This conformational change causes the
KtrB D1M2b helix to retract towards the membrane and bend forming a tip helix. This
conformational change is accompanied by alterations in the KtrB D4M2 helix and at the
level of the intramembrane loop/R417 that lead to channel opening.

Nonetheless, as previously stated, the ATP-bound KtrAB structure does not display an
open pore and the intramembrane loop occludes the ion conduction pathway. In
addition, the mechanistic details that induce KtrA ring conformational changes upon
ATP binding are not yet well understood. On another note, the ATP-bound KtrA
octameric ring shows no evidence of ring breakage upon ATP binding, as reported for
TrkA. This indicates that the TrkAH and KtrAB activation mechanisms differ. Therefore,
more structural and functional studies are needed in order to discern the nucleotide-

dependent activation mechanism of KtrAB.
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Physiological role of cyclic nucleotides

Recently, c-di-AMP, a cyclic dinucleotide, was shown to bind to the C-terminal domain
of a KitrA ortholog (R. M. Corrigan et al., 2013) and to regulate KtrAB expression in
B.subtilis (Nelson et al., 2013). As such, this molecule has been suggested to play a

role in the regulation of the cation channel.

All organisms rely on nucleotide-based signal transduction to respond to diverse cellular
stimuli. Cyclic mono and dinucleotides have been known to act as second messengers,
regulating signalling pathways that control many physiological processes in both
prokaryotic and eukaryotic cells in response to external stimuli (Kalia et al., 2013). In
microorganisms, such as bacteria, this signal amplification and relay becomes

especially important in order for them to adapt to environmental changes.

To date, cyclic nucleotide second messengers include the mononucleotides cyclic
adenosine monophosphate (CAMP) and cyclic guanosine monophosphate (cGMP), as
well as the dinucleotides cyclic dimeric adenosine monophosphate (c-di-AMP), cyclic
dimeric guanosine monophosphate (c-di-GMP) and cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP). Recently, the synthesis of cyclic dimeric uridine
monophosphate  (c-di-UMP) and cyclic uridine monophosphate-adenosine
monophosphate (cUMP-AMP) have also been reported in bacteria, however their
physiological role needs to be further explored (Whiteley et al., 2019).

c-di-AMP c-di-GMP

Figure 9: Structural representation of cyclic mono and dinucleotide second messengers.
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Among these nucleotides, the first second messenger to be described was cAMP
(Makman & Sutherland, 1965; Okabayashi et al., 1963; Rall & Sutherland, 1958; E. W.
Sutherland & Rall, 1958). This molecule is produced from ATP by adenylate cyclases
and degraded to AMP by phosphodiesterases. cAMP binds to protein targets and
induces conformational changes that relay the signal downstream. This nucleotide
functions as a major gene expression regulator, being involved in several biological
processes in both eukaryotes and prokaryotes. In eukaryotes, cCAMP binds mainly to
protein kinase A (PKA) (Walsh et al., 1968), cyclic nucleotide-gated ion channels
(Nakamura & Gold, 1987) and the Epac guanine-nucleotide exchange factors (de Rooij
et al., 1998; Kawasaki et al., 1998), playing a role in processes such as metabolism
regulation (Berthet et al., 1957), cell growth, division and differentiation (Burgering et
al., 1993; Cook & McCormick, 1993; A. Y. Liu, 1982; Schwartz & Rubin, 1983; Withers
et al., 1995), memory formation (Pittenger et al., 2002), ion channel conductivity (Li et
al., 1993) and immunity (Torgersen et al., 2002). In bacteria this molecule is involved in
carbon catabolite repression (glucose preference) (Botsford & Drexler, 1978;
Peterkofsky & Gazdar, 1971), biofilm formation (Liang et al., 2007) and virulence control
(Lowrie et al., 1975; Petersen & Young, 2002; Rickman et al., 2005), among other
processes.

The other mononucleotide second messenger, cGMP, was firstly isolated from rat urine
(Ashman et al., 1963) and has been extensively studied in eukaryotes, but less so in
prokaryotes. This nucleotide is formed from GTP by guanylate cyclases and degraded
to GMP by phosphodiesterases. In eukaryotes, cGMP is involved in photoreception by
regulation of cation channel conduction (Fesenko et al., 1985). It also plays a role in
smooth muscle relaxation (Ignarro et al., 1987; Rapoport & Murad, 1983),
neurotransmission (Stone & Taylor, 1977) and cellular apoptosis (Garthwaite &
Garthwaite, 1988); furthermore, this nucleotide regulates cAMP production through
interaction with cAMP phosphodiesterases and is involved in some of the same
signalling pathways, such as glycogenolysis (Brass & Vetter, 1993) and olfactory
regulation (Pietrobon et al., 2011), being essential to the correct functioning of vital
organs. The role of cGMP in bacteria is less understood but this molecule was already
shown to be involved in UV-B stress response (Cadoret et al., 2005) and cyst
development (Marden et al., 2011), as well as in biofilm formation and virulence (An et
al., 2013).
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Cyclic dimeric guanosine monophosphate (c-di-GMP) was the first cyclic dinucleotide
to be reported and has emerged as a ubiquitous bacterial second messenger. This
cyclic dinucleotide is obtained from the condensation of 2 molecules of GTP by the
action of diguanylate cyclases, and degraded to either 5'-Phosphoguanylyl-(3',5)-
guanosine (pGpG) or GMP by phosphodiesterases (Galperin et al., 1999; Merkel et al.,
1998; Tal et al., 1998). c-di-GMP was first discovered in 1987 as an allosteric activator
of a cellulose synthase in Gluconoacetobacter xylinus (Ross et al., 1987). Several years
later, this cyclic dinucleotide has been shown to be involved in several bacterial
physiological processes, with a prominent role in virulence and in the shift from a motile
to a sessile biofilm associated lifestyle (Kulesekara et al., 2006; Simm et al., 2004;
Tischler & Camilli, 2004, 2005). Some of these processes include: cell cycle regulation
(Abel et al., 2013; Hecht & Newton, 1995; Lori et al., 2015; R. Paul et al., 2004),
synthesis of exopolysaccharides (Merighi et al., 2007; Ross, et al., 1987; Tagliabue et
al., 2010), production of toxins and virulence factors (McKee et al., 2013), quorum
sensing (Deng et al., 2012) and chemotaxis (K. Paul et al., 2010; Russell et al., 2013).
c-di-GMP is also able to bind to the stimulator of interferon genes (STING) and stimulate
the mammalian immune response (McWhirter et al., 2009) and its first case of
eukaryotic production was detected in Dictyostelium amoebas, where it triggers stalk
cell differentiation (Chen & Schaap, 2012). The central role of c-di-GMP in bacterial
lifestyle and the fact that it is not produced in mammalian cells made this molecule and
associated signalling pathways an interesting target for the development of novel
antimicrobial therapies (Karaolis et al., 2007; B. Kim et al., 2018; Ogunniyi et al., 2008;
Sambanthamoorthy et al., 2012).

cGAMP is one of the most recently explored cyclic dinucleotides, being first discovered
as a signalling molecule in Vibrio cholera (Davies et al., 2012). This nucleotide is
synthesized from ATP and GTP by a subset of dinucleotide cyclases containing SMODS
domains (Second Messenger Oligonucleotide or Dinucleotide Synthetase) in bacteria
and by cGAS synthases in eukaryotes (Ablasser et al., 2013; Hallberg et al., 2016). Two
structural versions of this cyclic nucleotide have currently been reported: a canonical 3'-
3’-cGAMP is synthesized in bacteria and a non-canonical 2’-3'-cGAMP has been
reported in eukaryotes. Both forms of cGAMP are involved in the STING immune
response pathway in eukaryotes (Ablasser, et al., 2013; Davies, et al., 2012; Diner et
al., 2013; Gao et al., 2013; Sun et al., 2013). In bacteria, cGAMP has been shown to
play a role in chemotaxis and virulence (Davies, et al., 2012), extracellular electron

transfer or exoelectrogenesis (Kellenberger et al., 2015; Nelson et al., 2015),
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phospholipase activity (Severin et al., 2018) and resistance to phage infection (Cohen
et al., 2019),

c-di-AMP

Cyclic dimeric adenosine monophosphate (c-di-AMP) is the second cyclic dinucleotide
shown to be produced by bacteria, after c-di-GMP. c-di-AMP is synthesised through the
condensation of 2 ATP molecules by diadenylate cyclases and degraded to 5'-
Phosphoadenylyl-(3',5")-adenosine (pApA) or AMP by phosphodiesterases. This
nucleotide was first obtained in vitro in 1985, in an attempt to find RNA polymerase
inhibitors (Jenny et al., 1985). However, evidence for its biological production only arose
in 2008, when c-di-AMP was identified in the crystal structure of the Thermotoga
maritima DisA, whose homolog in Bacillus subtilis acts as a sporulation checkpoint by
scanning the DNA integrity for double-stranded breaks (Oppenheimer-Shaanan et al.,
2011; G. Witte et al., 2008). Later on, this nucleotide was detected in the cytosol of
Listeria monocytogenes and shown to be secreted into the cytosol of the eukaryotic cell
harbouring the bacteria, resulting in IFN-B production (Woodward et al., 2010). Since
then, it has also been found in archaea (Braun et al., 2019) and in numerous bacteria,
including Streptococcus pneumoniae (Y. Bai et al., 2013), Streptococcus pyogenes
(Kamegaya et al., 2011), Bacillus subtilis (Oppenheimer-Shaanan, et al., 2011; G. Witte,
et al., 2008), Chlamydia trachomatis (Barker et al., 2013), Staphylococcus aureus
(Rebecca M. Corrigan et al.,, 2011), Borrelia burgdorferi (Savage et al.,, 2015),
Mycobacterium tuberculosis (Yinlan Bai et al., 2012), Mycobacterium smegmatis (L.
Zhang & He, 2013), Lactococcus lactis (W. M. Smith et al., 2012; Zhu et al., 2016) and
Mycoplasma pneumoniae (Bl6tz et al., 2017). Interestingly, a phylogenetic survey of the
c-di-AMP turnover machinery revealed that the majority of the bacterial species that do
not possess the domains required to produce this nucleotide are subdivisions of the
phylum Proteobacteria. Furthermore, these encode multiple c-di-GMP regulatory
enzymes and are the group where signalling by this cyclic dinucleotide has been more

extensively studied (He et al., 2020).

c-di-AMP signalling pathways

c-di-AMP is the only second messenger known to the date which is both essential and

toxic for many of the organisms that produce it, being coined as an “essential poison”
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(Gundlach et al., 2015). It regulates multiple physiological processes by binding to target
receptors, proteins and RNA molecules, namely riboswitches.

These processes include: monitoring DNA integrity (Oppenheimer-Shaanan, et al.,
2011; G. Witte, et al., 2008), sporulation (Oppenheimer-Shaanan, et al., 2011; C. Zheng
et al., 2015), peptidoglycan and fatty acids biosynthesis (Luo & Helmann, 2012; Tang
et al., 2015; Zhu, et al., 2016), biofilm formation (Gundlach et al., 2016; Peng et al.,
2016), regulation of cell size, growth, competence and central metabolism (Y. Bai, et
al., 2013; Rebecca M. Corrigan, et al., 2011; Sureka et al., 2014; Whiteley et al., 2017;
M. Ye et al.,, 2014; Zarrella et al., 2020), resistance to acid stress and cold shock
(Bowman et al., 2016; S. Liu et al., 2006; L. Zhang et al., 2013), antibiotic susceptibility
(Cho & Kang, 2013; Luo & Helmann, 2012) and regulation of light-dark cycle in
cyanobacteria (Rubin et al., 2018). This cyclic dinucleotide has also been shown to be
involved in the virulence of multiple pathogens and in the eukaryotic immune response
upon being released into the cytosol (Abdul-Sater et al., 2013; Y. Bai, et al., 2013; Cho
& Kang, 2013; McFarland et al., 2017; C. E. Witte et al., 2013; Woodward, et al., 2010;
Xia et al., 2018; Yang et al., 2014; M. Ye, et al., 2014). This role in the immune response
and the fact that c-di-AMP is not produced in eukaryotes led to attempts to use this
cyclic dinucleotide as an adjuvant for vaccination (I. Quintana et al., 2018; Volckmar et
al., 2019). Finally, c-di-AMP was shown to play a central role in osmoregulation by
regulating both potassium and compatible solute homeostasis (Y. Bai et al., 2014;
Commichau & Stiilke, 2018; R. M. Corrigan, et al., 2013; Gibhardt et al., 2019; Gundlach
et al., 2017; Gundlach et al., 2019; Huynh et al., 2016; Kriger et al., 2020b; Moscoso et
al., 2016; Pham et al., 2018; I. M. Quintana et al., 2019; Schuster et al., 2016).

c-di-AMP requlation of the B.subtilis potassium homeostasis

Bacillus subtilis is one of the organisms where c-di-AMP is an important second
messenger (Gundlach, et al.,, 2015). The crucial role of c-di-AMP in potassium
homeostasis is highlighted by the fact that this nucleotide’s intracellular levels are tuned
according to the internal potassium concentration and, furthermore, the B.subtilis
potassium uptake and export machinery is directly regulated by c-di-AMP. In this Gram-
positive bacteria, potassium uptake is mediated by the KimA potassium transporter and
by the Ktr cation channel system composed by the ion conducting membrane proteins
KtrB and KtrD and the cytosolic regulatory proteins KtrA and KtrC (Gundlach, et al.,
2017; Holtmann, et al., 2003; Tascoén et al., 2020). On the other hand, potassium export

is mediated by the KhtTU transporter, composed by the membrane protein KhtU and
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the cytosolic regulatory protein KhtT (Makoto Fujisawa et al., 2004), by the YugO
potassium channel (Lundberg et al., 2013) and by the NhaK transporter (M. Fujisawa et
al., 2005). YjbQ, a putative cation/proton antiporter, is also present in B.subtilis and was
recently shown to bind c-di-AMP (Gundlach, et al., 2019). An S.aureus ortholog as
already been shown to transport K* and to be activated by c-di-AMP (Chin et al., 2015)
however, the function of this transporter and the role of c-di-AMP in its regulation still

need to be characterized in B.subtilis.

K+ K+ K+
| | |
KimA KtrB KtrD
I I
+ KtrA KtrC
*\ / \/
ydaO kimA \"*;i‘;‘a&, - ydaO ktrAB
/\_/ c-di-AMM
KhtT
| | | |
YjbQ YugO KhtU NhaK
K* K* K* K*

Figure 10: Regulation of the B.subtilis K* homeostasis machinery by c-di-AMP. The
scheme illustrates the currently proposed mechanism of K* uptake and efflux systems regulation
by c-di-AMP. Proposed enhanced activity or inhibition of the channels or transporters upon
binding of c-di-AMP is indicated by green or red arrows, respectively. Inhibition of kimA and ktrAB

transcription through binding of c-di-AMP to the ydaO riboswitch is also shown.

Regulation of potassium homeostasis in B.subtilis by this cyclic dinuleotide has been
extensively studied. The currently proposed mechanism is the following: Accumulation
of potassium inside the cell stimulates c-di-AMP production and leads to the inhibition
of the Ktr and KimA K* uptake systems, both by binding directly to the proteins and by
reducing transcription. Transcription of the kirAB and kimA operons is regulated by the
ydaO riboswitch that responds to c-di-AMP (Nelson, et al., 2013). c-di-AMP has also
been proposed to bind and activate the K* export systems, allowing potassium efflux
and leading to c-di-AMP degradation (Gundlach, et al., 2017; Gundlach, et al., 2019;
Nelson, et al.,, 2013; Rocha, et al., 2019). However, there is little or no data

demonstrating a direct functional effect of c-di-AMP on any of these proteins.

36



Il AIMS OF THE WORK

The main aim of this work is to gain further insights into the molecular mechanisms of
regulation of the KtrAB cation channel from Bacillus subtilis. Two major aspects were
addressed: 1) the mechanism of ATP-dependent activation in KtrA, particularly the
characterization of crucial residues and cation binding in the N-terminal nucleotide
binding pocket, and 2) binding of c-di-AMP to the two Kitr cytosolic regulatory subunits
of Bacillus subtilis, KtrA and KtrC, and analysis of the role of this cyclic dinucleotide in

Ktr channel function.

We are interested in understanding how binding of nucleotide molecules to the
regulatory subunits promotes conformational changes that are propagated to KtrB and
regulate the activation of the channel. In order to do this, a biochemical, functional and
structural characterization of the role of divalent cations in the ATP-bound KtrA and of
c-di-AMP binding to KtrA and KtrC was performed. Biophysical techniques such as
isothermal titration calorimetry and x-ray crystallography were employed. Functional
characterization was conducted by using an E.coli phenotype complementation assay
and an in vitro fluorescence-based K* flux assay.
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Il. ACTIVATION OF THE KtrA RCK DOMAIN REQUIRES BINDING OF A
CATION COFACTOR TO A CONSERVED SITE

The work presented in this chapter has been published in:

Teixeira-Duarte, C. M., Fonseca, F., & Morais-Cabral, J. H. (2019). Activation of a

nucleotide-dependent RCK domain requires binding of a cation cofactor to a conserved
site. eLife, 8, e50661. https://doi.org/10.7554/eLife.50661

INTRODUCTION

The KtrAB channel activity is regulated by KtrA, a cytosolic nucleotide-dependent RCK
domain. KtrA binds to ATP and ADP and assembles as an octameric ring that adopts
different conformations upon nucleotide binding. ATP binding induces the adoption of a
square-conformation and increased K* flux activity through the channel; ADP binding
results in a non-square conformation and decreased K* flux. However, the molecular
mechanisms that underlie ligand-dependent conformational changes in nucleotide-
dependent RCK domains are still not well understood. Therefore, it is still not clear how
ATP binding induces the adoption of the square-activated conformation by the KtrA

octameric ring.
In this chapter, the mechanism of nucleotide-dependent activation in KtrA was explored.

In particular, we sought to identify residues in the KtrA intra-dimer interface that are vital

for activation in the presence of ATP and to demonstrate the role of these residues.
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MATERIALS AND METHODS

Cloning

N-terminal Strep-tagged KtrB was cloned in a pRSFDuet-1 expression vector. Tag-less
wild-type KtrA and respective site-directed mutants were cloned in a pET-24d
expression vector. The mutants were created with the QuikChange Site-Directed

Mutagenesis Kit (Agilent), using the following oligonucleotide primers:

KtrA )
Primers
mutant

Forward:
5-ATCGGGCTGGGCGCCTTTGGCGGCAGCATTTG-3’
R16A | Reverse:
5-CAAATGCTGCCGCCAAAGGCGCCCAGCCCGATC-Z

Forward:
5-GATCGGGCTGGGCAAGTTTGGCGGCAGCATTTG-3
Reverse:
5-CAAATGCTGCCGCCAAACTTGCCCAGCCCGATC-3’

R16K

Forward:
5-GTGATTGTTGCCATCGGACCAAATATTCAAGCGAGTA-3
Reverse:
5-TACTCGCTTGAATATTTGGTCCGATGGCAACAATCAC-3

A80P

Forward:
5'-GCTGACCGCATTATTCATCCTCAGAAAGATATGGGGGTTAAAATC-3'
Reverse:
5'-GATTTTAACCCCCATATCTTTCTGAGGATGAATAATGCGGTCAGC-3'

E125Q

Protein Expression and Purification

Tag-less wild-type KtrA and respective mutants were over-expressed in the Escherichia
coli BL21 (DE3) strain. Cells transformed with an expression vector were grown at 37
°C with agitation in LB medium supplemented with 50 mg/L of kanamycin to an optical
density at 600 nm (ODsgo) of 0.6-0.8. At this point, the cultures were placed in ice for 30
min (to induce cold-shock chaperones). Ethanol was then added dropwise to a final
concentration of 2% (v/v) (to induce expression of heat-shock chaperones); IPTG was
added to a final concentration of 0.5 mM for overnight induction at 20 °C (14-16 h) and
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cells were harvested by centrifugation. Cell lysis was done in Buffer A (50 mM Tris-HCI
pH 7.5, 50 mM KCI, 5 mM DTT) supplemented with protease inhibitors (1 mM PMSF, 1
pg/mL leupeptin, 1 pg/mL pepstatin A) using a cooled cell cracker Emulsiflex-C5
(Avestin). Lysate was cleared by centrifugation and the supernatant was loaded into an
anion exchange column Hi-Trap Sepharose Q-HP (GE Healthcare). KtrA was eluted
with a 50-1000 mM KCI gradient. Protein-containing fractions were pooled and
incubated with an ATP-agarose resin (Immobilized y-Aminophenyl-ATP C10-spacer
from Jena Bioscience) overnight at 4 °C with gentle agitation. The resin was then
washed thoroughly with Buffer B (50 mM Tris-HCI pH 8.0, 150 mM KCI, 1 mM TCEP)
and protein was eluted in Buffer B supplemented with 5 mM ADP or ATP (sodium salts).
Protein was concentrated to ~5 mg/ml and further purified by size-exclusion
chromatography in a Superdex-S200 (GE Healthcare) column using Buffer C (50 mM
Tris-HCI pH 7.5, 150 mM KCI, 5 mM DTT). Eluted KtrA was supplemented with 1 mM
ATP or ADP. Protein concentration was determined using with a colorimetric assay (Bio-
Rad). For complex assembly with KtrB and reconstitution in proteoliposomes, all buffers
throughout the purification contained 1 mM Ethylenediaminetetraacetic acid (EDTA) in
order to prevent contamination with divalent cations. In this case, the final size-exclusion

chromatography step contained 0.2 mM EDTA.

N-terminal Strep-tagged KtrB was over-expressed in the Escherichia coli BL21 (DE?3)
strain. Cells transformed with an expression vector were grown at 37 °C with agitation
in LB medium supplemented with 50 mg/L of kanamycin to an optical density at 600 nm
(ODeé0o) of 0.9-1.0. Protein expression was induced at 37 °C for 2.5 h with the addition
of 0.5 mM IPTG and 1 mM BacCl,. Cells were lysed in Buffer D (50 mM Tris-HCI pH 8.0,
120 mM NacCl, 30 mM KCI, 1 mM EDTA) supplemented with protease inhibitors (1 mM
PMSF, 1 pg/mL leupeptin, 1 pg/mL pepstatin A) using a cooled cell cracker Emulsiflex-
C5 (Avestin). KtrB was extracted with 40 mM n-dodecyl-B-D-maltoside (DDM) (Sol-
grade from Anatrace) overnight at 4 °C with gentle agitation. Spin-cleared lysate was
loaded into a Strep-Tactin Sepharose resin (IBA Lifesciences) and washed with Buffer
E (50 mM Tris-HCI pH 8.0, 120 mM NaCl, 30 mM KCI, 1 mM DDM, 5 mM DTT, 1 mM
EDTA, 1 mM ATP or ADP).

To assemble the KtrAB complex, purified KtrA-ATP or ADP was added to the resin and
incubated for 30 min at 4 °C with gentle agitation. The resin was thoroughly washed with
Buffer E and KtrAB was eluted with Buffer E supplemented with 5 mM desthiobiotin.
The eluted protein was dialysed overnight at 4 °C against Buffer F (50 mM Tris-HCI pH
8.0; 120 mM NaCl; 30 mM KCI; 0.5 mM DDM; 5 mM DTT), in the presence of thrombin

for KtrB tag cleavage. For proteoliposome reconstitution, Buffer F was replaced by
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Buffer G (10 mM HEPES, 7 mM N-methyl-D-glucamine (NMG) (pH 8.0), 150 mM KCl,
0.5 mM DDM, 5 mM DTT, 1mM EDTA). Protein was further purified by size-exclusion
chromatography in a Superdex-S200 (GE Healthcare) column using Buffer F or Buffer
G containing 0.2 mM EDTA. Eluted fractions corresponding to KtrAB were pooled,
concentrated to 1 mg/ml and used for proteoliposome preparation when required. No
nucleotide was added during dialysis and size-exclusion chromatography. Protein
concentration was estimated by measuring absorbance at 280 nm on a NanoDrop ND-
1000 Spectrophotometer (NanoDrop Technologies). KtrB alone was purified in the

same manner as the KtrAB complexes without the KtrA addition step.

Crystallization

KtrA-ATP and KtrA-ADP (wild-type and mutants) were purified in buffer C and
supplemented with 1 mM ATP or ADP, respectively. Crystals were grown using the

sitting-drop vapour diffusion method at 20 °C.

KtrAwr-ATP-Ca?* crystals were obtained by supplementing KtrA-ATP with 5 mM CacCl;,
after size-exclusion chromatography. Crystals grew in 100 mM HEPES-NaOH pH 8.0,
5% PEG 6000, 2.5% MPD (2-Methyl-2,4-pentanediol). Before being flash-cooled in
liquid nitrogen, crystals were cryoprotected by sequential transfer to 100 mM HEPES
pH 8.0, 6% PEG 6000, 2.5% MPD, 0.5 mM ATP, 2.5 mM CacCl;, supplemented with
15% and 30% glycerol.

KtrArisk-ATP crystals grew in 100 mM Tris-HCI pH 8.5, 8% PEG 8000. Before being
flash-cooled in liquid nitrogen, crystals were cryoprotected using 20% glycerol by adding
100 mM Tris-HCI pH 8.5, 10% PEG 8000, 0.5 mM ATP, 25% glycerol solution directly

to the drop and equilibrating before freezing.

KtrArisxk-ADP crystals grew in 100 mM HEPES-NaOH pH 7.5, 6 to 8% PEG 8000, 20%

ethylene glycol and were directly flash-cooled in liquid nitrogen.

KtrArisa-ATP crystals grew in 100 mM HEPES-NaOH pH 7.5, 2% PEG 6000, 1% MPD.
Before being flash-cooled in liquid nitrogen, crystals were cryoprotected with 100 mM
HEPES-NaOH pH 7.5, 6% PEG 6000, 25% ethylene glycol solution.

KtrAr16a-ADP crystals grew in a solution optimized from solution number 2-30 of the

Morpheus crystallization kit (Molecular Dimensions), containing 5% PEG 8000 and 20%
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ethylene glycol. Before being flash-cooled in liquid nitrogen, crystals were cryoprotected

by transferring to mother liquor containing 12% PEG 8000.

KtrAg1250-ATP crystals grew in 100 mM MES pH 6.5, 6% PEG 4000, 20% glycerol.
Before being flash-cooled in liquid nitrogen, crystals were cryoprotected with 100 mM
MES pH 6.5, 12% PEG 4000, 20% glycerol solution.

KtrAe12s0-ADP crystals grew in 100 mM ADA pH 6.5, 4% PEG 4000, 20% glycerol.
Before being flash-cooled in liquid nitrogen, crystals were cryoprotected by transferring
to 100 mM ADA pH 6.5, 12% PEG 4000, 20% glycerol solution.

KtrAasor-ATP crystals grew in 100 mM HEPES-NaOH pH 7.5, 1% PEG 6000, 2% MPD.
Before being flash-cooled in liquid nitrogen, crystals were cryoprotected with 100 mM
HEPES-NaOH pH 7.5, 6% PEG 6000, 2% MPD, 25% ethylene glycol solution.

KtrAaso-ADP crystals grew in 100 mM HEPES-NaOH pH 7.5, 2% PEG 4000, 20%
glycerol. Crystals were cryoprotected with to 100 mM HEPES-NaOH pH 7.5, 12% PEG
4000, 20% glycerol solution, before being flash-cooled in liquid nitrogen.

Data processing and structure determination

Diffraction data were collected at ALBA Synchrotron, Barcelona, Spain; European
Synchrotron Radiation Facility (ESRF), Grenoble, France, and French National
Synchrotron Source (SOLEIL), Gif-sur-Yvette, France. Data were processed using XDS
(Kabsch, 2010) and AIMLESS (Evans & Murshudov, 2013) from the CCP4 program
suite (Winn et al., 2011). KtrAriek-ATP and KtrAwr-ATP-Ca?" structures were
determined by molecular replacement with Phaser (McCoy et al., 2007) using a KtrAwr-
ATP dimer (PDB: 4J90) and a KtrAriek-ATP dimer (PDB: 6S2J) as search models,
respectively. Final models were obtained after several manual model building rounds in
Coot (Emsley et al., 2010) and refinement with Phenix (Adams et al., 2010). The lower
resolution structures were solved by molecular replacement with Phaser using a KtrAwr-
ATP dimer as template (PDB: 4J90). Refinement was limited to an initial rigid body and
TLS single group refinement in Phenix (Adams, et al., 2010)(Adams, et al., 2010),
followed by minimal adjustments to resolve stereo-chemical violations in Coot and
refinement with secondary structure and non-crystallographic restraints in Phenix.

Figures were created using PyMOL (Delano, 2002).
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E.coli phenotype complementation assay

The complementation assay with the E.coli TK2420 strain (A(kdpFAB)5 A(trkA-mscL’)
trkD1) was performed as previously described (Albright, et al., 2007; Vieira-Pires, et al.,
2013) with a few modifications. Wild-type KtrB and KtrA (wild-type or mutants) were
cloned into a dicistronic constitutive expression plasmid (pKCe). Empty pKCe plasmid
was used as a negative control. Transformed cells were plated on LBK (Lysogeny broth
where NaCl is replaced by KCI) agar plates containing 100 pg/mL Ampicillin. Three
individual colonies for each protein version were picked and grown separately in 5 mL
pre-cultures of minimal media containing 30 mM K*, supplemented with 100 pg/mL
Ampicillin, overnight at 37 °C, with agitation. A 5 pL aliquot of the overnight cultures was
then used to inoculate 5 mL of minimal media, supplemented with 100 pg/mL Ampicillin,
prepared with different K* concentrations (0.1, 0.3, 1, 2, 6, 10, 30 or 115mM) and
incubated at 37 °C with agitation. Optical density at 595 nm was measured after 16 h.
The minimal media contained the following composition: 8 mM (NH,).S04, 400 uM
MgSOs4, 6 UM FeSO4, 6 UM ferric chloride, 1 mM sodium citrate, 1 mg/L thiamine-HCI,
2 g/L glucose, 10 mg/L CaCl;, 69 mM phosphate buffer and 115 mM (K* + Na*). A fixed
ratio of hydrogen phosphate to dihydrogen phosphate was used to maintain the pH and
overall phosphate concentration constant, even as the K*:Na" ratios varied. Phosphate
component concentrations (K;HPO4, KH2PO4, Na;HPO4, NaH2PO4, respectively) used
for the various final K* concentrations were: 0 mM K* (46 mM Na,HPO,4 and 23 mM
NaH.PO,); 0.1 mM K* (40 uM, 20 uM, 46 mM, and 23 mM); 0.3 mM K* (120 uM, 60 uM,
45.9 mM, and 22.9 mM); 1 mM K* (400 uM, 200 uM, 45.6 mM, and 22.8 mM); 2 mM K*
(800 uM, 400 pM, 45.2 mM, and 22.6 mM); 6 mM K* (2.4 mM, 1.2 mM, 43.6 mM, and
21.8 mM); 10 mM K* (4 mM, 2 mM, 42 mM, and 21 mM); 30 mM K* (12 mM, 6 mM, 34
mM, and 17 mM); and 115 mM K* (46 mM K;HPO4 and 23 mM KH2PO.,).

Preparation of proteoliposomes

Proteoliposome preparation followed previously described methods with some
modifications (Szollosi, et al., 2016; Vieira-Pires, et al., 2013). E. coli polar lipids (Avanti)
suspended in chloroform were dried by hand in a round flask using an Argon gas stream,
in order to create a thin lipid film. The lipid film was then resuspended at 10 mg/mL lipid
concentration in Swelling Buffer (150 mM KCI, 10 mM HEPES, 7 mM NMG (pH 8.0), 0.2
mM EDTA) using 4-6 cycles of sonication (15 s ON/ 15 s OFF in ice) in a ultrasonic bath
Sonorex Digitec (Bandelin) and further solubilized by adding 40 mM n-Decyl-B-D-

maltoside (DM) (Sol-Grade from Anatrace) and doing again 4-6 cycles of sonication.
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The lipid suspension was then incubated at 25 °C for 2 h with gentle agitation. KtrB
alone and KtrAB complexes were purified as described above, just before the
reconstitution, and supplemented with ATP or ADP to reach a final concentration of 0.1
mM inside the proteoliposomes after reconstitution. Protein was added to solubilized
lipids at 1:100 (w:w) protein-to-lipid ratio and incubated for 30 min at room temperature.
In control liposomes (empty), Swelling Buffer was added to the lipids instead of protein
solution. Detergent was removed using adsorbing SM-2 Biobeads (Bio-Rad): the
protein-lipid mix was incubated twice with fresh Biobeads at 10:1 (w:w) bead-to-
detergent ratio at room temperature for 1 h and then incubated overnight at 4 °C at a
20:1 (w:w) bead-to-detergent ratio. Proteoliposomes were then flash-frozen in liquid

nitrogen and stored at -80 °C.

ACMA-fluorescence-based K* flux assay

The assay was adapted from a previously described method (Z. Su et al., 2016).
Proteoliposomes were thawed in a 37 °C water bath for 15 min, briefly sonicated (3x5
s) in an ultrasound bath Sonorex Digitec (Bandelin) and kept at room temperature until
the experiment. In assays with the sorbitol external solution, proteoliposomes were
diluted 100-fold (10 pL sample in 1 mL final volume) in Flux Buffer (10 mM HEPES and
7 mM NMG (pH 8.0), 150 mM sorbitol, 0.1 mM ATP; 0.2 mM EDTA) to establish the K*
gradient. Magnesium (MgCl,) and calcium (CaCl.) were added to the Flux Buffer when
needed. The pH-sensitive dye 9-amino-6-chloro-2-methoxyacridine (ACMA) was then
added to the proteoliposomes to a final concentration of 550 nM, from a 111 uM stock
in DMSO. Fluorescence was monitored every 2 s (Aex=410 nm, Aem=480 nm), using a
104F-QS 10 mm quartz cuvette (Hellma) with a small magnet in a Horiba FluoroMax 4
spectrofluorometer (Horiba Scientific). After measuring the initial baseline fluorescence
during 100 s, the assay was initiated by adding 1 uM of the H* ionophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) from a 200 uM stock in HNE Buffer (10 mM
HEPES, 7 mM NMG (pH 8.0), 1 mM EDTA). CCCP enables H* entry into the liposomes
to counterbalance the negative potential created upon K* efflux, leading to ACMA
fluorescence signal quenching. The flux signal was monitored for 400 s. For each
experimental condition, one additional replica was performed in which, after baseline
fluorescence measurement and CCCP addition, 296 nM of the K* ionophore
valinomycin was quickly added from a 60 puM stock in DMSO and flux signal was
monitored for an additional 100 s. This was performed to avoid valinomycin
contamination of the cuvette between sample measurements and was done every day

for each proteoliposome preparation and external solution used. Valinomycin
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incorporates into all liposomes and mediates K* efflux, indicating the total flux of the
liposome population. The maximum value of fluorescence quenching change obtained
was used to normalize the data. For assays with the choline or lithium external solution,
the 150 mM sorbitol in the Flux Buffer was partially or totally replaced by choline
chloride, choline acetate or lithium chloride.

Fluorescence quenching curves were normalized individually as follows:
F'Fval
Fini'FvaI
NF is the normalized fluorescence, F is the measured fluorescence in arbitrary units, Fini

NF=

corresponds to the last baseline point measured before CCCP addition and Fya
corresponds to the lowest point measured after valinomycin addition. For magnesium
and choline titrations, normalization was performed taking into account the steady-state
of each curve instead of the maximum value of fluorescence quenching change
obtained with valinomycin. In these cases, Fva was replaced in the previous expression

by Fss that corresponds to the average of the last 50 s of the assay (450-500 s).

Determination of magnesium ion concentration in flux assay solutions

For several of the flux assay mixtures used for the magnesium titration, we collected the
assay mixture after running the assay. Proteoliposomes were removed from these
samples by centrifuging 800 pL at 267,000 g for 25 min at 4 °C. 700 pL of the resulting
supernatant were used for determination of magnesium ion concentration by flame
ionization spectroscopy analysis at the FCUP|DQB-Lab&Services (University of Porto).

Buffer solutions used in the flux assay were also tested for magnesium contamination.

Quantification of flux rate constants

Individual fluorescence quenching curves (after CCCP addition) were fitted with a one-
phase exponential equation:y = y0 + A1 x e~ *=*9/T or a two-phase exponential
equation y = y0 + A1 x e~ (=*0)/tfasty g x o=(x=x0)/wslow yging the Origin software
(OriginLab), where A1 and A2 are amplitudes, x0 is the initial fit point, yO corresponds
to the plateau and 1 is the time constant. In each case, the simplest model that explained
the data was chosen. The first point measured immediately after CCCP addition was
not considered in this fit due to uncertainty in the fluorescence measurement after
compound addition. Flux rate constants were determined by inverting the respective

time constants (rate constant= 1/1).
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RESULTS

Impact of intra-dimer interface mutants on KtrA structure

The full-length KtrA structures determined with ATP (PDB: 4J90) and ADP (PDB: 4J91)
show the RCK octameric rings arranged in different conformations: square and non-
square, respectively (Figure 11a and 11b) (Vieira-Pires, et al., 2013). The adoption of
the square conformation upon ATP binding involves a change in the intra-dimer hinge
angle (Figure 12). This change brings closer together the two nucleotide-binding sites
in the KtrA dimeric units, as seen in the D36-D36 Ca intra-dimer distance, a conserved

residue in the nucleotide binding site (Figure 12 and Table 2).

a)

KtrA-ATP

Figure 11: KtrA bound to ATP and ADP. a) Left- square conformation of the KtrA octameric
ring bound to ATP. Right- view of the ATP binding pockets in a KtrA dimer showing dimer
subunits and nucleotides positioned close together. b) Left- non-square conformation of the KtrA
octameric ring bound to ADP. Right- view of the ADP binding pockets showing dimer subunits
and nucleotides positioned farther apart relative to a). Intra-dimer interface residues discussed
in the text are shown as stick and labeled. KtrA octameric ring subunits are colored alternately

blue and red.
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Narrowing of the intra-dimer space with bound ATP allows the establishment of
interactions between the phosphate groups and residues in both the same and opposite
subunits of the KtrA dimer. In particular, the R16 residues are positioned between the
two nucleotides and appear to stabilize the closely positioned negatively-charged
phosphate groups. In contrast, in the ADP-bound structure the nucleotide molecules do
not establish interactions with opposing subunit residues (Figure 11a and 11b). Based
on this evidence, it was previously proposed that bridging interactions mediated by R16
and ATP stabilize the square or high-flux conformation of the KtrA octameric ring (Vieira-
Pires, et al., 2013).

Figure 12: Intra-dimer hinge angle in wild-type KtrA. Cartoon representation of ATP-bound
(left) and ADP-bound (right) KtrA dimers, depicting the intra-dimer hinge angle measured
between aF helices (black arc) and the D36-D36 intra-dimer distances. Dimer subunits are

colored blue and red, D36 Ca are shown as purple spheres and nucleotides as yellow stick.

In order to explore the role of intra-dimer interface residues in the KtrA octameric ring
conformation, we created the KtrA single-point mutants R16A, R16K, ASOP and E125Q.
Like R16, E125 is located in the KtrA dimer interface and close to the ATP phosphate
groups, as depicted in Figure 11. The ABOP mutant was created as a control, to evaluate
the impact of mutating A80, since substitution of the small alanine side-chain with a

bulkier side-chain was expected to cause a distortion of the nucleotide-binding site.
We started by verifying that the mutants retained the same basic properties of the wild-

type KtrA. All the mutants assembled as octamers bound to either ATP or ADP, as
revealed by size-exclusion chromatography (Figure 13).
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a)

b)

140+ 140+
1204 — KtrAwT-ATP 120+ — KtrAwT-ADP
100+ KtrAAgop-ATP 100+ KtrAagop-ADP
80 — KtrAg125Q-ATP -?Et 80+ — KtrAg125Q-ADP
60 KtrAR16K-ATP 60 KtrAR16K-ADP
40 KtrAR16A-ATP 404 KtrAR16A-ADP
204 20-
75 5 10 h 1z 15 14 b 2 S S S R

Volume (mL) Volume (mL)

Figure 13: Size-exclusion chromatography elution profiles of KtrA proteins bound to a)
ATP and b) ADP.

We then determined the structures of all KtrA mutants with bound ATP or ADP (Figure
14 and Table 1).The structures of R16K (at 2.7 A resolution) and R16A (at 3.4 A
resolution) with ATP are very similar to that of the previously determined wild-type KtrA-
ATP (WT-ATP) (Figure 14a), adopting the square conformation. A simple indicator of
ring conformation is the pair of distances (L1/L2) separating the Ca of N38 residues
located in opposite subunits across a ring face (Figure 14a and Table 3). In the ATP-
bound rings, these distances are similar in the R16K (30.8/30.8 A), R16A (29.9/29.9 A)
mutants and wild-type (30.0/30.0 A) structures. Like in the wild-type protein, the ADP-
bound R16K (at 3.0 A resolution) and R16A (at 3.7 A resolution) rings adopt a non-
square conformation (Figure 14a). However, the ADP-bound ring conformations are
different from each other and from the wild-type, with L1/L2 distances for the wild-type
of 40.7/30.7 A and for R16K of 52.0/21.9 A (Table 3). In the ADP-bound R16A mutant
there are eight KtrA dimers present in the asymmetric unit, corresponding to two
different rings with L1/L2 distances of 34/30 A and 37/28 A.
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WT_ATP (3.2A)
square conformation

T, L2=30.7A
WT_ADP (2.9A)
non-square conformation

b)

Tl ;’W

E125Q_ATP_1 (4.1A)
non-square conformation

‘% @
0

L2=27 A

=

E125Q_ADP_1 (4.0A)
non-square conformation

N

S4BT 11=30.8 A
%LZ =30.8 A

R16K_ATP (2.7A)
square conformation

R16K_ADP (3.0A)
non-square conformation

LD

E125Q_ATP_2 (4.1A)
non-square conformation

@* L2—3o A

E125Q_ADP_2 (4.0A)
non-square conformation

'L1=52.0 A
Gns 1L2=21.9 A

BN 11=209 A
., L2=29.9 A

R16A_ATP (3.4A)
square conformation

IR 1=37 A
L2=28 A

R16A_ADP_1 (3.7A)
non-square conformation

R16A_ADP_2 (3.7A)
non-square conformation

ABOP_ATP (3.9A)
non-square conformation

AS0P_ADP (4.3A)
non-square conformation

Figure 14: KtrA ring structures. Views of crystal structures of wild-type and mutant KtrA that

a) adopt an ATP-bound square conformation or b) do not adopt an ATP-bound square

conformation. Top rows show structures with bound ATP and bottom rows show structures with

bound ADP. KtrA octameric rings are displayed with subunits colored alternately blue and red.

L1 and L2 are the pair of distances between the Ca of N38 residues located in opposite subunits
across the ring. In three of these rings (R16A_ADP_2, E125Q_ATP_1 and E125Q_ADP_1), poor

electron-density prevented modelling of C-terminal domains.
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The crystal structures of the A80OP and E125Q mutants revealed a different picture
(Figure 14b). The ATP-bound structures do not adopt a square conformation, displaying
L1/L2 distances for ASOP (at 3.9 A resolution) of 52/23 A and for E125Q (at 4.1 A
resolution and with two different half-rings in the asymmetric unit) of 34/30 A and 42/27
A. The ADP-bound structures are also non-square, showing ring conformations that are
very similar to those observed with ATP. A8OP (at 4.3 A resolution) has L1/L2 distances
of 52/22 A and E125Q (at 4.0 A resolution and with two rings) of 34/30 A and 42/27 A.

Itis apparent that the square conformation adopted by the KtrA octameric rings is unique
and stable (Figure 15 and Table 2). In contrast, there is a large structural variability
between rings adopting the non-square conformation. This variability is shown in the
D36-D36 distances and L1/L2 distances (Tables 2 and 3), allowing the clustering of
these structures in four groups (Table 3). It is worthwhile pointing out that, besides
variations between rings, we also found variation in the D36-D36 distance within

individual non-square rings (Table 2).

Importantly, these structures show that A80 and E125 are crucial residues for the
adoption of the square conformation by the KtrA octameric ring. On the other hand, R16
does not play a major role in the conformational arrangement of the RCK ring.

Figure 15: KtrA square conformation. Superposition of KtrA-ATP octameric rings that adopt
the square conformation. KtrAwt (red), KtrAriek (marine), KtrAriea (orange), KtrAwr with bound

calcium (green).

50



Table 1: Data collection and refinement statistics for the KtrA mutant structures

Data collection statistics

Crystal
PDB ID
Space group
Unit-cell dimensions

a, b, c(A)

a, B,y ()
Protomers in the
asymmetric unit
Wavelength (A)

Resolution (A)

No. of reflections
(measured/unique)
Multiplicity
Completeness (%)
Rmerge (all I) (%)
Rmeasure (all 1) (%)
Mean | / o(l)
CCu2

Refinement statistics

R16K_ATP
6S2J
14

123.3,123.3,84.4
90, 90, 90
2

0.954240
46.16-2.67
(2.80-2.67)

85203/17872

4.8 (4.5)
99.0 (96.5)
5.5 (86.8)
6.2 (98.1)
13.9 (1.7)

0.999 (0.541)

R16K_ADP
6S5B
P212121

85.8, 137.4, 202.6

90, 90, 90
8

0.979480
49.51-3.05
(3.16-3.05)

383771/46032

8.3 (4.2)
99.2 (91.6)
14.8 (47.4)
15.8 (53.8)
15.9 (0.2)

0.995 (0.886)

R16A_ATP
6S5D
14

121.6, 121.6, 83.7
90, 90, 90
2

0.978570
45.60-3.39
(3.66-3.39)
76213/8535

8.9 (8.5)
99.8 (99.0)
4.7 (182.9)
5.0 (194.6)

17.1 (1.3)

1.000 (0.573)

R16A_ADP
6S7R
P1

93.0, 97.9, 144.6
90.4,97.1,110.3
16

0.978570
48.80-3.73
(3.86-3.73)

161349/46426

3.5(3.0)
94.0 (51.2)
9.5 (96.6)
11.2 (116.0)
7.4 (1.1)
0.996 (0.494)

Resolution range (A) 46.16-2.67 48.17-3.05 45.60-3.39 48.80-3.73
Rwork/Riree (%) 18.96/23.57 20.93/24.29 23.83/27.90 24.57/30.04
No. of reflections 17870 46032 8535 46426
Total No. of atoms 6969 13784 3459 25028
No. of waters 2 - 2 -
No. of ATP 2 - 2 -
No. of ADP - 8 - 16
No. of Mg 1 - 1 -
Wilson B factor(A2) 90.2 97.4 194.2 152.9
r.m.s.d. bond lengths 0.013 0.003 0.003 0.003
(R)
r.m.s.d. bond angles (°) 1.086 0.760 0.745 0.824
Ramachandran plot
Residues in
favored/allowed 98/2 99/1 97173 98/2

regions (%)
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Data collection statistics

Crystal
PDB ID
Space group
Unit-cell dimensions

a, b, c(A)

a, B,y (%)
Protomers in the
asymmetric unit
Wavelength (A)

Resolution (A)

No. of reflections
(measured/unique)
Multiplicity
Completeness (%)
Rmerge (all I) (%)
Rmeasure (all 1) (%)
Mean |/ (1)
CCur

Refinement statistics

E125Q_ATP
6S5N
C2221

109.1, 156.5, 286.4

90, 90, 90
8

0.978570
48.24-4.09
(4.48-4.09)

131430/19704

6.7 (6.8)
99.5 (98.3)
12.7 (113.5)
13.7 (122.9)

9.5 (1.7)

0.999 (0.835)

E125Q_ADP
6S50
C2221

108.2, 155.2, 285.9

90, 90, 90
8

0.978570
48.07-3.98
(4.36-3.98)

274868/ 20970

13.1 (13.0)

99.4 (97.9)

11.2 (132.6)
11.7 (138.1)

12.0 (1.9)
0.999 (0.771)

ABOP_ATP
6S5E
P212121

85.7,133.9, 205.1
90, 90, 90
8

0.978570
49.63-3.89
(4.20-3.89)

146620/22230

6.6 (6.6)
99.5 (98.0)
8.1 (133.9)
8.8 (145.4)
10.3 (1.3)

0.999 (0.830)

A80P_ADP
6S5G
P21212;

85.3, 132.9, 203.3
90, 90, 90
8

0.978570
49.28-4.33
(4.84-4.33)

100662/14674

6.9 (4.7)
91.9 (79.1)
19.1 (56.8)
20.5 (62.9)

7.9 (2.6)

0.995 (0.873)

Resolution range (A) 48.24-4.09 47.66-3.98 47.88-3.89 49.28-4.33
Rwork/Riree (%) 27.91/31.99 24.96/28.62 26.02/31.72 25.37/31.43
No. of reflections 19704 20970 22230 14674
Total No. of atoms 12594 12426 13912 13744
No. of waters - - - -
No. of ATP 8 - 8 -
No. of ADP - 8 - 8
No. of Mg - - - -
Wilson B factor(A?) 183.9 201.8 188.6 135.7
r.m.s.d. bond lengths 0.003 0.003 0.003 0.003
)
r.m.s.d. bond angles (°) 0.804 0.791 0.883 0.729
Ramachandran plot
Residues in
favored/allowed 98/2 971/3 98/2 971/3

regions (%)

R.m.s.d is the root-mean-square deviation; values in parenthesis correspond to the

highest resolution shell.
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Table 2: Ca D36-D36 intra-dimer distances in KtrA octameric rings.

ATP D36-D36 (A)

Structure Dimer 1 | Dimer 2 | Dimer 3 | Dimer 4
WT-ATP 30.0 30.0 30.0 30.0
R16K-ATP 30.7 30.7 30.7 30.7
R16A-ATP 31.0 31.0 31.0 31.0
WT-ATP-Ca 30.7 30.7 30.7 30.7
AB8OP-ATP 32 31 31 32
E125Q-ATP (1)% 33 34 33 34
E125Q-ATP (2)% 31 32 31 32

ADP D36-D36 (A)

Structure Dimer 1 | Dimer 2 | Dimer 3 | Dimer 4
WT-ADP 34.6 34.8 34.6 34.8
R16K-ADP 315 314 31.0 321
R16A-ADP (1)% 31 32 30 32
R16A-ADP (2)% 31 38 31 32
AB0P-ADP 32 32 32 33
E125Q-ADP (1) 34 35 34 35
E125Q-ADP (2) 34 34 34 34

$ R16A-ADP, E125Q-ATP and E125Q-ADP have two different octameric rings in the crystal,
indicated by (1) or (2).
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Table 3: Ca N38 distances (L1/L2) in KtrA octameric rings.

L1/L2 (A)

Octameric Ring

Front face*

Back face*

Square conformation

WT-ATP 30.0/30.0 29.0/29.0
R16K-ATP 30.8/30.8 30.3/30.3
R16A-ATP 29.9/29.9 29.0/29.0
WT-ATP-Ca 30.5/30.5 29.6/29.6
Non-square conformation 1*
WT-ADP 40.7/30.7 40.1/29.5
Non-square conformation 2#
E125Q-ATP (1)$ | 42/27 36/30
E125Q-ADP (1)$ | 42/27 36/30
Non-square conformation 3%
R16A-ADP (1)® | 34/30 34/30
R16A-ADP (2)$ | 37/28 34/32
E125Q-ATP (2)% | 34/30 34/30
E125Q-ADP (2)$ | 34/30 34/30
Non-square conformation 4*
R16K-ADP 52.0/21.9 51.3/22.5
A80P-ATP 52/23 51/22
A80P-ADP 52/22 52/21

*Distances measured on the two faces of the ring are slightly different and we have named the
front face as the one with the larger individual distance value. Values mentioned in the main text
correspond to front face. # Non-square conformations were clustered in four groups according
to L1/L2. $ R16A-ADP, E125Q-ATP and E125Q-ADP have two different octameric rings in the
crystal, indicated by (1) or (2).
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Impact of A80OP and E125Q mutations on the nucleotide-binding site

The ATP-bound octameric rings formed by the A80P and E125Q KtrA mutants are not
able to adopt a square conformation. Therefore, in order to understand the molecular
basis of the impact of ABOP and E125Q, we analysed the nucleotide binding sites in
these mutant ATP-bound structures. In this analysis, we took in consideration the low
resolution of the structures and focused only on the impact of the mutations in the main-
chain trace. It is worthwhile explaining that refinement of the low-resolution structures
(worse than 3.5 A) involved only rigid-body refinement of the molecular replacement
model (wild-type KtrA), followed by all-atom refinement with non-crystallographic and

secondary structure restraints. We performed minimal manual adjustments.

In the ABOP-ATP structure, the main-chain atoms of residue P80 are positioned outside
the 2Fo-Fc and Fo-Fc electron-density maps in all eight proteins in the asymmetric unit
(Figure 16). Importantly, this offset was not the result of the refinement procedure, since
the position of the residue is very similar to the one in the wild-type structure. It is obvious
from the maps that adjustment of the main-chain position of the residue into the density
would impinge on the ATP molecule, requiring a shift in the nucleotide position to avoid
steric-clashes. Unfortunately, at this low resolution it is not clear how to adjust the
position of the nucleotide in the electron-density map. We concluded therefore that the
A80P mutation causes a distortion of the main-chain and leads to an alteration in the
position of the ATP, impeding the adoption of the square conformation.

Figure 16: Nucleotide-binding site of the ATP-bound KtrAagor mutant. Electron density
maps 2Fo-Fc (in gray) and Fo-Fc (in green), contoured at 1.0 and 3.0 o, respectively, are shown
in mesh. ATP and two residues are shown as sticks. Residue P80 is outside the electron density

in the eight KtrA subunits in the asymmetric unit.
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In contrast, in the maps for the E125Q-ATP structure we do not observe obvious
changes in the main-chain trace that might explain the impact of the mutation in the

conformation of the octameric ring.
Divalent cation binding site
A clue for the role of E125 was revealed by the 2.7 A structure of the ATP-bound R16K

KtrA mutant. In this structure, there was a distinct additional electron-density in the KtrA

intra-dimer interface, between the y-phosphates of the nucleotide (Figure 17a).

a)
~
ATP
ATP ° P
‘2 13A ¢ 2.11A
2.50A7 3.47A
2.26A N 2.24A
‘.
E125 §E125
c)

2.60A ' \2 52A

E% %mzs
A

Figure 17: Magnesium ion binding site in the interface of KtrA dimers. a) View of the intra-

dimer interface of R16K-ATP with unexplained electron density in Fo-Fc map (contoured at 3.0
o and calculated at a refinement stage when the structural model did not yet include Mg?* or
coordination waters) superposed on final refined model. b) Close-up of the magnesium binding
site depicted in a), showing the octahedral geometry of cation coordination. c) View of the intra-
dimer interface of wild-type KtrA-ATP (PDB: 4J90) with Fo-Fc electron density (contoured at 3.0
o and calculated from deposited structure, which does not include Mg?*) superposed on refined
model. d) Close-up of the magnesium binding site shown in c), highlighting the interactions
established by the cation. Magnesium ion and water molecules are shown as green and red
spheres, respectively. Residues and nucleotides coordinating ions are shown as stick with

coordination distances indicated.
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After careful crystallographic refinement, we concluded that the density likely
corresponds to a magnesium ion (Figure 17a and 17b). The ion is coordinated by six
oxygen atoms, adopting octahedral geometry. The coordinating atoms are provided by
the y-phosphate of both ATP molecules, by two water molecules and by the carboxylic
groups of the two E125 residues. In this structure, the K16 side-chain is well defined in
the electron density, interacting with one of the Mg?* coordinating water molecules, with
the carbonyl group of Q105 from the opposite subunit and with the y-phosphate from
the ATP in the same subunit. The octahedral coordination of the ion along with the
majority of the coordination distances fit well with the expected coordination of a
magnesium ion; however, the interaction distances with the oxygen atoms in the
phosphate groups are longer than expected (Bock et al., 1994; Harding, 2001; H. Zheng
et al., 2008). Calcium could also be a possible solution for the density but calcium ions
are often coordinated by seven oxygen atoms in crystal structures (Harding, 2001),
acquiring preferentially a pentagonal bipyramidal geometry according to the MetalPDB
server (http://metalweb.cerm.unifi.it). In addition, the ideal coordination distances
established by calcium ions are longer than for magnesium ions (H. Zheng, et al., 2008).
Refinement of Ca?* at the site showed the same interactions and very similar distances
to Mg?*. Importantly, the temperature factor of Ca?* became larger than for the atoms
forming its coordination shell (Table 4), suggesting that the density corresponds to a

less electron-dense cation.

Overall, we conclude that the ion bound to the intra-dimer interface site is a magnesium
ion. It is worthwhile mentioning that magnesium was not added to the protein or
crystallization mixture and so the ion was sequestered during protein preparation or

crystallization.
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Table 4: B factors of divalent cation and coordinating atoms in R16K-ATP and WT-ATP

KtrA structures after refinement with magnesium or calcium.

B factor (A?)
R16K-ATP WT-ATP( 4J90)
Atom Magnesium Calcium Magnesium Calcium
refinement refinement | refinement refinement
Divalent cation 74.32 109.75 125.14 165.00
O from H20 (1) 68.41 77.03 - -
O from Hz0 (2) 66.67 76.92 - -
OE2 from E125 chain A| 84.88 92.19 90.83 89.69
OEZ2 from E125 chain B| 92.66 102.90 103.50 102.36
02G from ATP 1 54.58 71.41 141.91 144.43
02G from ATP 2 90.22 105.68 157.40 151.27
NH2 from R16 chain A | - - 93.14 100.24
NH2 from R16 chain B | - - 93.62 91.41

We also revisited the electron-density maps of the previously resolved wild-type KtrA
structure bound to ATP (at 3.2 A, PDB code: 4J90), which also adopts a square-
conformation, looking for unexplained density in the intra-dimer interface. It is possible
to detect density that could also be accounted by a coordinated Mg?* (Figure 17c). Re-
refinement of the structure with Mg?* does not cause great adjustments in the intra-
dimer interface. The cation has a similar octahedral coordination to that seen in the
R16K mutant structure, interacting with the oxygen atoms in the y-phosphate of both
ATP molecules and the carboxylic groups of the E125 residues. However, instead of
water molecules, nitrogen atoms of the R16 guanidinium group appear to complete the
coordination shell of the divalent cation (Figure 17d). Magnesium coordination by an
arginine side-chain has been reported for at least two high-resolution structures (better
than 2.0 A) with PDB codes 1INUW and 30S4.

In addition, we crystallized wild-type KtrA-ATP in the presence of 5 mM of Ca?* and
determined the structure at 3.0 A resolution (Figure 18a and Table 5). The structure
shows an octameric ring adopting a square conformation with L1/L2 distances of
30.5/30.5 A that are similar to those of the WT-ATP structure (Table 3 and Figure 15).

The intra-dimer interface shows a bound calcium ion (Figure 18b). After refinement, we
defined a coordination shell formed by oxygens from the carboxylic groups of the E125
side chains and the oxygen atoms of the ATP y-phosphates. Unlike what we had

observed in the wild-type structure with Mg?*, the R16 side-chains are not in position to
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coordinate the divalent cation. The coordination distances are consistent with a calcium
ion but the coordination number (4 ligands) is unusual and there could be additional
interactions, with water molecules for example, which we are not currently able to model

due to the limited resolution.

a) b)

L1 ATP

ATP

- 253A QZ_&SA
Sy L 2.37A, '\2.38A
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WT_ATP_Ca (3.0A)
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Figure 18: KtrA structure with calcium. a) Structure of wild-type KtrA octameric ring with
bound ATP supplemented with 5mM CaCl.. Subunits of the octameric ring are colored alternately
blue and red. L1 and L2 correspond to the distances between the Ca of N38 residues located in
opposite subunits across the ring. b) Calcium-binding site showing cation coordination. Calcium
ion is shown as blue sphere. Residues and nucleotides coordinating calcium are shown as stick
with coordination distances indicated.

Altogether, these structural results reveal that E125 coordinates a divalent cation at the
KtrA intra-dimer interface. Importantly, the y-phosphates of the ATP molecules complete
the coordination of the divalent cation. In this arrangement, the divalent cation bridges
the ligand molecules in two KtrA dimer subunits, suggesting that the cation stabilizes
the two subunits in the RCK dimers close together, favoring the adoption of the square
conformation. Mutation to glutamine likely affects the coordination of the divalent cation

binding site, disturbing the stability of the square conformation.
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Table 5: Data collection and refinement statistics for the KtrA WT structure with calcium

Data collection statistics

Crystal
PDB ID
Space group
Unit-cell dimensions
a, b, c(A)
o, B,y ()
Protomers in the asymmetric unit
Wavelength (A)
Resolution (A)

No. of reflections (measured/unique)
Multiplicity
Completeness (%)

Rmerge (all 1) (%)
Rmeasure (all 1) (%)

Mean |/ o(l)

CCur

Refinement statistics

WT_ATP_Ca
6S5C
14

122.7,122.7,84.0
90, 90, 90
2

0.978570
45.94-3.00
(3.18-3.00)

123606/12614

9.8 (9.8)

99.8 (98.9)
4.3 (141.8)
4.6 (149.6)
24.5 (1.6)

0.999 (0.658)

Resolution range (A) 37.81-3.00
Rwork/Riree (%) 20.70/25.88
No. of reflections 12614
Total No. of atoms 3475
No. of waters -
No. of ATP 2
No. of ADP -
No. of Ca 1
Wilson B factor(A?) 135.1
r.m.s.d. bond lengths (A) 0.004
r.m.s.d. bond angles (°) 0.697
Ramachandran plot
Residues in favored/allowed regions (%) 981/2
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Influence of KtrA mutants in KtrAB function

In order to evaluate the role of KtrA intra-dimer interface residues in KtrAB activity we
employed an E.coli phenotype complementation assay. In this complementation assay,
low-level constitutive expression of an active potassium channel in the K*-transport
deficient-strain TK2420 rescues bacterial growth in a media containing low amounts of
K* (Albright, et al., 2007; Buurman et al., 2004). While empty vector-containing cells
require a minimum of 30 mM K* to grow, expression of wild-type KtrAB allows growth of
E.coli TK2420 with only 1 mM K* (Figure 19a).
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H 4 KtrB (dimer) —KwAwr-B
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Figure 19: Functional impact of KtrA intra-dimer interface residues. a) Optical density of
overnight E.coli TK2420 cultures (expressing different KirAB constructs) as a function of K*
concentration in the growth media. Mean + SD (n=6) from two independent experiments. b)
Elution profiles of KtrB and KtrAB complexes assembled with wild-type or mutant KtrA in the
presence of ATP.

We tested the KtrA single-point mutants in the presence of wild-type KtrB and evaluated
their impact in the complementation assay. None of the R16 mutations had an impact
on the growth phenotype. R16A and R16K behave like wild-type KtrA and result in a
KtrAB mediated growth rescue with 1 mM K*. On the other hand, the ASOP and E125Q
mutations resulted in an apparently inactive KtrAB (Figure 16). Importantly, we
confirmed by size-exclusion chromatography that these mutants are able to assemble
in a stable complex with KtrB (Figure 19b).

Our phenotype rescue assay fits well with the structural analysis. KtrA mutants that

show a wild-type protein function (R16K and R16A) in the complementation assay are

able to adopt a square conformation with ATP. In contrast, mutants that do not rescue
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growth (AB0P and E125Q) also do not adopt the square conformation in the ATP-bound

structures.

These structural and functional results confirm that KtrAB activation requires the
adoption of a stable KtrA-ATP ring square conformation. Furthermore, unlike what had
been previously proposed, R16 is not essential for the adoption of this conformation.
Instead, E125 is a crucial residue in the KtrA-intradimer interface that stabilizes the

active square-conformation of the octameric ring by coordinating a divalent cation.

Functional effect of divalent cations in KtrAB activity

To establish the importance of a divalent cation in the function of KtrAB we adapted the
fluorescence based ACMA-liposome K* flux assay (Z. Su, et al., 2016). In this assay,
KtrAB was reconstituted into liposomes in the presence of 150 mM KCl and a K* gradient
was established by dilution of the proteoliposomes into a low K* concentration solution.
The assay was initiated by addition of carbonyl cyanide m-chlorophenylhydrazone
(CCCP, a H™-ionophore), which builds-up a H* gradient across the membrane as
potassium ions efflux through KtrAB. Formation of an H* gradient results in quenching
of 9-amino-6¢hloro-2-methoxyacridine (ACMA) fluorescence (Figure 20).

We have found that using 2 uM ACMA in the flux assay, as others have described,
causes inhibition of KtrAB. We have therefore reduced the concentration of fluorescence
probe to 550 nM. In these conditions, we observe a fluorescence quenching window of
~80% in our functional assays. One- or two-phase exponential equations were fitted to
the fluorescence quenching curves and flux rate constants were determined as the
inverse of time constants extracted from the fit (Appendix- Figure 27 and Table 6). The
fast component of the majority of double-exponential fits was the dominant term (larger

amplitude) and is used in the analysis below. Exceptions are noted in the figure legends.

In many of the experiments below we compared the activity of proteoliposomes
reconstituted with different protein combinations, for example KtrB assembled with KtrA-
ATP, KtrA-ADP or E125Q KtrA with bound ATP. Reconstitutions with different
assemblies show similar amounts of protein associated with liposomes (Appendix-
Figure 28).
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Figure 20: Impact of magnesium ion on KtrAB activity. a) and b) Proteoliposome flux assay
performed with wild-type KtrB and wild-type and mutant KtrAB with ATP or ADP, in the presence
or absence of 2 mM magnesium, as indicated. All assays were performed with sorbitol in the
external solution. Panels show representative fluorescence quenching curves. Empty liposomes
were used as control. ¢) Plot of flux rate constants for conditions in a) and b). Mean + SD as well
as individual rate constants (blue dots) are shown for n=6-7 from at least two different

proteoliposome preparations.

We first compared the differences in the flux of KtrAB-ATP with and without Mg?*, in
proteoliposomes resuspended in an external solution containing 150 mM sorbitol and
1.5 mM KCI (Figure 20a). Flux is ~10-fold faster in the presence of Mg?*, with the rate
constant increasing from 0.011 + 0.001 to 0.096 + 0.008 s* (Figure 20c).

Next, we removed the chemical groups that coordinate Mg?* in the KtrA R16K and WT-
ATP structures (Figure 17b and 17d) by substituting ATP for ADP or mutating E125 to
a glutamine (E125Q) and measured flux (Figure 20b). Relative to KtrAB-ATP with Mg?*,
flux was 14-fold and 24-fold slower for KirAB-ADP and KtrAgi2s0B-ATP with Mg?*,
respectively (Figure 20c). For the same protein forms without divalent cation, the impact
of Mg?* on KtrAB-ADP and KtrAe1250B-ATP is only a 2- to 4-fold rate increase. This
difference is also observed with KtrB alone (Figure 20b and 20c), indicating that the

Mg?* effect in the ADP and E125Q protein forms is most likely not related to the
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mechanism of RCK activation. Like for wild-type KtrAB-ATP, Mg?* also activates the
complex with the R16A KtrA mutant (Figure 20b and 20c).

Despite the clear impact of Mg?* in KtrAB activation, it is noticeable that absence of
added divalent cation does not abolish KtrAB-ATP activity and that its flux is larger than
for KtrB or KtrAB-ADP (Figure 20a and 20c). This observation is explained in the
discussion. The functional data supports the proposal that Mg?* is a cofactor in the
nucleotide-dependent activation of KtrAB, by binding at the intra-dimer RCK interface

site and being coordinated by both the ATP y-phosphates and the KtrA E125 residues.

Our structural studies also suggest that calcium is able to bind at the KtrA intra-dimer
interface. Therefore, in order to understand if the intra-dimer interface site is selective
for Mg?*, we performed flux experiments with addition of Ca?* and Mg?* to an external
solution containing 20 mM choline chloride and sorbitol (Figure 21). We chose to include
choline chloride in this assay because we wanted to minimize any non-specific effect of
divalent cations on the liposomes by increasing the ionic strength of the assay solution
and because choline is an organic cation that does not permeate KtrAB.
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Figure 21: Impact of calcium ion on KtrAB activity. a) Proteoliposome flux assay with KtrAB-
ATP in an external solution with 20 mM choline chloride and sorbitol. The panel shows
representative fluorescence quenching curves. Empty liposomes were used as control. b) Plot
of flux rate constants for conditions shown in a). Mean + SD as well as individual flux rate
constants (blue dots) are shown with n=3-5 of the same proteoliposome preparation. For KtrAB-
ATP + 5 mM Mg?* the amplitude of the fast component in the double-exponential fit is slightly
lower than of the slow component. Nevertheless, we plotted the rate constant of the fast
component as it represents the initial decay phase of the curve, allowing comparison with other

rate constants (Appendix- Table 6).
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Relative to the condition without divalent cation, adding 0.7 or 2 mM Ca?* or Mg?*
increases flux up to 4-fold. Rate constants become similar to those measured in the
sorbitol/Mg?* condition (0.088 +.0.002 s for 2 mM Mg?* and 0.092 + 0.001 s* for 2 mM
Ca?") (Figure 21a and 21b). Addition of 5 mM Ca?" or Mg?* resulted in a reduction in
steady-state fluorescence at 500 s to ~60% for Mg?* and ~35% for Ca?* (Figure 21a).
No changes in total fluorescence quenching were observed when valinomycin was
added to these conditions, indicating that the high concentrations of divalent cations are
not affecting the structure of the proteoliposomes. However, while the flux rate constant
with 5 mM Mg?* is unchanged, it decreases 9-fold with 5 mM Ca?* (Figure 21b),
suggesting that, at high concentrations, Ca?* inhibits flux by blocking the KtrAB channel.

These functional experiments establish that the intra-dimer interface site binds both
Mg?* and Ca?*, further supporting the idea that divalent cations stabilize the square

conformation of the RCK domain ring and activate the KtrAB channel.

Monovalent cation effect in KtrAB function

While establishing the flux assay using choline chloride we tested an assay solution
containing 150 mM choline chloride and 1.5 mM KCI, without any Mg?* included. We
were surprised to observe that fluorescence quenching was comparable to the
sorbitol/Mg?* condition, with steady-state values of ~80% and a rate constant of 0.062
+ 0.007 s (Figure 22a and 22c).

Addition of Mg?* had little or no effect in the rate constant (0.058 + 0.003 or 0.079 +
0.010 s with addition of 0.7 mM or 2 mM Mg?* , respectively), confirming that KtrAB is
fully active in the presence of 150 mM choline chloride (Figure 22a and 22c). Lowering
the concentration of choline to 20 mM decreased the flux rate by ~2-fold and, as shown
above, addition of 0.7 or 2 mM Mg?* re-established maximum activity (Figure 21a and
21c).
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Figure 22: Impact of choline on KtrAB flux. a) and b) Proteoliposome flux assay performed
with KtrB and wild-type and mutant KtrAB with ATP or ADP with choline chloride (ChCI) in the
external solution. Panels show representative fluorescence quenching curves. Empty liposomes
were used as control. ¢) Plot of flux rate constants for conditions shown in a) and b). Mean + SD
as well as individual flux rate constants (blue dots) are shown for n=5-9 from at least two different
proteoliposome preparations. Conditions correspond to 150 mM choline chloride external
solution except where stated otherwise.

The dependence of flux on the concentration of choline chloride raised the possibility
that the choline cation and/or the chloride anion are also activators of KtrAB.

To explore the role of Cl we performed the functional assay with 150 mM choline acetate
(Figure 23) and concluded that KtrAB is active in the absence of CI- as the rate constants
in choline acetate (0.043 + 0.002 s) and choline chloride (0.062 + 0.007 s™) are similar.
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Figure 23: Impact of chloride ion on KtrAB activity. KtrAB-ATP proteoliposome flux assays
with choline chloride or choline acetate in the external solution. Representative fluorescence

guenching curves obtained for each condition. Empty liposomes were used as controls.

66



To explore the possibility that choline is an activator, we analysed the impact of the
E125Q KtrA mutation and of ADP in the presence of 150 mM choline. Both KtrAgi250B-
ATP and KtrAB-ADP display low ion flux, with rates that are 12- and 16-fold slower than
for KtrAB-ATP (Figure 22b and 22c). Flux observed in these conditions is similar to that
of liposomes reconstituted with KtrB alone (Figure 22b and 22c). In contrast, KtrAri6aB-
ATP is also active in the choline condition without added Mg?* (Figure 22b and 22c).
Importantly, using flame ionization spectroscopy, we determined that the contaminating
levels of Mg?* in the choline solution are undetectable (less than 2 uM) which, as shown

further down, is well below the activating concentrations for this divalent cation.

Overall, these data suggest that choline is able to activate KtrAB and that the effect is
exerted through the RCK domain ring, involving the same intra-dimer interface site

previously identified for the divalent cations.

If choline is able to activate KtrAB-ATP, we asked whether the same happens with
inorganic monovalent cations. We explored this possibility with Li* added to the outside
solution, as it is likely that KtrAB is more selective for K* than for Li* (as demonstrated
for KtrB from V. alginolyticus and the related cation channel TrkHA (Cao, et al., 2013;
Mikusevic, et al., 2019)), allowing us to observe flux. In the presence of 5 and 20 mM
Li*, flux is higher than in sorbitol alone (~2- and ~5-fold, respectively) (Figure 24,
confront (cf.) with Figure 20c).

Addition of Mg?* to either one of these conditions results in a 3- and 1.5-fold increase in
the rate constants (0.069 + 0.001 and 0.070 + 0.002 s, respectively), similar to the
maximum observed above (cf. Figure 20c). Importantly, KtrAgi1250B-ATP or KtrB-ATP in
the presence of 20 mM Li* display rates that are ~12- and ~15-fold lower than KtrAB-
ATP in the same condition, suggesting that the Li* effect is mediated by the RCK domain
(Figure 24).In 150 mM Li* there is a clear decrease in flux rate, down to values that are
similar to KtrB-ATP, most likely because in this concentration range Li*, as a permeant

ion, affects the build-up of the H*-gradient in the assay (Figure 24).
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Figure 24: Impact of Li* on KtrAB flux. a) Proteoliposome flux assay performed with KtrB and
wild-type and mutant KtrAB with ATP with lithium chloride (LiCl) in the external solution.
Osmolarity differences were partially compensated with inclusion of sorbitol in the solution.
Panels shows representative fluorescence quenching curves. Empty liposomes were used as
control. b) Plot of flux rate constants for conditions shown in a). Mean = SD as well as individual
flux rate constants (blue dots) are shown for n=4 from one proteoliposome preparation. For
conditions in 20 mM Li* (with and without Mg?*) and in 5 mM (Li* (without Mg?*) the amplitude of
the fast component of the double-phase exponential fit is either equal or smaller than of the slow
component. However, we plot the “fast” rate constant as it represents the initial decay phase of
the curve, allowing comparison with other rate constants (see Appendix- Table 6).

Overall, our data suggests that monovalent cations (both Li* and choline) are able to
activate KtrAB through a mechanism that involves the intra-dimer interface of the RCK

domain.

We decided to compare the impact of monovalent and divalent cations on the activation
mechanism of KtrAB. To do so, we performed titrations of choline and Mg?* using the
flux assay (Figure 25 and Appendix- Figure 29). Although osmolarity differences did not
affect flux (Appendix- Figure 30), we matched the osmolarity of the conditions in the two
titration experiments to directly compare results. In addition, we verified that the free
concentration of Mg?* in the assay solutions is similar to the added concentration. For
this, we spun-down proteoliposomes after running the assay and measured Mg?* in the
supernatant using flame ionization spectroscopy. For example, for conditions with 25,
107 and 1156 uM added Mg?*, the determined free concentrations were 34 + 0, 126 +
8 and 1210 £ 9 pM, respectively.
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The titrations show that increasing concentrations of both Mg?* and choline result in
increased flux rate (Figure 25a and 25c). Fitting the titration curves with a Hill equation
yielded a Ky, of activation for Mg?* of 155 + 17 uM (Hill coefficient 1.8 + 0.0) and for
choline, 25 = 2 mM for choline with a Hill coefficient 1.9 + 0.2 (Figure 25b and 25d).
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Figure 25: Mg?* and Choline titrations. a) Magnesium ion titration of KtrAB-ATP using a
proteoliposome flux assay performed with increasing amounts of MgCl. added to a 300 mM
sorbitol external solution. Panel shows representative fluorescence gquenching titration curves
normalized to their steady-state. Magnesium ion concentration increases with red color intensity
from 0 to 2000 uM b) Plot of flux rate constants (mean + SD, from 3 separate titrations) as a
function of magnesium ion concentration. c¢) Choline titration of KtrAB-ATP using a
proteoliposome flux assay performed with increasing amounts of choline chloride in the external
solution while compensating the change in osmolarity with sorbitol. Panel shows representative
fluorescence quenching titration curves normalized to their steady-state. Choline chloride
concentration increases with blue color intensity from 0 to 150 mM d) Plot of flux rate constants

(mean = SD, from 3 separate titrations) as a function of choline concentration. Titrations were

fitted with a Hill equation, y = Start + (End — Start) X m Mean + SD of Ku2 and of Hill

coefficients (n) determined from fits to separate titrations are shown. EDTA was not added to the

external solution in these assays.
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Overall, these data strongly suggest that monovalent cations, including an organic
monovalent, are able to activate the KtrAB complex and that this effect is ATP
dependent and dependent on an intact intra-dimer interface binding site. Nevertheless,
we clearly show that the KtrAB activation mechanism is ~160-fold more sensitive to
Mg?* than choline.

Conserved divalent cation binding site in other nucleotide-dependent RCK

domains

Nucleotide-dependent RCK domains are associated with different families of bacterial
K* or cation transporters and we wondered if the intra-dimer interface divalent cation-
binding site is conserved in those proteins. More specifically, we verified the

conservation of a glutamate (equivalent to the KtrA E125) in the intra-dimer interface.

For this we analysed structures of RCK domains which are known to be nucleotide-
dependent by having a bound nucleotide like KtrA or having the classical nucleotide
binding site motif associated with a Rossmann fold (GxGxxG[17-18]xE/D; where G is
glycine, E glutamate, D aspartate and x any amino acid) (Bellamacina, 1996). In this
analysis, we did not consider the RCK domain from GsuK since only one of the domains
in the RCK dimeric unit binds nucleotides (Kong, et al., 2012).

First, we analysed the structure of the KtrA protein from the thermophilic archaean
Methanocaldococcus jannaschii (PDB: 1LSS) (Figure 26a). The structure clearly shows
a glutamate residue in the same position as E125 in KtrA from B. subtilis. We generated
a sequence alignment of KtrA orthologs by randomly selecting 2-3 species from all phyla
of bacteria and archaea that have Ktr cation channels. We cured the alignment to retain
only proteins that show the nucleotide binding site sequence motif (Figure 26b and
Appendix- Figure 31). The final alignment has 15 sequences, including KtrA from B.
subtilis, of which 13 have a glutamate coincident with E125, corresponding to 87%
sequence identity. Interestingly, a neighbouring proline is also highly conserved, forming
the motif PE.

We also inspected the TrkA protein from Vibrio parahaemolyticus (PDB: 4J9V); this
protein assembles with the membrane protein TrkH to form the non-selective TrkAH
cation channel (Figure 26c). TrkA has two RCK domains in tandem (RCK1 and RCK2),
forming a pseudo-dimeric unit, and both domains bind nucleotide. In the intra-dimer

interface there is a glutamate in RCK1 in a position similar to that of E125 in KtrA. In
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contrast, in RCK2 there is a glutamine. A sequence alignment of TrkA orthologs,
generated using the approach described above, shows that the PE sequence motif
noted in KtrA is highly conserved in RCK1 (80% sequence identity) (Figure 26d and
Appendix- Figure 32). However, there are no glutamates or aspartates in the E125
position of RCK2 in any of the orthologs (Appendix- Figure 33); instead, arginine and
lysine residues are common, suggesting that in TrkA the activation mechanism is not

dependent on a divalent cation cofactor.
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Figure 26: Conservation of glutamate residue in the intra-dimer interface of nucleotide-
dependent RCK domains. a) View of nucleotide binding sites in M.jannaschii KtrA dimer (PDB:
1LSS). b) Partial view of sequence alignment of KtrA orthologs with conserved glutamate in
yellow. Numbering and secondary structure elements are from B. subtilis KtrA. c¢) View of
nucleotide binding sites in V. parahaemolyticus TrkA pseudo-dimer (PDB: 4J9V). The RCK2
glutamine in an equivalent position to KtrA E125 is shown as a green sphere. d) Partial view of
sequence alignment of TrkA orthologs with conserved glutamate in RCK1 in yellow. Numbering
and secondary structure elements are from the V.parahaemolyticus TrkA. e) View of nucleotide
binding sites in E.coli KefC C-terminal dimer (PDB: 3L9W). f) Partial view of sequence alignment
of Kef orthologs with conserved glutamate in yellow. Numbering and secondary structure
elements are from the E.coli KefC C-terminal. g) View of nucleotide binding sites in E.coli YbalL
C-terminal dimer (PDB: 3FWZ). h) Partial view of sequence alignment of YbalL orthologs with
conserved glutamate in yellow. Numbering and secondary structure elements are from the E.coli
Ybal C-terminal. Dimer subunits are colored red and blue and conserved glutamates are shown
as yellow spheres. Sequence alignments were obtained with MEGA software (Tamura et al.,
2013) and figures made using ESPript (Robert & Gouet, 2014). In all alignments, the position
corresponding to KtrA E125 or equivalent is marked with a star.

We also found the structure of an RCK octameric ring formed by two different RCK
proteins (TM1088A/TM1088B) (Deller, et al., 2015). Each protein assembles as a homo-
dimeric unit and the ring includes two pairs of each dimeric unit, with identical pairs
positioned across each other in the ring. As in TrkA, the RCK pair that binds nucleotide
does not have the conserved divalent cation site, showing a PA sequence motif, instead
of PE, in the intra-dimer interface.

Another nucleotide-dependent RCK family for which there are available structures is
that of the regulatory domain of the Kef K*/H* antiporters (Munro et al., 1991; Pliotas et
al., 2017; Roosild et al., 2010; Roosild, et al., 2009). Unlike the Ktr and Trk channels
where the RCK domain is a separate protein, in Kef antiporters the membrane protein
and the RCK domain are in the same polypeptide. In addition, their C-terminal regions
lack the C lobe observed in the RCK domains of MthK and KtrA. Despite these
differences, the structure of the C-terminal domain of KefC from E. coli shows the homo-
dimeric unit arrangement and an AMP molecule bound in a similar binding site to KtrA
(Figure 26e). Strikingly, the KefC structure shows a glutamate at the intra-dimer
interface, shifted one residue in the sequence relative to KirA. However, this is a position

where the glutamate can still potentially coordinate a divalent cation, as E125 in KitrA.
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While analysing sequences of KefC proteins it became apparent that there are three
groups of Kef-related proteins: the KefC proteins (with at least 580 amino acids), the
KefC-like group (less than 580 amino acids long) and the YbaL orthologs (Appendix-
Figure 34). A sequence alignment of the C termini of 11 KefC proteins shows that the
glutamate at the intra-dimer interface is 100% conserved (Figure 26f and Appendix-
Figure 35). The sequence motif is RE or TE, and not PE as seen in KtrA. In contrast, in
the sequence alignment of KefC-like proteins the glutamate is substituted by a

conserved tyrosine or phenyalanine (Appendix- Figure 36).

Finally, we analyzed the structure of the nucleotide-dependent RCK domain of YbalL
(PDB: 3FW2), a putative E.coli cation antiporter. As stated above, YbalL proteins are
related to KefC. This structure also shows the presence of a glutamate in the intra-dimer
interface in an equivalent position to that of E125 in KtrA (Figure 26g). A sequence
alignment reveals that the glutamate is strongly conserved (100% conserved among the
12 sequences) but the sequence motif is primarily GE instead of PE (Figure 26h and

Appendix- Figure 37).

This analysis reveals a striking conservation of glutamates in the intra-dimer interface
of many homaodimeric nucleotide-dependent RCK domains. These glutamates occupy
similar positions to E125 in KtrA, strongly suggesting that the cation-binding site is
present in many nucleotide-dependent RCK domains and in particular, that divalent

cations are essential cofactors for the activation of these RCK proteins.

DISCUSSION

We have established that the activation mechanism of KtrA, a nucleotide-dependent
RCK domain, involves divalent cations, Mg?* or Ca?*, as cofactors. The divalent cation
binds to the intra-dimer interface site of a KtrA dimer, coordinated by E125 and the y-
phosphates from two ATP molecules. This results in the tethering of the two ATP

molecules, stabilizing the active state square conformation of the octameric ring.

Our data also strongly suggests that monovalent cations like Li* and choline, an organic
monovalent cation, are able to activate KtrAB. This effect is dependent on the RCK
domain having bound ATP and an intact intra-dimer interface site, as either ADP or
mutation of E125 disrupt activation. This suggests that, like Mg?* or Ca%*, monovalent
cations bind to the intra-dimer interface site. Although not demonstrated here, it is likely

that K* will also activate KtrAB-ATP, providing an explanation for the partial activity of
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KtrAB-ATP in the absence of Mg?* (Figure 20a). In those experiments, the lumen of the
liposomes contains 150 mM K* and therefore the fraction of KtrAB-ATP molecules that
are oriented with KtrA facing the lumen will be activated by K*, giving rise to a flux curve
that is intermediate between KtrAB-ADP and KtrAB-ATP-Mg?*.

The dimensions of the intra-dimer interface binding site as well as the chemical groups
that line this site are ideal for divalent cation binding, as reflected in the KtrA structures
with Mg?* and Ca?* and the Ky, of activation ~150 uM, corresponding to 160-fold higher
sensitivity of the activation mechanism for Mg?* over choline. Nevertheless, it is easy to
imagine that several lithium ions will bind in the intra-dimer interface site, compensating
the intense negative electrostatics of the site and stabilizing the close positioning of the
ATP y-phosphate groups in the active conformation. It is harder to imagine how choline
binds to the same site but the quaternary ammonium group in choline might adopt the
flattened configuration seen in the TBA (tetrabutylammonium) molecule bound in the
pore of the KcsA K* channel (Lenaeus et al., 2014). In this configuration, the group might
be able to slide into the intra-dimer crevice in the non-square conformation and stabilize,
at least, a partial closure of the site around the cation, giving rise to activation.

What cation functions as the activation cofactor in the cell?

We determined that the Ky, for Mg?* activation is ~150 yM. Mg?* is often found
associated with ATP molecules and is by far the most abundant divalent cation in the
cytosol of bacteria, with a total concentration of ~100 mM (Moncany & Kellenberger,
1981) and a free concentration of ~2 mM (Alatossava et al., 1985), 13-fold higher than
the determined K. In contrast, the concentration of free calcium in bacteria has been
estimated at 100-300 nM (Gangola & Rosen, 1987; Jones et al., 1999). It is therefore
reasonable to think that in the cell, the active conformation of the RCK domain ring in
KtrAB will involve Mg?* and not Ca?*. We have not been able to determine the Ky, of
activation for Li* or K* using the flux assay and determination of their binding affinity for
the intra-dimer interface site by isothermal titration calorimetry (ITC) is likely to be
complicated by all the interactions established between the cation and other protein
chemical groups. However, the reported K* concentration in the cytosol of B. subitilis is
~300 mM, rising to 600-700 mM in certain environmental conditions (Whatmore, et al.,
1990; Whatmore & Reed, 1990). It is therefore likely that the free concentration of the
monovalent cation in the cytosol is sufficient to make a contribution to the activation of
KtrAB.
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We have determined multiple structures of the KtrA octameric ring. A comparison of the
ring structures with bound-ATP and adopting the square conformation revealed that they
are very similar to each other, with little differences in the Ca N38 L1/L2 distances and
low RMSDs for Ca atoms: 0.56 A for R16K-ATP and 0.83 A for R16A-ATP, when
compared to WT-ATP (PDB: 4J90). In contrast, we found a large structural variability in
the non-square structures, with four different conformational groups based on Ca N38
L1/L2 distances. This indicates that there is a single well defined square or active
conformation for KtrA, while the ring in the non-active (or non-square) conformation is
most likely more flexible, giving rise to different ring conformations in the crystals of
isolated KtrA.

Although our understanding of the conformational changes occurring in the KtrA ring
during activation is well established, the same cannot be said of the membrane protein
KtrB. The non-active conformation (ADP-bound) seems well represented by the
structure of KtrAB-ADP from V. alginolyticus (Diskowski, et al., 2017), where the flexible
KtrA ring appears to adapt its conformation to that of the KtrB dimer, favouring the
formation of interactions between the two proteins. In particular, the long
transmembrane helix D1M2 from the KtrB subunits interacts with the inner surface of
the ring. Binding of ATP and of the cation cofactor to the RCK domain stabilizes the rigid
square conformation of the octameric ring. This appears to cause the release of D1M2
from its interaction site on KtrA and bending of the C-terminal end into a short helix,
parallel to the membrane surface. This change must be propagated to the
intramembrane loop region of KtrB, opening the pore gate. However, we do not have a
good molecular understanding of the activated-state of KtrB since the ion pore of the
membrane protein remains closed in the available KtrAB-ATP structure despite the
adoption of the square conformation by KtrA (Vieira-Pires, et al., 2013). We do not know
the reason for this “incomplete” activation but it is possible that KirAB-ATP does not

adopt the fully active conformation in detergent.

It is worthwhile pointing out that a ®®Rb*-uptake assay had previously been used to
characterize KtrAB function (Szollosi, et al., 2016; Vieira-Pires, et al., 2013). With that
assay, very low levels of activity for KtrAB-ATP were observed, taking ~60 minutes to
reach 20% of valinomycin signal (total signal), that were only 2-fold faster than for KirAB-
ADP. Those values contrast with the levels of activity described here, using the
fluorescence based ACMA-liposome K* flux assay. We now understand that the low
KtrAB-ATP activity recorded in those early reports is partly due to a lack of cations in

the assay solution, so that many KtrAB-ATP molecules were not in an activated state.
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Importantly, analysis of structures and amino acid sequences of nucleotide-dependent
RCK domains from several different channel and transporter families demonstrated the
presence of a strongly conserved glutamate in the intra-dimer interface, at a position
that is equivalent to E125 in KtrA. These conserved glutamates are available for
interaction with cations, divalent cations in particular, strongly suggesting that the cation-
binding site is conserved and that cations are cofactors in the regulatory mechanism of

many nucleotide-dependent RCK domains.
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APPENDIX

Table 6: Parameters extracted from fits of fluorescence quenching curves with one-phase

(1) or two-phase exponential equations (Trast and Tsiow).

Sorbitol external solution

[Sorbitol] Proteoliposomes | Amplitude T(s) Am(?;isttt;de Trast (S) ATsﬁgw)de Tsiow (S) Plateau

KtrAB-ATP 0.44:0.06 | 97.32+9.51 - - - - 0.50:0.06
K;ﬁ,\BA'%P - - 0.39:0.03 | 10.40+0.88 | 0.12+0.02 | 110.34+25.17 | 0.25+0.06
KtrAB-ADP 0.31:0.01 | 291.42+33.11 - - - - 0.64+0.01
K;“QABA'/?AZP 0.18:0.01 | 149.38+10.26 - - ; - 0.75:0.01

KtrAewsoB-ATP | 0.80£0.00 | 813.33+25.51 - - - - 0.2¢
15omM K”'gﬁ/f'agw 0.39+0.01 | 270.00+4.85 - - ; - 0.59:0.01
KtrAmeaB-ATP | 0.45:0.01 | 129.77+9.95 - - - - 0.510.01
K”’;sz,\;l'gTP - - 0.35:0.01 | 12.34+0.31 | 0.18:0.01 | 92.83t4.33 | 0.25:0.01
KtrB-ATP 0.44+0.07 | 288.96+41.69 - - - - 0.54:0.07
';tr;BI\;IAI\;gP 0.28:0.01 | 108.33+2.21 - - ; - 0.66:0.01

Choline Chloride external solution
[CholineCl] | Proteoliposomes | Amplitude T (8) Arr(lf;;lsittu)de Trast (S) ATSF::)i\tAl;')de Tsiow (S) Plateau

KtrAB-ATP - - 0.45:0.04 | 16.42+1.88 | 0.24+0.02 | 115.19+11.09 | 0.16+0.06
'éf;ﬁ;mg - - 0.43:0.04 | 17.17+0.64 | 0.24+0.02 | 126.36+5.40 | 0.17+0.04
K;ﬁa'ﬁﬂgp - - 0.43:0.06 | 12.91+157 | 0.20:0.03 | 106.19+7.34 | 0.18+0.01
150mM KtrAB-ADP 0.24+0.02 | 276.83+56.71 - - - - 0.72+0.01
KtrAewssoB-ATP | 0.27+0.02 | 216.77+25.83 - - ; - 0.700.02
KtrB-ATP 0.25:0.04 | 193.01+19.11 - - - - 0.72+0.05
KtrArseaB-ATP - - 0.38:0.02 | 26.1043.22 | 0.28+0.05 | 134.27+21.72 | 0.24+0.02
KtrAB-ATP - - 0.38£0.06 | 30.55¢5.55 | 0.25:0.07 | 153.07+25.75 | 0.32+0.02
'éf;’?nBMAJz - - 0.43:0.06 | 13.40+1.51 | 0.25:0.03 | 129.19+9.78 | 0.18+0.02
Kéﬁll\an_ﬁnzp - - 0.39:0.02 | 10.57+0.80 | 0.17+0.04 | 116.49+11.33 | 0.2040.01
, Kéﬁa'ﬁﬂzp - - 0.20:0.02 | 9.46+0.93 | 0.24:0.01 | 116.26:4.36 | 0.41:0.01
Pyl - - 0.33:0.01 | 11.81+1.03 | 0.24+0.01 | 120.28+7.69 | 0.24+0.01
KOS ATP ; - 0.38:0.02 | 10.930.14 | 0.21+0.01 | 130.42+5.24 | 0.21+0.01
vl 0.19+0.01 | 97.99+3.69 ; - . - 0.66+0.01
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Table 6 (continued)

Choline Acetate external solution

[Choline . . Amplitude Amplitude
Acetate] Proteoliposomes | Amplitude T(S) (fast) Trast (S) (slow) Tsiow (S) Plateau
150mM KtrAB-ATP - - 0.33+0.01 23.54+1.09 0.31+0.01 | 143.83%8.73 | 0.26+0.01
Lithium Chloride external solution
. . . Amplitude Amplitude
[LiCI] Proteoliposomes | Amplitude T(s) (fast) Tfast (s) (slow) 1slow (s) Plateau
150mM KtrAB-ATP 0.39+£0.03 | 229.34+10.39 - - - - 0.50+0.03
KtrAB-ATP - - 0.31+0.04 47.56+5.33 0.31+0.03 | 222.95+30.3 | 0.34+0.01
5mM
KUAB-ATP - - 0.35+0.04 14.47+0.24 0.31+0.03 149.63+£5.32 | 0.21+0.01
0.7mM Mg
KtrAB-ATP - - 0.31+0.03 21.85+0.63 0.36+0.04 | 178.09+5.70 | 0.27+0.01
KUAB-ATP - - 0.25+0.02 14.28+0.37 0.37+0.01 164.03+£3.75 | 0.28+0.01
KtrB-ATP 0.38+0.03 | 298.46+23.10 - - - - 0.60+0.04
KtrAE125QB-ATP 0.39+0.01 272.15+13.48 - - - - 0.58+0.01

Values shown are the mean = SD values calculated from parameters from individual fits. Rate
constants referred to in the text and figures were calculated as the mean of the inverse of 1
extracted from individual fits. * For KtrAE125QB-ATP in 150mM sorbitol the plateau had to be

fixed during fitting since the signal is closer to a linear decay.
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Figure 27: Examples of fluorescence quenching fits with exponential equations. a) KtrAB-
ATP flux assay representative curve with sorbitol in the external solution. Fit was performed using
a one-phase exponential equation: y = y0 + Ale~*=*%/7 (red line). b) KtrAB-ATP flux assay
representative curve with sorbitol in the external solution and in the presence of 2 mM
magnesium. Fit was performed using a two-phase exponential equation:

y = y0 + Ale~(:=*0)/tfast g o=(x=x0)/wslow (red line). Attempt of fitting with a one phase

exponential equation is shown as a blue line.

Mw KtrB  KtrAB  KtrAB KtrAg125QB KtrAR16AB
(kDa) ATP ATP  ADP ATP ATP

75 S

50 e
37— KtrB

25 P : KtrA

Figure 28: SDS-PAGE gel analysis of proteoliposomes. 5 pl of proteoliposomes reconstituted
with KtrB or KtrAB assemblies were loaded in each well. Molecular weight markers (MW) are

shown on the left. Bands corresponding to KtrB and KtrA are indicated.
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Figure 29: Fluorescence raw and normalized data from Mg?* titration. a) Raw fluorescence
data from representative titration. b) Same data after normalization to valinomycin quenching.
Magnesium ion concentration increases with red color intensity from 0 to 2000 pM. In many of
the thesis figures depicting flux assay experiments, the steady-state levels of fluorescence
guenching curves are different from each other, as shown in b), when it would be expectable to
have the same level. In most cases this resulted from the impact of the external solution
conditions on the initial fluorescence value (before addition of CCCP), as shown in a), and from
normalization using the fluorescence values after valinomycin addition, which change little across
different experiments. We do not fully understand the reason for the differences in initial
fluorescence but it appears that ACMA fluorescence is sensitive to the ionic strength of bathing

solutions.
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Figure 30: Effect of osmolarity in KtrAB flux. KtrAB-ATP proteoliposome flux assays with

sorbitol at 150 or 300mM (matching the osmolarity of a 150 mM choline chloride solution) in the

external solution, showing little impact of the osmolarity change on the function of KtrAB-ATP.
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Figure 31: Sequence alignment of KtrA orthologs. Numbering and secondary structure
features are from the first protein in the alignment. The position corresponding to the KtrA E125
is marked with a star. Conserved glutamates are highlighted in yellow and nucleotide binding

motif positions are boxed in red.
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Desulfovibrio hydrothermalis MRVIIVGA(EEVGFNVARRLSGESKDVVVL DSQALSKVSDSLDVQTI
Escherichia coli MKIIIL VGGTLAENLVGENNDITV TNGERLRTLQODKFDLRVV
Halomonas elongata MKIIIL VGGTLAEHLAREENDITV TDADRLRELHTRLDIRTV
Ilumatobacter coccineus MHVIIVGAGEVGRYLAQRLGAEGNDVVVVIEQNEVIAAQIAGELDVQVV
Leptotrichia buccalis MKIVI SLCSELSEEGNDVILIEKEEKVLNRKLVETYDITGL
Limnobacter MKIII VIGASLAESLVSEHNDITLIDPDPKVLADLODRYDLRTI
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Salmonella typhi MKIIIL VIGGTLAENLVGENNDITVVDTNGERLRSLODKFDLRVV
Streptococcus anginosus MKIIV v ALCRSLVAEKHDVILIEQNEAVLNRITKRYDIMGI
Xanthobacter autotrophicus MKVVICGRGOVIGFGIAERLAGEQNDVSIIDTSPRRIQMVTEQLDVRGV
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Vibrio parahaemolyticus NGHASHPDVLHEAGAQDADMLVAVINTDETNMAACQVAFTLFNTPNRV
Archaeoglobus fulgidus NGNAANMKVLRDAGVERADVFLAVIGNDEVNLLSGLAAKKVGAKN. . .
Azorhizobium caulinodans VGHGSHPDVLARAGIEQADMLIAVTLHDEVNMVACQVGHSLFNVPTKV
Bordetella bronchialis HGDGAQVSVLREAGAEDADLFIACAASDAVNLVACRIARQVFNIPRRI
Desulfovibrio hydrothermalis QGSGSSPEILKQAGVGEADIFLAVTIDKDEINLIATFFANRISPKIIKL
Escherichia coli QGHGSHPRVLREAGADDADMLVAVTSSDETNMVACQVAYSLEFNTPNRI
Halomonas elongata AGAGSYPMVLRQAGCEDADMLIAVINTDEVNMIACQVAHTLFRTPTKI
Ilumatobacter coccineus VGSATVPSTLEAARVDKADLLAGVTQNDEVNLIASLLAKEAG.VAQTV
Leptotrichia buccalis VGNGASYETLLEGNADTADIFIAATESDELNIISSIIAKKIGSKYTIA
Limnobacter AGNGALPRVLEQAGAEDADMLVAVIRSDETNLVACRMAALMFNVPRRI
Methanosarcina mazei EGNGANAEILSRVLON.ADLLVAVTIGVDEVNIVACMTAKLIMKNKNGW
Rhodopirellula islandica EGNASQSTVLFSADVLSADLCLAVTGDDEVNIVAASMAKALGARRAIA
Salmonella typhi QGHGSHPRVLREAGADDADMLVAVTSSDETNMVACQVAYSLFNTPNRI
Streptococcus anginosus VGNGANFKILEQADVEHCDIFIAMTEHDEVNMVSAVLAKRMRAKETIV

Xanthobacter autotrophicus VGQGSHPDVLARAGVEAADMLIAVTLHDEVNMVACQVGHALFNVPTKV
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Desulfovibrio hydrothermalis AR. . .IRNEDYTKYSEM. .FTEGDLRIDTIINPDEEVVDSILRVMSVP
Escherichia coli AR. . .IRSPDYVRDADK.LFHSDAVPIDHLIAPEQLVIDNIYRLIEYP
Halomonas elongata AR. . .VRATAYLTRKG. . LFAHEAVPIDVLISPEQVVTDHIRRLIEHP
Ilumatobacter coccineus AR...IQTEELRGPAGK. . ALRDAMQTDLIIDPDADTADEIMELVHVS
Leptotrichia buccalis RVR....... NPEYSSNMQFVREDLGISLMLNPEFESAKNIANKLMFP
Limnobacter AR...VRSP.EMMEQAQ.LHGDEGFNVDHVICPEQSVTNEHIERLIEFP
Methanosarcina mazei KDTKTIARVSNPDYIDSPVTSRAQVGVDLMICPELALA\SEVADII.SSP
Rhodopirellula islandica RVY...... APAFRDLSTFDYQRHFQIDSLLSLEQLSASELARAIRNP
Salmonella typhi AR...IRSPDYVRDADK.LFHSEAVPIDHLIAPEQLVIDNIYRLIEYP
Streptococcus anginosus RVR....... NPEYSNSYFKEKNILGFSLIVNPELLAARYIANIIEFP
Xanthobacter autotrophicus AR...IRAQTYLAPEWRDLFSRDQLPIDVIISPEIEVGEMVLRRLSLP
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Vibrio parahaemolyticus GALQVVSFAEQKVSLVAVKAYYGGPLVGNALSALREHMP . HIDTRVAA
Archaeoglobus fulgidus GAIEVVTFSGGKVEMIELQVMEGSKADGKAIADLYLPQN. .. VVIAS
Azorhizobium caulinodans GAVDTVSFGDGSVVIAGVLCGEACPVVDTPLTQLTQLFP .DLPATIVA
Bordetella bronchialis EALQVVEFAGGRISVVAARVDRGSAMANRFLEALPEVWP .DVSARIID
Desulfovibrio hydrothermalis GAVEINDFVGGKVRLIGVKLPEDSPLVGVSLMNIRDHFN.DVDVVIAA
Escherichia celi GALQVVNFAEGKVSLAVVKAYYGGPLIGNALSTMREHMP . HIDTRVAA
Halomonas elongata GALOQVLEFTGGLVQLVAVKAYYGGPLVGQELGFLRRHMP . SVDTRVAA
Ilumatobacter coccineus GADEVYRMSDGDLLVIGAVIAEGSTLAGSTLAEIGAIYEPDWRFLFGA
Leptotrichia buccalis VALSVENFFGQKANFISIRVEKYSFLNGAQLEKKLEFDPQDK. .VIICT
Limnobacter DALQVLDFADGKVTLVSVRAYAGGPLVSHPIEDIRKHLP . KVDVRIVA
Methanosarcina mazei SAIDAEMFAEGKVRMTEFAISPESKLVGKHMQDLKLADC. . CIVSA
Rhodopirellula islandica DAIPLEHFARGQLQVYEMDVAVGSAAAGKKLMELQLPPR. .. .VRVGS
Salmonella typhi GALQVVNFAEGKVSLAVVKAYYGGPLIGNALSTMREHMP . HIDTRVAA
Streptococcus anginosus NALSVERFANGRVSLMEFKVKQNSDLCQMTMSQFRKKFGN. . . VLICA

Xanthobacter autotrophicus GATDTVSFSDGAVQVVGVLCGEDCPVVDTPLSQLTQLFP.DMPATIVA
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Vibrio parahaemolyticus IFRQGRPIRPOGTTIIEADDEVFFVAASNHIRSVMSELQRLEKPYR. .
Archaeoglobus fulgidus IYRNGHIEIPRGDTVLRAGDRVAIVSKTEDVEMLKGIFGPPVTR. . . .
Azorhizobium caulinodans INRNGKVMATRSSDQIQTGDIAYFVAPADQVGRTLSIFGHDEIPAK. .
Bordetella bronchialis IVRNGRPLQAGRGTVILPGDEVVVVADTRHARRAVRQLRAAEKTAR. .
Desulfovibrio hydrothermalis LVRNDRLIIPGGLDTIEKGDIVYFTCIRDOQQERLLQCAGILSDPIS. .
Escherichia coli IFRHDRPIRPQGSTIVEAGDEVFFIAASQHIRAVMSELQRLEKPYK. .
Halomonas elongata IYRRNRPIIPRGDTVIEADDEVFFIAARRDIRAVMSELRRLERDFR. .
Ilumatobacter coccineus LTRNGETVIPRGDQRLEVGDHVRVLTSRSARQEILELLGAAHRTPK. .
Leptotrichia buccalis VKRGDQIFIPSGDFTILEGDIIYIAGSINSVRKFYDRIEKRNLKIN. .
Limnobacter LFRENQPVAVEGYTMIQPGDEVFCLSATEHVRTVMSELRRMSKPVT. .
Methanosarcina mazei VFREDQIIIPHGDDLIKANDHMVVVGKPESMEDLESVFGSKVSHRT.
Rhodopirellula islandica LAREGRMWIASGADETRAGDRVSLVGMPDAVSVARQIE‘GGEKRRRKQS
Salmecnella typhi IFRHDRPIRPQGSTIVEAGDEVFFIAASQHIRAVMSELQRLEKPYK.
Streptococcus anginosus INRNGQLLIPDGEITILONDIIYVTGNRVDVILFHN. .FVRPKVIK. .

Xanthobacter autotrophicus VSRKGKTLVPRSNDQLAVGDIVYFVAQADQVQRALSLLGHDEVPGQ. .

Figure 32: Sequence alignhment of RCK1 domains from TrkA orthologs. Numbering and
secondary structure features are from the first protein in the alignment. The position
corresponding to the equivalent of KtrA E125 is marked with a star. Conserved glutamates are

highlighted in yellow and nucleotide binding motif positions are boxed in red.
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Figure 33: Sequence alignment of RCK2 domains from TrkA orthologs. Numbering and
secondary structure features are from the first protein in the alignment. The position
corresponding to the equivalent of KtrA E125 is marked with a star. Positions without conserved

glutamates are boxed in blue and nucleotide binding motif positions are boxed in red.
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Figure 34: Phylogenetic tree of Kef-related proteins. Maximume-likelihood tree of sequence

alignment of Kef-related proteins. The tree reveals three groups: Kefl corresponds to KefC
proteins, with at least 580 amino acids; Kef2 corresponds to KefC-like proteins, with less than
580 amino acids; and YbalL orthologs. Tree was generated using MEGA software (Tamura, et
al., 2013).
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Figure 35: Sequence alignhment of C-terminal domains from KefC orthologs. Numbering
and secondary structure features are from the first protein in the alignment. The position
corresponding to the equivalent of KtrA E125 is marked with a star. Conserved glutamates are

highlighted in yellow and nucleotide binding motif positions are boxed in red.
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Figure 36:

Numbering and secondary structure features are from the first protein in the alignment. The

Sequence alignment of C-terminal domains from KefC-like orthologs.

position corresponding to the equivalent of KtrA E125 is marked with a star. Positions without

conserved glutamates are boxed in blue and nucleotide binding motif positions are boxed in red.
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Figure 37: Sequence alignment of C-terminal domains from YbaL orthologs. Numbering
and secondary structure features are from the first protein in the alignment. The position
corresponding to the equivalent of KtrA E125 is marked with a star. Conserved glutamates are

highlighted in yellow and nucleotide binding motif positions are boxed in red.
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V. REGULATION OF KtrA AND KtrC BY c-di-AMP

Some of the work presented in this chapter has been published in:

Rocha, R., Teixeira-Duarte, C. M., Jorge, J. M. P., & Morais-Cabral, J. H. (2019).
Characterization of the molecular properties of KtrC, a second RCK domain that
regulates a Ktr channel in Bacillus subtilis. J Struct Biol, 205(3), 34-43. doi:
10.1016/j.jsb.2019.02.002

INTRODUCTION

c-di-AMP is an essential second messenger in many bacteria that has a prominent role
in the regulation of potassium homeostasis. This nucleotide was shown to regulate the
activity of potassium channels and transporters by binding directly to their RCK
regulatory domains and/or by controlling the protein expression level through interaction
with a riboswitch and modulation of transcription.

c-di-AMP was shown to bind to KtrA orthologs and to regulate the expression of the
ktrAB operon in B. subtilis. In particular, this nucleotide was shown to bind to the C-
terminal domain of KtrA from S. aureus (R. M. Corrigan, et al., 2013). A structure of this
RCK C-terminal domain bound to c-di-AMP was determined, revealing the details of the
interaction with the nucleotide, and the ligand binding affinity was determined by ITC to
be in the nM range (H. Kim et al., 2015). Importantly, this characterization did not explore
the impact of the N-terminal ligands, ATP or ADP, in c-di-AMP binding. Furthermore, S.
aureus only contains one Ktr RCK regulatory domain, while B. subtilis expresses two
closely related orthologs, KtrA and KtrC. The differences in the c-di-AMP binding

properties of these two proteins are not yet known.

In this chapter, we characterized the binding of c-di-AMP to the two B. subtilis RCK
regulatory subunits, KtrA and KtrC. This was done using differential scanning fluorimetry
(thermal shift assay) and isothermal titration calorimetry (ITC). Furthermore, we
explored the role of this cyclic dinucleotide in the function of the KtrCB channel and used

X-ray crystallography to obtain a structure of KirCB-ATP in complex with c-di-AMP.
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MATERIALS AND METHODS

Protein Expression and Purification

Tag-less wild-type KtrA and N-terminal Strep-tagged KtrB were expressed and purified
as described previously, without EDTA addition.

Tag-less wild type KtrC, in a pET24a expression vector, was over-expressed in the
Escherichia coli BL21 (DES3) strain. Cells transformed with the expression vector were
grown at 37 °C with agitation in LB medium supplemented with 50 mg/L kanamycin to
an optical density at 600 nm (ODsgo) of 0.7-0.8. At this point, cultures were placed in ice
for 30 min (to induce cold-shock chaperones). Ethanol was then added dropwise to a
final concentration of 1% (v/v) (to induce expression of heat-shock chaperones); IPTG
was added to a final concentration of 0.5 mM for overnight induction at 20 °C (14-16 h)
and cells were harvested by centrifugation. Cell lysis was done in Buffer A (50 mM Tris-
HCI pH 7.5, 50 mM KCI, 5 mM DTT) supplemented with protease inhibitors (1 mM
PMSF, 1 pg/mL leupeptin, 1 pg/mL pepstatin A) using a cooled cell cracker Emulsiflex-
C5 (Avestin). Lysate was cleared by centrifugation and the supernatant was loaded into
an anion exchange column Hi-Trap Sepharose Q-HP (GE Healthcare). KirC was eluted
with a 50-1000 mM KCI gradient. Protein-containing fractions were pooled and
incubated with an ATP-agarose resin (Immobilized y-Aminophenyl-ATP C10-spacer
from Jena Bioscience) overnight at 4 °C with gentle agitation. The resin was then
washed thoroughly with Buffer H (50 mM Tris-HCI pH 8.0, 150 mM KCI, 5 mM DTT) and
protein was eluted in Buffer H supplemented with 5 mM ADP or ATP (sodium salts).
Protein was concentrated and further purified by size-exclusion chromatography in a
Superdex-S200 (GE Healthcare) column equilibrated with Buffer | (50 mM Tris-HCI pH
8.0, 150 mM KCI, 5 mM DTT). Eluted KtrC was supplemented with 1 mM ATP or ADP.

Protein concentration was determined using with a colorimetric assay (Bio-Rad).

The KtrCB complex was purified as previously described for KtrAB. EDTA was not
added in any of the buffers. Briefly, N-terminal Strep-tagged KtrB was over-expressed
in Escherichia coli BL21 (DE3) cells. Cells were lysed in Buffer D (50 mM Tris-HCI pH
8.0, 120 mM NacCl, 30 mM KCI) supplemented with protease inhibitors (1 mM PMSF, 1
pg/mL leupeptin, 1 pug/mL pepstatin A) using a cooled cell cracker Emulsiflex-C5
(Avestin). KtrB was extracted with 40 mM DDM (Sol-grade from Anatrace) overnight at
4 °C with gentle agitation. Spin-cleared lysate was loaded into a Strep-Tactin Sepharose
resin (IBA Lifesciences) and washed with Buffer E (50 mM Tris-HCI pH 8.0, 120 mM
NaCl, 30 mM KCI, 1 mM DDM, 5 mM DTT, 1 mM ATP). Purified KtrC-ATP was then
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added to the resin and incubated for 30 min at 4 °C with gentle agitation. The resin was
thoroughly washed with Buffer E and KtrCB was eluted with Buffer E supplemented with
5 mM desthiobiotin. Eluted protein was dialysed overnight at 4 °C in the presence of
thrombin for KtrB tag cleavage, against Buffer J (20 mM Tris-HCI pH 8,0; 120 mM NacCl;
30 mM KCI; 0.5 mM DDM; 5 mM DTT) for crystallization or Buffer G (10 mM HEPES, 7
mM NMG (pH 8.0), 150 mM KCI, 0.5 mM DDM, 5 mM DTT), for proteoliposome
reconstitution. Protein was further purified by size-exclusion chromatography in a
Superdex-S200 (GE Healthcare) column using Buffer J, where 0.5 mM DDM was
replaced by 1.5 mM Cymal-6, for crystallization or Buffer G for proteoliposome
reconstitution. Eluted fractions corresponding to KtrCB were pooled, concentrated and
used for crystallization trials or proteoliposome preparation. No nucleotide was added
during dialysis and size-exclusion chromatography. Protein concentration was
estimated by measuring absorbance at 280 nm on a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies). KtrB alone was purified in the same

manner as the KtrCB complex without the KtrC addition step.

Differential scanning fluorimetry

Thermal shift assays were performed as described by (Harley et al., 2012) with minor
modifications. Wild-type KtrA and KtrC were purified as described in the Protein
Expression and Purification section. Samples were prepared in 40 pL mixtures
containing 1.5 uM protein and a 6-fold dilution of SYPRO Orange Protein Gel Stain
(5,000X stock; Sigma-Aldrich) in Buffer C for KtrA and in Buffer | for KtrC. c-di-AMP, c-
di-GMP and c-di-IMP (Biolog) were added to the mixtures when required, at 250 uM in
KtrA assays and at 200 uM in KtrC assays. Mixtures were assembled in a 96-well PCR
white plate (Bio-Rad) which was sealed and covered with aluminium foil to avoid light
exposure. The plate was centrifuged for 1 min at 1500 rpm to ensure good mixing and
the assay was performed in a iQ5 real-time PCR detection system (Bio-Rad) with the
Cy3 optical filter for Sypro Orange detection (Excitation: 490; Emission: 575 nm).
Temperature was varied in the 25 to 70 °C range, with an increment of 0.5 °C and a
dwell time at each step of 30 seconds. Melting temperature (Tm) was estimated from
the inflection point of the melting curve, by plotting the first derivative function. The data
were analysed with the CFX Manager software (Bio-Rad). Assays with KtrC were

performed by Rita Rocha (Structural Biochemistry Group, i3S).
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Isothermal titration calorimetry

For ITC experiments, purified wild-type KtrA-ATP or KtrA-ADP was dialysed overnight
at 4 °C against Buffer K (50 mM HEPES-NaOH pH 7.5; 150 mM KCI; 1 mM TCEP; 0.5
mM ATP or ADP; 5 mM MgCl.). Purified wild-type KtrC-ATP or KtrC-ADP was dialysed
overnight at 4 °C against Buffer L (50 mM HEPES-NaOH pH 8.0; 150 mM KCI; 1 mM
TCEP; 0.5 mM ATP or ADP; 5 mM MgCly). All samples were centrifuged and thoroughly
degassed. Protein concentrations were determined using a colorimetric assay (Bio-
Rad). c-di-AMP concentration was determined by measuring absorbance at 259 nm and
using the extinction coefficient €z59nm= 27000 M cm. Experiments were performed
using a VP-ITC calorimeter (MicroCal, LLC, Northampton, MA, USA) at 25 °C for all
samples and also at 15 °C for KtrA-ATP. Protein samples were placed in the sample
cell and c-di-AMP in the syringe. KtrA-ATP and KtrA-ADP, at 30 uM, were titrated with
400 puM c-di-AMP by injecting 5x8 pl and 24x10 pl of the ligand into the cell. KtrC-ATP
and KtrC-ADP, at 10 uM, were titrated with 72 uM c-di-AMP by injecting 5x6 pl, 5x8 pl
and 18x10 pl of the ligand into the cell. In all titration runs, the first injection had a volume
of 2 uL and was discarded. Two to four independent experiments were performed for
each case. Data were processed with the NITPIC software (Keller et al., 2012;
Scheuermann & Brautigam, 2015) and analysed with a global fit protocol of the
independent experiments using the SEDPHAT software (Chad A. Brautigam et al.,
2016; Houtman et al., 2007; Zhao et al., 2015). Correction for the heat of dilution was
performed during the fit in SEDPHAT, by refining a constant baseline contribution to all
isotherm points. This refinement was performed for all experiments included in the
global analysis. A single-site binding model (A + B < AB) was chosen for data fitting,
with A representing a protein molecule and B a ligand. The error associated with the
thermodynamic parameters was calculated using a 68.3% confidence interval. This
interval corresponds to one standard deviation in a Gaussian curve and is reasonable
for error estimation of biological data. In the KtrC-ATP titration case, a two-site
macroscopic binding model A+ 2B < AB+ B <& ABB was also attempted for data
analysis. Plots were made using the GUSSI software (C. A. Brautigam, 2015). Assays
with KtrC were performed by Rita Rocha (Structural Biochemistry Group, i3S).

Crystallization, data collection and refinement

KtrCB-ATP-c-di-AMP was purified as described previously, concentrated and dialysed
overnight at 4 °C using a 50 kDa molecular weight cut-off dialysis membrane

(Spectra/Por 7) in order to remove empty detergent (Cymal-6) micelles. Cymal-6 was
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the detergent used in the final purification step and crystallization trials due to its non-
ionic nature and a small micelle size of ~32 kDa. At this point, no detergent screening
was performed. Initial crystallization conditions were screened at 20 °C using a
homemade screen. Sitting-drop vapour diffusion experiments were set up in 96 well
plates (MRC 2, Swissci, Hampton Research) by mixing a 1:1 (v/v) ratio of protein mixture
and reservoir solution, using an Oryx 4 crystallization robot (Douglas Instruments).
Drops consisted of 300 nL of KtrCB-ATP-c-di-AMP (at 9.0 mg/mL) and 300 nL
crystallization solution and were equilibrated against a 40 L reservoir. Crystal forming
conditions were optimized using fine screens around the hits in 24 or 48 well plates. 24
well plates (Cryschem, Hampton Research) were set up using 1 pL of protein and
reservoir solution, equilibrated against a 500 pL reservoir. 48 well plates (MRC Maxi,
Swissci, Hampton Research) were set up using 0.5 L of protein and reservoir solution,
equilibrated against a 150 uL reservoir. The best diffracting crystal formed in a 48-well
plate in a crystallization condition containing 100 mM Tris-HCI pH 8.5, 700 mM KCI and
24% PEG 400. Before being flash-cooled in liquid nitrogen, the crystal was
cryoprotected using 39% PEG 400 by adding 100 mM Tris-HCI pH 8.5, 700 mM KClI,
50% PEG 400, 1.5 mM Cymal-6, 0.5 mM ATP, 0.5 mM c-di-AMP, 0. 5mM MgCl; solution
directly to the drop and equilibrating before freezing. A dataset was collected at the
Proxima 2A beamline of the French National Synchrotron Source (SOLEIL) to 5.8 A
resolution. Data were processed using XDS (Kabsch, 2010) and AIMLESS (Evans &
Murshudov, 2013) from the CCP4 program suite (Winn, et al., 2011). To solve the
structure, a molecular replacement search was performed with Phaser (McCoy, et al.,
2007) using a collection of search models that included the KtrB dimers from the KtrAB-
ATP (PDB: 4J7C) and KtrAxc-ADP (PDB: 5BUT) structures, and RCK octameric rings
with and without the C-terminal domains. Figures were created using PyMOL (Delano,
2002).

Preparation of proteoliposomes

ACMA-fluorescence-based K* flux assay

Proteoliposomes were prepared as previously described. Briefly, a lipid film of E. coli
polar lipids (Avanti) was resuspended at 10 mg/mL lipid concentration in Internal Buffer
(150 mM KCI, 10 mM HEPES, 7 mM NMG (pH 8.0), 0.1 mM ATP) using 4-6 cycles of
sonication (15 s ON/ 15 s OFF on ice) in an ultrasonic bath Sonorex Digitec (Bandelin)
and further solubilized by adding 40 mM DM (n-Decyl-B-D-Maltoside) (Sol-Grade from

Anatrace) and 4-6 cycles of sonication. The lipid suspension was then incubated at
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25 °C for 2 h with gentle agitation. KtrB alone and KtrCB proteins were purified as
described above, added to solubilized lipids at 1:100 (w:w) protein-to-lipid ratio and
incubated for 30 min at room temperature. In control liposomes (empty), Internal Buffer
was added to the lipids instead of protein. Detergent was removed using adsorbing SM-
2 Biobeads (Bio-Rad): the protein-lipid mix was incubated twice with fresh Biobeads at
10:1 (w:w) bead-to-detergent ratio at room temperature for 1 h and then incubated
overnight at 4 °C at a 20:1 (w:w) bead-to-detergent ratio. Proteoliposomes were then

flash-frozen in liquid nitrogen and stored at -80 °C.

Pyranine-fluorescence-based K* flux assay

KtrCB proteoliposomes were prepared as for the ACMA K* flux assay. For
encapsulation of pyranine (Lee et al., 2013; Wiedenmann et al., 2008), proteoliposomes
were thawed in a 37 °C water bath for 15 min and sonicated (3x5 s) in an ultrasound
bath Sonorex Digitec (Bandelin). 100 pL of carefully resuspended proteoliposome
samples were mixed with 50 pL of Internal Buffer (see above) containing 2.5 pL pyranine
from a 60 mM stock (Cf= 1 mM). The mixture was then frozen in liquid nitrogen for 5
min, thawed in water and sonicated (2x10 s) in the ultrasound bath. The
freeze/thaw/sonication procedure was repeated once. Non-incorporated pyranine was
removed using size-exclusion chromatography, by loading the 150 puL samples into a 5
mL HiTrap Desalting column containing G-25 Superfine resin (GE Healthcare), pre-
incubated with Internal Buffer. Proteoliposomes were collected from the void volume,
concentrated by ultracentrifugation (30 min; 200.000 g; 4 °C) in an Optima Max XP
Tabletop Ultracentrifuge (Beckman Coulter) and resuspended in 50 yL of Internal

Buffer. Samples were kept at 4 °C.

ANTS fluorescence stopped-flow TI* flux assay

To prepare the proteoliposomes for this assay, we followed the reconstitution protocol
described by others (Posson et al., 2018) with some modifications. A lipid film of E. coli
polar lipids (Avanti) was resuspended at 10 mg/mL lipid concentration in Reconstitution
Buffer (100 mM KNOs;, 10mM HEPES pH8.0, 0.1 mM ATP, 1 mM MgAcetate)
supplemented with 25 mM of 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS).
Resuspension involved 5 cycles of sonication (15 s ON/ 30 s OFF) in an ultrasonic bath
Sonorex Digitec (Bandelin) and addition of 40 mM DM (n-Decyl-B3-D-Maltoside) (Sol-
Grade from Anatrace), followed by 15 cycles of sonication. The lipid suspension was

then incubated at 25 °C for 30 min with gentle agitation. The KtrCB complex was purified
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as described above, except for the size-exclusion chromatography step, which was
done with Reconstitution Buffer supplemented with 0.5 mM DDM and 5 mM DTT. The
protein was then added to solubilized lipids at a ratio of 10 pg of protein per mg of lipid
and incubated for 30 min at room temperature. For the empty liposomes, Reconstitution
Buffer was added to the lipids instead of the protein. Detergent was removed using
adsorbing SM-2 Biobeads (Bio-Rad): the protein-lipid mix was incubated with fresh
Biobeads at 30:1 (w:w) bead-to-detergent ratio at room temperature for 2 h. Non-
incorporated ANTS was removed by diluting the proteoliposomes in Dilution Buffer
(140 mM KNOs3, 10 mM HEPES pH 8.0, 0.1 mM ATP, 1 mM MgAcetate) and loading the
sample into a PD-10 desalting column (Cytiva). Proteoliposomes were eluted in Dilution
Buffer and stored at 12°C.

ACMA-fluorescence-based K* flux assay

The assay was performed as previously described. Briefly, proteoliposomes were
thawed in a 37 °C water bath for 15 min, briefly sonicated (3x5 s) in an ultrasound bath
Sonorex Digitec (Bandelin) and kept at room temperature until the experiment. The
proteoliposomes were then diluted 100-fold (10 pL sample in 1 mL final volume) in Flux
Buffer (10 mM HEPES and 7 mM NMG (pH 8.0), 150 mM choline chloride, 0.1 mM ATP;
2 mM MgCl,) to establish the K* gradient. In experiments involving RCK additions to
KtrB proteoliposomes, 10 ug of KtrA-ATP or KtrC-ATP were incubated for 10 min with
the KitrB proteoliposomes before establishing the K* gradient. In the KitrCB-ATP
titrations with c-di-AMP, the cyclic dinucleotide was included in the Flux buffer at the
intended concentrations. ACMA was added to the proteoliposomes to a final
concentration of 550 nM, from a 111 yM stock in DMSO. Fluorescence was monitored
every 2 s (Aex=410 nm, Aem=480 nm), using a 104F-QS 10 mm quartz cuvette (Hellma)
with a small magnet in a Horiba FluoroMax 4 spectrofluorometer (Horiba Scientific).
After measuring the initial baseline fluorescence during 100 s, the assay was initiated
by adding 1 uM of the H* ionophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP)
from a 200 uM stock in HN Buffer (10 mM HEPES, 7 mM NMG (pH 8.0)) and the flux
signal was monitored for 400 s (between ~101-500 s). For each experimental condition,
one additional replica was performed in which, after baseline fluorescence
measurement and CCCP addition, the K* ionophore valinomycin was quickly added 296
nM, from a 60 pM stock in DMSO, and flux signal was monitored for an additional 100s.
This was performed to avoid valinomycin contamination of the cuvette between sample

measurements and was done every day for each proteoliposome preparation.
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Fluorescence quenching curves were normalized individually as follows:
F'Fval

N F= Fini'FvaI

NF is the normalized fluorescence, F is the measured fluorescence in arbitrary units, Fini
corresponds to the last baseline point measured before CCCP addition and Fua
corresponds to the lowest point measured after valinomycin addition (501-600s). For c-
di-AMP titrations, as well as c-di-GMP assays, hormalization was also performed taking
into account the steady-state of each curve instead of the fluorescence minimum
obtained with valinomycin. In these cases, Fva was replaced in the previous expression
by Fss that corresponds to the average of the last 10 s of the assay (490-500 s). The flux
rate constants were quantified as explained in the methods section of the previous

chapter “Quantification of flux rate constants”.

Pyranine-fluorescence-based K* flux assay

The assay was performed as described by others (Lee, et al., 2013; Wiedenmann, et
al., 2008), with the required modifications for a 96-well plate format. Proteoliposomes
were diluted 100-fold (2 pL sample in 200 pL final volume) in Assay Buffer (10 mM
HEPES and 7 mM NMG (pH 8.0); 150 mM choline chloride; 0.1 mM ATP; 2 mM MgCl,)
to establish the K* gradient. Fluorescence was monitored every 12 s (Aex=406 nm and
460nm, Aem=510 nm), in a Synergy MX plate reader (BioTek). After measuring the initial
baseline fluorescence during 60 s, the assay was initiated by adding 1 uM of the H*
ionophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) from a 205 uM stock in
HN Buffer (10 mM HEPES, 7 mM NMG (pH 8.0)). CCCP enables H* entry into the
liposomes to counterbalance the negative potential created by K* efflux, leading to
guenching of pyranine fluorescence. Fluorescence was monitored for 300 s at which
point 600 nM of the K* ionophore valinomycin was added from a 25 uM stock in DMSO
and fluorescence was monitored for an additional 300 s. Valinomycin incorporates into
all liposomes and mediates K* efflux, indicating the total flux of the liposome population.
For normalization of the pyranine fluorescence changes, we made use of the isosbestic

point in the pyranine excitation spectrum found at 406 nm.

The fluorescence curves were normalized individually as follows:

_ F510 (excitation at 406nm)

NF

F510 (excitation at 460nm)
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NF is the normalized fluorescence, Fsig (excitation at 406nm) IS the measured fluorescence in
arbitrary units measured using an excitation wavelength of 406 nm and Fsaio (excitation at
asonm) IS the measured fluorescence in arbitrary units measured using an excitation
wavelength of 460 nm. Due to this normalization, fluorescence increases upon
potassium efflux due to channel activity, or valinomycin addition, and consequent proton
influx through CCCP.

ANTS fluorescence stopped-flow TI* flux assay

In this assay, proteoliposomes with encapsulated ANTS were diluted 10-fold in Dilution
Buffer (140 mM KNOs, 10 mM HEPES pH 8.0, 0.1 mM ATP, 1 mM MgAcetate) (150 pL
proteoliposomes in 1.5 mL final volume). The assay was then performed using a
manually controlled SFA 20 stopped flow device (Horiba Scientific) attached to a Horiba

FluoroMax 4 spectrofluorometer (Horiba Scientific) with the following configuration:

Stopper c

Stopping
l-_ Syringe
A

Proteoliposomes A
l (Dilution Buffer) y
Drive
; Flow Fluorescence
Handle B Mixer (@ ——73p Cell P~ Readout
Dilution Buffer
|— or -
Quenching Buffer

Syringes A and B were loaded with the intended solutions and the volume of the
stopping syringe was adjusted to 200 uL. In each injection, upon manually pushing the
drive handle, 100 pL of syringes A and B were mixed in the mixer and injected in a flow
cell and then into the stopping syringe that halts liquid loading. The flow cell was inserted
in a Horiba FluoroMax 4 spectrofluorometer (Horiba Scientific), allowing monitoring of
fluorescence every 100 ms for 50 s (Aex=360 nm, Aem=510 nm). The whole system was
washed with H.0 and Dilution Buffer prior to starting the assays.

Each assay entailed two independent experiments. Each experiment consisted of 14
mixing injections of 100 pL from syringes A and B (200 pL final mixing volume in the
flow cell). In the first experiment, proteoliposomes were loaded in syringe A and Dilution
Buffer in syringe B. This experiment is used to obtain the maximum fluorescence signal

of the sample in the absence of TI* and used for data normalization. In the second
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experiment, proteoliposomes were loaded in syringe A and Quenching Buffer (94 mM
KNOs; 50 mM TINOs; 10 mM HEPES pH 8.0, 0.1 mM ATP, 1 mM MgAcetate) in syringe
B. In this experiment, an inward TI* gradient is established and channel activity can be
measured as a function of ANTS fluorescence quenching as TI" accumulates inside the
proteoliposomes. In each experiment the first seven injections were discarded since
they were needed to completely fill the connecting tubes and flow cell with the mixed

solution. The remaining seven were used for data analysis after discarding outliers.
Fluorescence was normalized as follows:

FQuenching
NF= 8

FDilution

NF is the normalized fluorescence, Fpiution iS the averaged measured fluorescence in
arbitrary units obtained in the first experiment (without TI*), Fquenching COrresponds to the

measured fluorescence in arbitrary units obtained in the second experiment (with TI*).
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RESULTS

Characterization of c-di-AMP binding to B. subtilis KtrA and KtrC

c-di-AMP was very recently shown to bind to the two B.subtilis RCK proteins, KtrA and
KtrC (Gundlach, et al., 2019). Nonetheless, the binding properties for these proteins
have not yet been characterized, particularly in respect to the influence of the N-terminal
ligands, ATP or ADP. To understand the molecular properties of c-di-AMP binding by
the RCK proteins from B. subtilis, we started by evaluating c-di-AMP impact in protein
thermal stability using differential scanning fluorimetry. KtrA and KtrC were purified in
the presence of either ATP or ADP and supplemented with the cyclic dinucleotides c-di-
AMP, c-di-GMP and c-di-IMP.
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Figure 38: Impact of cyclic dinucleotides in the thermal stability of KtrA and KtrC. Plot of
melting temperatures for: a) KtrA purified in the presence of ATP and incubated with 250 pM of
different cyclic dinucleotides. Mean + standard deviation is shown for n=6. b) KtrC purified in the
presence of ATP and incubated with 200 uM of different cyclic dinucleotides. Mean + standard

deviation is shown for n=4. For c-di-GMP and c-di-IMP only 2 measurements were performed
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and the individual values are plotted. c) KtrA purified in the presence of ADP and incubated with
250 uM of different cyclic dinucleotides. Mean + standard deviation is shown for n=6. No error
bar is shown for c-di-GMP, since the Tm value was 54 °C for all six measurements. d) KtrC
purified in the presence of ADP and incubated with 200 uM of different cyclic dinucleotides. Mean
+ standard deviation is shown for n=4. For c-di-GMP and c-di-IMP only 2 measurements were
performed and the individual values are plotted. Control corresponds to experiments without
cyclic dinucleotide.

The melting temperatures obtained are shown in Figure 38 and Table 7. These assays
revealed that, when KtrA is bound to ADP, c-di-AMP contributes to the stabilization of

the protein, leading to a change in Tm (ATm) of ~ 3 °C. Moreover, this effect is specific
to this cyclic dinucleotide, since incubations with c-di-GMP and c-di-IMP did not result
in meaningful changes of the melting temperature compared to the control (ATm< 1 °C).
In contrast, with KtrA bound to ATP, no cyclic dinucleotide caused a meaningful change
in the melting temperature. In the case of KtrC, c-di-AMP greatly contributes to the
thermal stability of the protein, resulting in a ATm of ~11 °C for both the ATP and ADP-
bound states. Like seen for KtrA, the c-di-AMP effect is specific, since incubations with
c-di-GMP and c-di-IMP did not change the melting temperature in relation to the control
(ATm<1 °C).

Table 7: Melting temperature (Tm) values and respective standard deviations (SD)

obtained in the thermal shift assay.

KtrA KtrC
ATP ADP ATP ADP
Tm (°C) | SD | Tm (°C) | SD | Tm (°C) SD | Tm (°C) SD
Control | 44.4 0.4 | 54.2 03|474 0.6 | 48.0 0.4
c-di-AMP | 44.2 0.6 | 56.9 0.2 | 58.5 0.5|59.1 0.2
c-di-GMP | 43.6 0.6 | 54.0 0.0 | 48.0/48.0 | - |48.0/48.0| -
c-di-IMP | 44.3 1.1 | 53.9 02| 48.0/48.0 | - |48.0/48.0 | -

Values correspond to an n=6 for KtrA-ATP and KtrA-ADP and to an n=4 for KtrC-ATP and KtrC-
ADP. In the KtrC case, no SD values are shown for c-di-GMP and c-di-IMP since only two
experiments were performed with these nucleotides. In control experiments, the cyclic

dinucleotides are absent.

In light of these results, it is clear that c-di-AMP is the only cyclic dinucleotide tested that

significantly improves KtrA and KtrC thermal stability. Moreover, the influence of this
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cyclic dinucleotide in the thermal stability is much greater for KtrC than for KtrA with

ATm of 11 and 3 °C, respectively. These results suggest that both KtrA and KtrC bind

c-di-AMP.

In order to better characterize the binding of c-di-AMP to KtrA and KtrC, we performed

isothermal titration calorimetry. Purified KtrA and KtrC bound to ATP or ADP where
titrated with c-di-AMP (Figures 39 and 40 and Table 8). The c-di-AMP titration of KtrA-

ADP at 25 °C (Figure 39a), revealed an exothermic interaction (AH= -5.8 kcal/mol with

a 68.3% confidence interval between -6.9 and -5.1 kcal/mol) and a binding dissociation
constant (Kg) of 3.6 uM (with a 68.3% confidence interval between 2.7 and 4.7 uM). A

similar titration of c-di-AMP into KtrA-ATP was performed, but no heat changes along

the titration were observed (Figure 39b). We changed the temperature from 25 °C to 15

°C and repeated the titration, in order to try to increase the binding heat (Figure 39c). At
15 °C, we detected binding of c-di-AMP to KtrA-ATP, with an exothermic interaction

(AH= -6.2 kcal/mol with a 68.3% confidence interval between -10.0 and -4.7 kcal/mol)

and a Kqof 11.0 pM (with a 68.3% confidence interval between 8.1 and 15.4 pM).
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Figure 39: ITC titrations of c-di-AMP into KtrA. a) Example ITC titration of 400 pM c-di-AMP
into 30 uM KtrA-ADP at 25 °C. b) Example ITC titration of 400 uM c-di-AMP into 30 pM KtrA-
ATP at 25 °C. c¢) Example ITC titration of 400 pM c-di-AMP into 30 pM KtrA-ATP at 15 °C. The

top panel shows the thermogram depicting the raw heat released after each injection and the

bottom panel shows the integrated heats of injection per mole of injectant.
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The titration of c-di-AMP into KtrC-ADP (Figure 40a) revealed an exothermic interaction
(AH=-12.7 kcal/mol with a 68.3% confidence interval between -13.0 and -12.3 kcal/mol)
and a Kq of 31.5 nM (with a 68.3% confidence interval between 23.9 and 40.9 nM). The
titration of c-di-AMP into KtrC-ATP also revealed an exothermic interaction but the
shape of the binding curve suggested more than one binding event. We first attempted
to fit the data with a single-site binding model as used for the other experiments (Figure
40Db). Using this model, we obtained a AH= -14.5 kcal/mol (with a 68.3% confidence
interval between -15.6 and -13.4 kcal/mol) and a Kq of 20.3 nM (with a 68.3% confidence
interval between 10.1 and 36.5 nM).
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Figure 40: ITC titrations of c-di-AMP into KtrC. a) Example ITC titration of 72 uM c-di-AMP
into 10 uM KtrC-ADP at 25 °C. b) Example ITC titration of 72 uM c-di-AMP into 10 uM KtrC-ATP
at 25 °C and fitting with a single-site binding model. ¢c) Example ITC titration of 72 uM c-di-AMP
into 10 uM KtrC-ATP at 25 °C and fitting with a two-site macroscopic binding model. The top
panel shows the thermogram depicting the raw heat released after each injection and the bottom

panel shows the integrated heats of injection per mole of injectant.

However, as depicted in the bottom panel of Figure 40b, the fit does not fully explain the
first part of the titration curve. Therefore, we fitted the data with a two-site macroscopic
binding model (A + 2B < AB + B & ABB), where A is KtrC-ATP and B is c-di-AMP
(Figure 40c). The following thermodynamic parameters were estimated: Kq(1), which
describes the binding of molecule B to molecule A and Kq(2), which describes the

binding of molecule B to the AB complex, along with the respective binding heats AH(1)
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and AH(2). The global fit resulted in the following values: AH(1)= -18.5 kcal/mol (with a
68.3% confidence interval between -22.9 and -13.8 kcal/mol) and a Kq(1) of 7.8 nM (with
a 68.3% confidence interval between 0.3 and 29.0 nM); AH(2)= -7.3 kcal/mol (with a
68.3% confidence interval higher limit of -3.3 kcal/mol) and a Kq(2) of 4.3 pM (with a
68.3% confidence interval lower limit of 1.7 uM). The lower limit for the 68.3%
confidence interval of AH(2) and the higher limit for the 68.3% confidence interval of
Ka(2) could not be estimated. This model seems to explain the data better, as shown in
the lower panel of Figure 40c, revealing two events with exothermic interactions and
different binding affinities. The first event involves a tight binding of c-di-AMP to KtrC-
ATP with a Kq(1) of 7.8 nM. In the second event, the binding affinity of c-di-AMP
decreases, with an estimated Kq(2) of 4.3 uM. However, we were not able to accurately
estimate the 68.3% confidence intervals for the thermodynamic parameters related to
the second binding event, AH(2) and Kq(2). This is an indication that the binding model
is not appropriate (or is excessively parameterized) to use with the data and therefore,
the parameters obtained with the single-site binding model were used for comparison

with the other experiments.

Table 8: Thermodynamic parameters obtained for c-di-AMP titrations into KtrA and KtrC

from global fitting of data with a single-site binding model.

68.3%
68.3%
AH Confidence AS
Cell Kyq Confidence . incA | n
] (kcal/mol) interval for (cal/mol*T)
interval for Kq
AH
KtrA-ADP 3.6 uM (2.7,4.7) -5.8 (-6.9, -5.1) 5.4 05 |4
KtrA-ATP | 10.9 pM (8.1, 15.4) -6.2 (-10.0, -4.7) 1.2 05 |2
KtrC-ADP | 31.5nM (23.9, 40.9) -12.6 (-13.0, -12.3) -8.1 05 |3
KirC-ATP | 20.3nM | (10.1, 36.5) -14.5 (-15.6, -13.4) -13.3 06 |2

AS error estimation is not provided since it cannot be calculated in the software used for global
fitting. incA corresponds to the incompetent fraction of molecule A (protein) and n corresponds

to the number of independent titrations used for the global fit. T is the temperature in Kelvin.

The software employed for ITC data fitting, SEDPHAT, does not provide the binding
stoichiometry of the reaction. Instead, it provides an estimation of the fraction of
incompetent molecule A (protein), corresponding to the fraction of protein that appears

not to contribute to the protein-ligand interaction. In most of these experiments, the
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fraction of incompetent molecule A (KtrA or KtrC) was ~ 0.5 (Table 8). The value reflects
that c-di-AMP binding occurs at the RCK C-lobe dimer interface, as seen in the structure
of the KtrA ortholog from S.aureus (H. Kim, et al., 2015). Therefore, one molecule of c-
di-AMP binds to a KtrA or KtrC dimer, resulting in a 0.5 binding stoichiometry relative to
the RCK protein monomer.

The data analysis shows a very different affinity of KtrA (3.6-10.9 uM) and KtrC (20.3-
31.5 nM) for c-di-AMP. c-di-AMP affinities determined for other RCK orthologs are
intermediate between the values measured for the B.subtilis RCK proteins, with Kqg
values of 150 nM for the S. pneumoniae RCK and 664 nM for the S. aureus KtrA (Y.
Bai, et al., 2014; H. Kim, et al., 2015). A previous characterization of the oligomeric
properties of KtrA and KtrC showed that while KtrA forms an octamer in solution, KtrC
exists in a dynamic equilibrium of different species, possibly octamer and tetramers. We
have shown that the KtrC octamer is more prevalent with ADP than with ATP and that
Mg?* shifts the equilibrium towards the octameric species in the presence of ATP.
Strikingly, c-di-AMP stabilizes the octamer, so that no other species are detected, both
with ATP and ADP (Rocha, et al., 2019). The higher affinity of KtrC for c-di-AMP and
the apparent existence of a more complex binding curve (Fig 40b and 40c) might be
related to binding of the cyclic dinucleotide to different protein species. Alternatively, ITC
studies performed with the S. aureus KirA revealed that R169 and N175 are essential
residues for c-di-AMP binding (H. Kim, et al., 2015). Both residues are conserved in
KtrC, but in KtrA the asparagine is changed to a threonine. In the c-di-AMP-bound
S.aureus KtrA C-lobe dimer structure, N175 is involved in interactions with c-di-AMP
and at the dimeric interface of the RCK C-lobes. As such, the change in this residue in
the B.subtilis KtrA might have an impact in c-di-AMP binding affinity. Importantly, there
is currently no available data for the binding affinities of the KtrAB or KtrCB channels for
c-di-AMP and therefore, it is still unclear if, in a full channel context, the difference in c-
di-AMP binding affinity observed for KtrC and KtrA is still retained.

Overall, these results show that c-di-AMP binds to the B. subtilis RCK domain proteins,
KtrA and KtrC, in good agreement with other work that employed a different technique
(Gundlach, et al., 2019). c-di-AMP affinity for KtrC is higher than for KtrA and changes
little with the N-terminal bound nucleotide, with Ky values of 3.6 pM and 10.9 pM for KtrA
and of 31.5 nM and 20.3 nM for KtrC, in the ADP and ATP-bound states, respectively.
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Impact of c-di-AMP in KtrCB activity

c-di-AMP has been proposed to inhibit the function of the Ktr channels but there is
currently a lack of quantitative data that demonstrates a direct functional effect of c-di-
AMP in the regulation of these channels. As stated previously, B. subtilis encodes two
Ktr ion conducting subunits KtrB and KtrD, as well as two RCK regulatory subunits KtrA
and KtrC. KtrA and KtrB are in the same operon while KtrC and KtrD are encoded
separately. This has led to the proposal that two K* transport systems exist in this
organism: KtrAB and KtrCD (Holtmann, et al., 2003).

Importantly, using an E. coli phenotype complementation assay, we have shown that
KtrC and KtrA are functionally interchangeable. Both proteins are able to assemble
functional complexes with KtrB (Rocha, et al., 2019). This functional property was
confirmed using the ACMA-fluorescence-based K* flux assay. A single batch of KtrB
proteoliposomes was incubated with equal amounts (10 pg) of purified KtrA-ATP or
KtrC-ATP and flux was measured in an external solution containing 150 mM choline
chloride and 2 mM magnesium (Figure 41). This external solution was chosen to ensure
maximum channel activity, as previously measured for the KtrAB-ATP proteoliposomes.
The two fluorescence quenching curves are very similar, with flux rates for two separate
measurements of 0.098/0.096 s for KtrB + KtrA-ATP and of 0.099/0.106 s for KtrB +
KtrC-ATP. These rates are comparable to the flux rates obtained for the KtrAB-ATP
proteoliposomes under the same experimental conditions (0.079 + 0.010 s?). This
confirms that both RCK proteins assemble in a functional complex with KtrB, forming

functional channels that display identical flux activities.
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Figure 41: Comparison of KtrAB-ATP and KtrCB-ATP flux. Proteoliposome flux assay
performed with KtrB proteoliposomes incubated with KtrA-ATP and KtrC-ATP, using a choline
chloride external solution supplemented with magnesium. Representative fluorescence

guenching curves are shown. Two measurements were performed for each condition, using a
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single KtrB proteoliposome preparation. Empty liposomes were used as a control and KtrB-ATP

proteoliposomes are shown for reference.

We then strived to characterize the role of c-di-AMP in the regulation of the KtrCB
channel activity, since binding of the cyclic dinucleotide to KtrC was shown to be tighter
than for KtrA.

We started by characterizing the biochemical properties of the KtrCB complex. We
purified the KtrCB complex using the same methodology employed for the purification
of the KtrAB complex. The size-exclusion chromatography profile revealed an elution
peak that coincides with the one obtained for the KtrAB complex (Figure 42a). SDS-
PAGE analysis of this elution peak showed the presence of both KitrC and KtrB,
confirming that the peak corresponds to the KtrCB complex (Figure 42b). This suggests
that the complex arrangement consists of two KtrB dimers that interact with a KtrC

octameric ring, as previously described for KtrAB.
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Figure 42: Size-exclusion chromatography elution profile of the KirCB complex. a) Elution
profiles of the KtrCB and KtrAB complexes. b) SDS-PAGE gel analysis of the KtrCB elution peak.
Molecular weight markers (MW) are shown on the left. Bands corresponding to KtrB and KtrC

are indicated.

The KtrCB-ATP complex was reconstituted into proteoliposomes, as previously
described for KtrAB, and the impact of c-di-AMP on channel function was evaluated
using the ACMA K* flux assay. An initial test was performed using two concentrations
of c-di-AMP and c-di-GMP (Figure 43). We compared the flux of KirCB-ATP with and
without addition of c-di-AMP or c-di-GMP to an external solution containing 150 mM
choline chloride and 2 mM magnesium. The flux rate of KtrCB-ATP is 0.054 s* and
addition of c-di-GMP does not have an impact, with rate constants of 0.048 s and 0.047
st for 50 and 100 uM c-di-GMP, respectively. On the other hand, addition of 50 or 100
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@
—

MM of c-di-AMP reduced KtrCB-ATP flux by ~1.5 fold and ~4 fold, respectively, with rate
constants of 0.035 s* and 0.014 s (Figure 43c). This effect is observed with both
valinomycin and steady-state normalizations of the data (Figure 43a and 43b). This
preliminary result is in good agreement with the thermal shift assay that indicated
binding of c-di-AMP but not of c-di-GMP to KtrC. Furthermore, it shows that c-di-AMP
inhibits KtrCB-ATP channel activity.
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Figure 43: Impact of cdiAMP on KtrCB flux. a) and b) Proteoliposome flux assays performed
with KtrCB-ATP in a choline chloride external solution supplemented with magnesium. Panels
show fluorescence quenching curves normalized to the valinomycin signal in a) and normalized
to steady-state in b). c¢) Plot of flux rate constants for conditions shown in a) and b). A single
measurement was done for each condition in these initial tests, consequently no error bars are

shown.

To better characterize the c-di-AMP effect in the KtrCB-ATP activity, we performed a
titration of the cyclic dinucleotide using the flux assay (Figure 44). The titration shows
that increasing concentrations of c-di-AMP result in a reduced flux rate (Figure 44a).
Fitting the titrations with a Hill equation yielded a K1 of inhibition of 65 + 3 uM with a Hill
coefficient of 3.8 £ 0.4, demonstrating a direct functional inhibitory effect of c-di-AMP in
KtrCB-ATP activity (Figure 44b).
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Figure 44: c-di-AMP titration of KtrCB-ATP. a) c-di-AMP titration of KtrCB-ATP using a
proteoliposome flux assay performed with increasing amounts of c-di-AMP added to a 150 mM
choline chloride external solution containing 2 mM magnesium. Panel shows representative
fluorescence quenching titration curves normalized to their steady-state. c-di-AMP concentration
increases with color intensity from 0 to 200 uM. Curves corresponding to the 167 and 200 uM
concentrations are omitted due to high noise in signal normalization to the steady state. b) Plot

of flux rate constants (mean + SD, from 3 separate titrations) as a function of c-di-AMP

n
concentration. Titrations were fitted with a Hill equation = Start + (End — Start) X ﬁ . Mean
1/2

+ SD of Ki2 and of Hill coefficients (n) determined from fits to separate titrations are shown.

However, upon close inspection of the fluorescence quenching curves, it is apparent
that we have an experimental issue, probably caused by interference of c-di-AMP with
the ACMA fluorescent probe (Figure 45). We had previously noticed that ACMA
fluorescence is affected by flux assay conditions. This was manifested by variations of
the initial fluorescence value (before addition of CCCP), as previously exemplified for
the KtrAB-ATP magnesium titration. We attributed this phenomenon to sensitivity of
ACMA fluorescence to the ion composition of the bathing solutions. The c-di-AMP effect
on the fluorescence quenching curves appears to be different. In the Mg?* titration
experiments, increasing the magnesium ion concentration in the external solution
resulted in an increase of the initial fluorescence signal but had little effect in the final
fluorescence values after valinomycin addition. This resulted in an increase of the signal
window with the rise in magnesium concentration. In the KtrCB-ATP titration with c-di-
AMP, an increase of nucleotide concentration had the opposite effect, leading to a
decrease of the initial fluorescence signal (Figure 45). Moreover, it also increased the
final fluorescence value after valinomycin addition. Overall, the signal window became

progressively smaller with increasing amounts of cyclic dinucleotide (Figure 45a).

We analysed the curves of the initial tests with c-di-GMP and compared them with those

from c-di-AMP at two different concentrations (Figure 45c). It is clear that, even though
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c-di-GMP causes a decrease in the initial fluorescence signal, this effect is much smaller
than with c-di-AMP for equal nucleotide concentrations and therefore, does not have a
large impact in the signal window. These observations lead us to propose that c-di-AMP
interferes directly with the fluorescence of ACMA, possibly reducing its sensitivity to a
pH gradient across a membrane. c-di-AMP has already been shown to affect the
fluorescence of other probes such as coralyne, a compound with structure similarities
to ACMA (J. Zhou et al., 2014). Taking into account these observations, we concluded

that the results obtained with the ACMA assay should be confirmed with other

approaches.
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Figure 45: Fluorescence raw and normalized data from c-di-AMP titration. a) Raw
fluorescence data from representative titration. b) Same data after normalization to valinomycin
signal. c-di-AMP concentration increases with color intensity from 0 to 200 uM. c¢) Raw
fluorescence representative curves of the impact of addition of increasing amounts of c-di-AMP
and c-di-GMP on ACMA fluorescence quenching.

As alternatives to the ACMA flux assay, we attempted to implement other functional
assays. First, we tried another proteoliposome K* flux assay using the hydrophilic pH-
sensitive pyranine fluorescence probe (Lee, et al., 2013; Wiedenmann, et al., 2008).
Unlike ACMA, pyranine is encapsulated inside the proteoliposomes and does not cross

the membrane; therefore it will not interact with c-di-AMP added to the external solution.
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In this assay, KtrCB proteoliposomes containing 150 mM KCI, and incorporated with 1
mM pyranine, were diluted in a low K* concentration solution in order to create a K*
gradient. The assay was implemented in a plate format and initiated by addition of
carbonyl cyanide m-chlorophenylhydrazone (CCCP, a H*-ionophore), which builds-up a
H* gradient across the membrane as potassium ions efflux through KtrCB. The pH
decrease in the liposomal lumen results in quenching of pyranine fluorescence. The
fluorescence signal is measured at a single emission wavelength of 510 nm, using two
excitation wavelengths (406 nm and 460 nm). This allows the internal normalization of
fluorescence, as excitation at 406 nm corresponds to an isosbestic point where the
fluorescence signal is unchanged regardless of the pH, correcting for variations in the
efficiency of pyranine encapsulation. The pH-dependent shift of the fluorescence signal
is observed when exciting at 460 nm. Therefore, the final fluorescence signal, after
normalization, corresponds to the ratio (Fs1o excitation 406nm) / F510 (excitation 460nmy) (Figure 46a).
This ratio is expected to increase when the channel is active and mediates K* efflux.
The K* ionophore valinomycin was added at the end of the assay to show the total

possible flux from the liposome preparation.
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Figure 46: Normalized fluorescence data for KtrCB-ATP using the pyranine-K* flux assay.
a) Normalized fluorescence data for a representative assay of KtrCB-ATP proteoliposomes
incorporated with 1 mM pyranine. Empty liposomes incorporated with 1 mM pyranine were used
as a control. Three measurements were performed for each condition. b) ACMA K* flux assay
normalized fluorescence data for KtrCB-ATP proteoliposomes before and after the procedure for
pyranine incorporation. For the KtrCB-ATP sample after incorporation, the procedure for
incorporation was performed in the absence of the probe and the proteoliposomes were then

tested using the ACMA-K* flux assay. A single measurement was performed for each condition.

Using this assay, we were only able to measure a small signal for KtrCB-ATP flux. The
signal window corresponded to 11.0 + 0.1 % (n=3) of the total signal from liposomes
with incorporated pyranine, as estimated from the fluorescence signal after valinomycin

addition (Figure 46a). This suggests that KtrCB is not fully active and we wondered if
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the procedure for probe incorporation had disrupted in some way the KtrCB-ATP
proteoliposomes, impairing channel function. In order to test this possibility, we
mimicked the incorporation process in the absence of pyranine and tested the final
KtrCB-ATP proteoliposome sample using the ACMA K" flux assay. Pyranine was not
incorporated in these samples to avoid interferences in the fluorescence signal, due to
the overlaps in the excitation and emission spectra of the two probes. The experiment
shows that, even though flux was reduced relative to the values measured before
incorporation (rate constant of 0.045 s vs 0.054 s?), channels are active with flux
curves reaching a steady-state value of ~83% and ~66% before and after the
incorporation procedure, respectively (Figure 46b). As variation of several parameters,
including K* gradient, CCCP concentration and pyranine concentration, did not improve
the signal window and this was too small for a reliable quantification of c-di-AMP

inhibition of channel activity, this assay was not pursued further.

Another alternative approach tested was a stopped-flow fluorometric ion flux assay that
has been used to study the function of potassium channels (Ingélfsson & Andersen,
2010; Posson et al., 2015b; Posson, et al., 2018; Rusinova et al., 2014). This assay
takes advantage of the permeability of K*-conducting channels to thalium (TI*), using
this cation to mimic K* flux. In this assay, the channel of interest is reconstituted in
liposomes containing potassium and an encapsulated 8-Aminonaphthalene-1,3,6-
Trisulfonic acid (ANTS) fluorophore. An inward gradient for TI* is generated by using a
stopped-flow mixing device and rapidly mixing the proteoliposomes with a solution
containing TI*. When the channel is active, the TI* ions will enter the proteoliposomes
and quench the ANTS fluorescence. The increase in positive charges inside the
liposomal lumen resulting from TI* entrance is compensated by the efflux of K* ions. In
conditions were the channel is fully active, the TI* influx rate and respective ANTS

fluorescence quenching is usually very fast (milliseconds).

To implement the assay, we reconstituted KtrCB-ATP in liposomes encapsulating 25
mM ANTS and 100 mM KNOs. KtrCB channel reconstitution was confirmed by SDS-
PAGE (Figure 47a). The proteoliposomes were then diluted 10-fold in an external
solution containing 140 mM KNOs that was rapidly mixed with a solution containing 50
mM TINOs using a stopped-flow mixing device coupled to a spectrofluorometer to
register the fluorescence signal. All solutions contained 0.1 mM ATP and 1 mM
MgAcetate to ensure full channel activity. An assay with empty liposomes reconstituted
in the same manner was also performed as a control. Mixing of the diluted

proteoliposome or empty liposome solutions with an external solution without thalium
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was used to obtain the maximum fluorescence signal and normalize the data (Figure
47D).
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Figure 47: Normalized fluorescence data for KtrCB-ATP using the ANTS TI* flux assay. a)
SDS-PAGE gel showing the incorporation of KtrCB in the proteoliposomes. Empty liposome
sample was also run to show there was no protein in this case. b) Normalized fluorescence data
for the flux assays of KtrCB-ATP proteoliposomes with encapsulated ANTS. Empty liposomes
also with encapsulated ANTS were used as a control. 4 replicas are shown for empty liposomes
and 6 replicas are shown for the KtrCB-ATP proteoliposomes. A representative assay using
KtrCB-ATP performed in the absence of TI* is shown to indicate the maximum fluorescence

signal obtained for this proteoliposome population. This signal was used for data normalization.

The data shows a jump in fluorescence during the mixing of the liposomes with the other
solution. The baseline signal until the 0.4 s corresponds to the period before the mixing
of the proteoliposome and thalium containing solutions, which occurs between 0.4 and
0.5 s. We were expecting to observe a rapid decrease in fluorescence after mixing with
thallium in the samples reconstituted with KtrCB-ATP, relative to empty liposomes,
indicating channel activity. Instead, the decay in fluorescence signal obtained for the
KtrCB-ATP liposomes is similar to that obtained with empty liposomes, with a slow
decay over the second time-scale from the maxima found after 0.4 s. Interestingly, we
noticed that the normalized fluorescence signal at 0.5 s is consistently lower for the
KtrCB-ATP proteoliposomes compared to the empty liposomes (Figure 47a). One
possibility is that most of the quenching signal due to channel activity is hidden in the
rising phase between the 0.4 and 0.5 s period. If this is the case, the quenching
observed at 0.5 s could already be after the completion of the fast descending stage of
the quenching curve. Unfortunately, this indicates that we have a limitation in our
experimental setup as we do not have the necessary time-resolution with our stopped-

flow mixing device. In studies of other K* conducting channels, this assay is performed
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in a spectrofluorometer with an automated stopped-flow, making the process faster and
more precise, with reported time constants of 4.9 and 12.1 milliseconds for the KcsA
and MthK K* channels, respectively (Posson et al., 2015a; Rusinova, et al., 2014).

In light of these results, we have not yet been able to implement an assay that allows
an accurate characterisation of the functional role of c-di-AMP in KtrCB activity. Other
assays that do not require fluorescent probes will be tested in the future but no

preliminary data is available at this time.

KtrCB-ATP-c-di-AMP channel structure determination

Results above demonstrate that c-di-AMP binds to the KtrA and KtrC RCK proteins from
B. subtilis. Moreover, our results appear to confirm that this cyclic dinucleotide inhibits
the function of the KtrCB-ATP channel. However, it is not known how binding of c-di-
AMP affects the RCK octameric ring conformation and regulates channel activity. The
structure of the C-terminal domain of a KtrA ortholog with bound c-di-AMP has been
solved (H. Kim, et al., 2015) but, to date, the structure of a full-length KtrA or KtrC with
bound c-di-AMP as not yet been determined. Despite our best efforts, we were unable
to obtain well diffracting crystals of either KtrA or KtrC bound to cyclic-di-AMP, with
either ATP or ADP bound at the N-terminal domain. Even though beautiful crystals were
formed in multiple conditions for both proteins, the data sets obtained were limited to
very low resolution (9 to 12 A) and did not allow an evaluation of the impact of c-di-AMP
in the conformation of the octameric ring or mapping of its binding site. Since KtrA and
KtrC crystals in the absence of c-di-AMP diffract up to 2.9 and 2.0 A, respectively, it is
reasonable to assume that binding of the cyclic dinucleotide probably induces a
conformational change that increases the flexibility of the proteins, resulting in poor

diffracting crystals.

As an alternative approach, we attempted to determine the structure of KtrCB bound to
ATP and c-di-AMP. We were hoping that association of the RCK octameric ring with the
the membrane protein might confer additional rigidity that could result in better quality
crystals than the ones obtained for the RCK domains alone. Since KtrC binds c-di-AMP
with a higher affinity than KtrA, the KitrCB channel was chosen for the experiment
instead of KtrAB.
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Figure 48: Representative crystals obtained for the KtrCB-ATP-c-di-AMP complex.

A- Crystals obtained in 100 mM Tris-HCI pH 8.5; 200 mM Ammonium sulfate and 25% PEG 400.
B- Crystals obtained in 100 mM ADA pH 6.5; 200 mM Ammonium sulfate and 20% PEG 400.
C- Crystals obtained in 100 mM Tris-HCI pH 8.5; 700 mM KCI and 24% PEG 400.

D- Crystals obtained in 100 mM HEPES-NaOH pH 7.5; 200 mM Ammonium sulfate and 10%
PEG 4000.

E- Crystals obtained in 100 mM ADA pH 6.5; 800 mM Ammonium formate and 28% PEG 400.
F- Crystals obtained in 100 mM Tris-HCI pH 8.5; 1 M NaCl and 26% PEG 400.

For the crystallization trials, KtrCB was supplemented with 500 uM ATP, c-di-AMP and
magnesium after the final purification step. Cymal-6 was the detergent used in this size-
exclusion chromatography step for crystallization trials. At this point, no detergent
screening was performed. Cymal-6 was chosen as a starting detergent since it is a mild
non-ionic detergent and had been successfully used in the crystallization trials of the
KtrAB complex. Initial crystallization conditions were obtained using a homemade
screen and the sitting-drop vapour diffusion method at 20°C. These conditions were
further refined and the best crystals obtained are shown in Figure 48. These crystals
were cryo-protected and X-ray diffraction data was collected at the Proxima 2A beamline
of the SOLEIL synchrotron. A dataset was collected from a crystal diffracting up to 5.8
A resolution, originating from the following crystallization condition: 100 mM Tris-HCI pH
8.5; 700 mM KCI and 24% PEG 400 (Figure 48c). The complex crystallized in space
group P2:, with unit cell dimensions 127.8, 143.7, 160.7 A/90.0 112.4 90.0°. This space
group is the same as the one obtained in the KtrAB-ATP structure (PDB: 4J7C) but with

113



different cell dimensions. The data is anisotropic, extending to 5.8 A in the best direction
and 6.5 A in the worst direction.

To solve the structure, we performed molecular replacement searches using as search
models a collection of KtrA octameric ring structures and two structures of KtrB dimers.
The different models were used in order to cover a range of conformational
arrangements of the KtrCB complex, facilitating the determination of the low resolution
structure of the KtrCB-ATP-c-di-AMP complex. KtrA octameric rings without C-terminal
domains were also used as search models, since the molecular replacement solutions
with full-length rings showed that the density observed for those protein regions is poor,

as shown in Figure 49.

Figure 49: RCK dimer electron density in the KtrCB-ATP-c-di-AMP complex diffraction
data. Representation of a KtrA dimer from the molecular replacement solution obtained using
the KtrB dimer (ADP) + KtrAei2sq-ADP_ringl search model, showing the poor density available
for the KtrA C-lobes. Electron density map 2Fo-Fc (in orange) is contoured at 1.0 o and shown

in mesh. KtrA subunits are colored blue and red.

We obtained several solutions with a packing of two membrane—protein dimers
associated with opposing faces of an octameric RCK ring. Solutions were selected
according to the value of the log-of-likelihood gain function (LLG), a measure of how
well the structural model agrees with the experimental data. Representative
combinations of the search models that resulted in higher LLG values are shown in
Figure 50 and the full results are presented in Table 9.
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Figure 50: KtrCB-ATP-c-di-AMP complex molecular replacement. a) and b) Representative
KtrA ring and KtrB dimer structures used as search models to determine the KtrCB-ATP-c-di-
AMP structure. The KtrB dimer and KtrA ring combinations that resulted in higher LLG values
are depicted, with the respective LLG value shown on the top right corner of each ring. For each
KtrA ring, the L1 and L2 the pair of distances between the Ca of N38 residues located in opposite
subunits across the ring are also shown to illustrate the differences in ring conformations.

Subunits of the octameric rings are colored alternately blue and red. In the KtrB dimers, the
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D2M1 helix is highlighted in black. c¢) Structure of the model corresponding to the best solution

obtained with combinations of the KtrB dimers and KtrA rings.

Table 9: Log-of-likelihood gain (LLG) values obtained for the molecular replacement

searches.
RCK rings without RCK rings with
C-terminal domains C-terminal domains
RCK ring PDB code | KtrB dimer KtrB dimer KtrB dimer KtrB dimer
Non-square conformations (ATP) (ADP) (ATP) (ADP)
PDB: 4J7C PDB: 5BUT PDB: 4J7C PDB: 5BUT
KtrAwTt-ADP 5BUT 505 550 # #
KtrAwTt-ADP 4391 419 459 386 426
KtrAwTt-ADP 2HMV 358 385 # #
KtrAwt-ATP 2HMU 358 386 # #
KtrAwt-NADH 2HMS 318 394 # #
KtrAwt-NADH 2HMT 363 388 # #
KtrAasor-ADP 6S5G 308* 334* 292* 323*
KtrAasor-ATP 6S5E 307* 336* 296* 317*
KtrAe1250-
6S50 416 461 380 431
ADP_ringl
KtrAg1250-
. 6S50 319 385 311 362
ADP_ring2
KtrAe12s0-
. 6S5N 413 448 382 419
ATP_ringl
KtrAe12s0-
. 6S5N 308* 341 291* 334
ATP_ring2
KtrAri6a-
6S7R 325 369 297* 329*
ADP_ringl
KtrAriea-
6S7R 342 381 327 369
ADP_ring2
KtrArisk-ADP 6S5B 313 345 294* 328*
KtrAwt-ATP 4390 300* 342 287* 329*
KtrAwt-ATP 2HMW 329 360 # #
KtrAwTt-ATP-Ca 6S5C 298* 343 290* 331*
KtrArisa-ATP 6S5D 308 348 294* 331*
KtrArisk-ATP 6S2J 302* 341 288* 331*

* These solutions displayed incorrect packing and a translation function Z-score (TFZ) < 8.0.

# No LLG value is shown since these RCK ring structures do not contain the C-terminal domains.
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As shown in Table 9, the search models containing RCK rings without C-terminal
domains resulted in higher LLG values compared to their full-length ring counterparts.
Furthermore, search models using RCK rings that adopt the square conformation
resulted mainly in LLG values that are lower than the ones obtained with the RCK rings
that adopt a non-square conformation. Also, the search models containing the KtrB
dimer from the KtrA,cB-ADP structure resulted in higher LLG values than the ones
containing the KtrB dimer from the KtrAB-ATP structure. The main difference in the KtrB
dimer structures resides in the position of the D2M1 helix. In the KtrA,cB-ADP (PDB:
5BUT) structure, this helix was straightened with an outward movement of the cytosolic
end, while in KtrAB-ATP structure (PDB: 4J7C) it is bent towards the cytosolic pore
(Figure 50).

The best fit for the diffraction data corresponds to the combination of the KtrB dimers
and RCK octameric ring from the KtrA,cB-ADP structure (PDB: 5BUT), with an LLG
value of 550. Due to the low resolution of the data, no manual adjustments and
subsequent refinements were performed at this stage. Nonetheless, the molecular
replacement model clearly indicates that the KtrCB-ATP-c-di-AMP structure is similar to
the KtrA,cB-ADP structure. We cannot confirm that the proteins in the crystal structure
have either bound ATP or c-di-AMP, but KtrC was purified in the presence of ATP and
the KtrCB complex was further supplemented with 500 uM of nucleotide. Thus, it is
reasonable to assume that the KtrC ring contains bound ATP, as other higher-resolution
structures of KtrA and KtrC solved in the lab have shown. As for c-di-AMP, the cyclic
dinucleotide was supplemented at 500 uM, which is considerably higher than the Ky, of
inhibition of 65 £ 3 uM determined for the KtrCB-ATP complex using the ACMA K* flux
assay, and well above the c-di-AMP binding affinity estimated by ITC for KtrC (20 to 30
nM). Therefore this result suggests that c-di-AMP binding to the RCK protein
destabilizes the square conformation (corresponding to the activated state of the
octameric ring) giving rise to a non-square relaxed state that is identified with a low-
activity state of a Kir channel. This destabilization most likely involves a disruption of
the interactions established by ATP and Mg?* at the intra-dimer interface that tether the
two ATP molecules and stabilize the two subunits in the RCK dimer close together.
Furthermore, the conformational readjustment of the RCK ring seems to be propagated

to the membrane protein, promoting an adjustment of the KtrB D2M1 helix.
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V. GENERAL DISCUSSION

The KtrAB channel is formed by the assembly of a KtrB homodimer with an octameric
ring of the nucleotide-dependent RCK protein KtrA. KtrA binds ATP and ADP at the N-
terminal domain and nucleotide binding was shown to regulate the conformation of the
octameric ring. The ATP-bound ring adopts a square conformation that results in high
channel flux, while the ADP-bound ring adopts non-square conformations that result in
a diminished flux. In this work, we have now established that the ATP-dependent
activation mechanism involves divalent cations as cofactors. The divalent cation binds
at the intra-dimer interface site of an ATP-bound KtrA dimer and stabilizes the octameric
ring square conformation (Teixeira-Duarte et al., 2019). Furthermore, our data also
strongly suggests that monovalent cations are also able to bind at the intra-dimer
interface site and activate KtrAB, but with less affinity than the divalent cations.

The cyclic dinucleotide c-di-AMP was identified as an important regulator of K*
homeostasis in many bacteria and its levels were shown to increase with K*
concentration in B.subtilis (Gundlach, et al., 2017). Furthermore, this molecule binds to
the C-terminal domain of KtrA orthologs (Y. Bai, etal., 2014; R. M. Corrigan, et al., 2013)
and was also shown to regulate KtrAB protein expression in B.subtilis (Nelson, et al.,
2013). We have now confirmed that c-di-AMP binds to both KtrA and KtrC and appears
to inhibit KtrCB. Importantly, we revealed that this binding is not affected by ATP or ADP
and that the c-di-AMP affinity for KtrC is higher than for KtrA. However, it is very possible
that this affinity difference is altered in the Ktr complex. As c-di-AMP might have a central
role in the regulation of the Ktr cation channels it is important to determine the binding

affinities of c-di-AMP to the full Ktr channel complexes and study its functional impact.

Several questions about Ktr channel regulation and underlying molecular mechanisms
remain unanswered. These include: What is the structure of an open Ktr channel? How
are these channels regulated by different ligands (ATP, ADP and c-diAMP) in the cell?
Does intracellular pH play a role in the activity of the channels? and What is the role of

the two regulatory proteins?

The KtrB conformation adopted in the active state remains elusive. In the current KtrAB-
ATP structure the pore remains occluded by the intramembrane loop, despite the
adoption of the active square conformation by the KtrA ring (Vieira-Pires, et al., 2013).
Therefore, a structure of the ATP-bound KtrAB complex portraying a KtrB fully open

pore would provide important insights on channel conformational regulation. It was
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proposed that the channel might not be able to adopt the fully open conformation in
detergent (Vieira-Pires, et al., 2013). In order to overcome this limitation, an option
would be to reconstitute the channel into hanodiscs and attempt to solve this structure
by cryo-EM. The lipid bilayer provided by the nanodiscs creates an environment that
resembles better the cellular membrane and may allow the stabilization of KtrB in the
fully open pore conformation. Structural information is also required in order to
understand the molecular mechanism of Ktr regulation by c-di-AMP. We have not been
able to obtain a structure of c-di-AMP bound to KtrA or KtrC, but have determined a low-
resolution structure of the KtrCB-ATP-c-di-AMP complex. This structure is similar to the
previously determined KtrA,cB-ADP structure, with the KtrC ring adopting a non-square
conformation. This suggests that c-di-AMP binding promotes a conformational change
of the KtrC octameric ring, disrupting the active square conformation. A structure of the
KtrCB-ATP complex is needed to confirm that KtrC-ATP adopts the square conformation
in the absence of c-di-AMP and a higher resolution KtrCB-ATP-c-di-AMP structure will
ensure that the ligands are present and reveal in more detail the conformational

changes that occur in the channel upon c-di-AMP binding.

The regulation of the KtrAB channel by ATP, ADP and c-di-AMP in a physiological
context remains unclear. The detergent solubilized V.alginolyticus KirAB has similar
affinities for ATP and ADP (Kq of 2.6 uM for ADP and 1.6 uM for ATP) (Diskowski, et al.,
2017). In bacteria, the concentration of ATP is in the millimolar range and there is usually
an excess of ATP over ADP, with the ATP/ADP ratio reported for E.coli ranging from ~8
to ~30, depending on the growth conditions and quantification methodology employed
(Buckstein et al., 2008; Radchenko et al., 2010). In these conditions, KtrAB would be
fully saturated with ATP and therefore fully active. Fluctuations of this ratio have been
described in ammonium stress conditions, with the ATP/ADP ratio decreasing from ~ 8
to ~ 3 in an early phase after ammonium shock (Radchenko, et al.,, 2010). This
fluctuation was shown to be sufficient to favor binding of ADP over ATP to the nucleotide
regulated E.coli Py protein, GInK (Radchenko, et al., 2010). A similar effect might occur
in response to situations where Ktr channel function has to be switched-off. It is
worthwhile pointing-out that there is no available information on the effect of ATP/ADP
ratio on the activity of the KtrAB channel. The functional and structural properties of the
octameric ring, which contains eight N-terminal nucleotide binding sites, have only been
studied in single nucleotide conditions. It would be interesting to test different nucleotide
ratios in vitro, with the ACMA K* flux assay and possibly X-ray crystallography, in order
to determine the fraction of ADP required for KirA to adopt a non-square conformation

and enable inactivation of the KtrAB channel.
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c-di-AMP was proposed to signal the closure of Kir channels in bacteria that produce
this cyclic dinucleotide. This proposal results from complementation growth assays
using bacterial strains that require a functional Ktr channel to grow in the tested
conditions. In these assays, augmented levels of c-di-AMP production resulted in a non-
growth phenotype (Y. Bai, et al., 2014; R. M. Corrigan, et al., 2013; Gibhardt, et al.,
2019) but there is currently little direct functional evidence of Ktr channel inhibition by c-
di-AMP. We studied the role played by this nucleotide in the regulation of the KtrCB-
ATP channel function. Our in vitro study with the ACMA K* flux assay indicates a direct
functional inhibitory effect of c-di-AMP in KtrCB activity. However, the assay is not ideal
to study c-di-AMP due to interference of the nucleotide with ACMA. Unfortunately, we
also failed to implement other functional assays using fluorescent probes to study the
KtrCB channel activity. We will try to implement other flux assays in the lab, namely ion
selective electrode-based assays, and characterize the effect of c-di-AMP in KtrCB and
KtrAB channel activity. The role of c-di-AMP in the in vivo regulation of Ktr channel
function can also be explored with in vivo growth assays in B.subtilis. These assays
would show if there is a differential regulation of KtrA and KtrC by c-di-AMP and how
this affects the bacterial growth phenotype. In particular, strains containing mutated
versions of the RCK proteins in the c-di-AMP binding site can be used for this effect in
growth contexts that require Ktr channel function, such as K* limitation and osmotic
shock conditions.

Ktr channel activity is involved in the early K* uptake response to hyperosmotic shock.
In parallel, K" uptake is a mechanism used to alkalinize the cytosol when bacterial cells
are exposed to an acidic pH. Therefore, since most functional assays performed to date
were done at neutral or alkaline pH, it would be interesting to see how channel activity

responds to acidic pH and if pH affects complex formation.

A remarkable aspect still to be explored pertains to the diverse distribution of Kitr
subunits across different organisms. For instance, V.alginolyticus possesses a single
KtrAB channel (Nakamura, et al., 1998), while S.aureus contains two ion conducting
subtunits, KtrB and KtrD, that appear to be regulated by one RCK regulatory subunit
(Gries, et al., 2013). In B.subtilis, the Ktr channel system comprises two Kir ion
conduction subunits, KtrB and KtrD, as well as two RCK regulatory subunits, KtrA and
KtrC. Since KtrA and KtrB are organized in the same operon and KtrC and KrD are
encoded separately, the KtrAB and KirCD complexes have been proposed to be the
two Ktr channels. We have shown that both KtrA and KtrC are able to assemble in

functional complexes with KtrB and KtrD (Rocha, et al., 2019). Furthermore, in this work
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we demonstrated that the KirCB-ATP complex is fully active in vitro. KtrA and KtrC
appear to have very similar properties. This apparent redundancy is still largely
unexplored. Why does B. subtilis have both KtrA and KtrC? Do these proteins have
different roles? Our biochemical characterization of KtrC has already revealed different
molecular properties relative to KtrA. While KtrA always assembles as a stable octamer,
KtrC in solution exists in a dynamic oligomeric equilibrium that can be modulated by
nucleotides, in particular c-di-AMP. Additional studies are needed to understand the
impact of KtrA and KtrC in channel regulation. Our in vitro flux assays show that KtrAB-
ATP and KtrCB-ATP display similar flux activities but no information is yet available
regarding the KtrAD and KtrCD channels. Furthermore, in vivo assays using B.subtilis
strains with targeted deletions in the Ktr channel system components are required to
understand if KtrA and KtrC activity is redundant in this organism and to attempt to
discern possible differential roles of the two RCK proteins. Growth of the B.subtilis
strains in potassium limitation and osmotic stress conditions, such as salinity adaptation,

might prove informative in this regard.
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