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Summary

Due to the vital prerequisite for K* ions in bacterial cells, involved in important
processes, such as maintenance of the turgor pressure, pH homeostasis, membrane voltage
and enzyme activation, E. coli comprises a set of different specialized potassium transport
systems. Under K*-limiting conditions, the high affinity KdpFABC complex is expressed to
sustain K* uptake. KdpFABC is a member of the P-type ATPase family with a unique
subunit composition. It consists of four subunits, and the sites of ATP hydrolysis and ion
transport are well-separated on two different subunits. Only the KdpB subunit exhibits an
explicit homology to other P-type ATPases and represents the catalytic subunit performing
ATP hydrolysis, whereas the KdpA subunit binds and transports K* ions and shows
similarities to KcsA-like K*-channel proteins. It was demonstrated that KdpFABC, like
other P-type ATPases, undergoes a reaction cycle with large conformation changes,
generally represented by a so-called Post-Albers cycle. A general feature is that the ion
pump toggle between two main conformational states, E; and E,, in which the ion-binding
sites alternatingly face one of both membrane sides.

The aim of this work was to investigate the mechanistic aspect of the KdpFABC
transport process, which would give more information about the coupling mechanism of
energy-releasing ATP hydrolysis and the energy-consuming ion transport across membranes.
For this purpose a fluorescence technique was employed that is based on the voltage-
sensitive dye RH421, which enables a monitoring of ion movements in the membrane
domain of ion-transport proteins. Based on this method, the electrogenicity of ion-binding
partial reactions of the pump cycle of the detergent-solubilized KdpFABC was investigated.
After finding the most appropriate detergent that preserves a functional complex, the
apparent binding affinities for K* and H* were determined in both conformations, E; and E,-
P, and further analysis of mutual interference of K* and H* revealed a mixed inhibition.
Binding of both K* and H" was found to be electrogenic. To compare transport and enzyme
activity, the dependence of ATP hydrolysis on the proton concentration was measured.
Furthermore, small ATPase activity was induced with Na* and H" in the absence of K,
supporting previous conclusion that both ion species act as weak congeners of K. K-
binding titrations were carried out under different conditions to examine the effect of Mg?*

concentration in the electrolyte. It was found that the amount of positive charge to be bound



to the membrane domain increases with the Mg®* concentrations. This effect was assigned to
the Gouy-Chapman effect.

The second set of experiments was performed with the reconstituted KdpFABC in E.
coli lipid vesicles, using the membrane potential indicator DiSC3(V), that allows monitoring
of the electrogenic pump activity. ATP-driven K" export across the vesicle membrane
performed by the inside-out oriented KdpFABC pumps was electrogenic and confirmed that
K" is transported out of the vesicles. The experiments performed in the absence of K*
indicated an unexpected H" translocation opposite to the well-established K" transport,
although to a significantly lower extent. The DiSC3(V) dye was used to investigate effects of
different ions on the pump activity, such as H*, Mg**, and K*. The inhibition mechanism of
ADP, inorganic phosphate and o-vanadate was studied, and compared to the results reported
for the Na',K'-ATPase. Experiments on the temperature-dependence of the ATPase and
pump activities were used to determine the activation energies of the respective processes.

Time-resolved experiments with detergent-solubilized KdpFABC in Aminoxide WS-
35 were used to analyze the kinetics of the involved processes, in the presence of different
K*, H" and ATP concentrations. These results are supportive of the proposal that the K-
binding step occurs after the phosphorylation and conformation transition reaction steps, and
therefore, it has to be assigned to the dephosphorylation partial reaction.

Three pump cycles derived from the general Post-Albers scheme of P-type ATPases
have been introduced and discussed, with the ultimate goal to propose a possible molecular
pump cycle, supported by the obtained experimental evidence. A more reliable assignment
to the pump cycle of the KdpFABC requires more detailed investigation, and especially
highly resolved structural information that will allow a definitive mapping of the ion-

binding sites and their occupation.
Part of this work was published in:
- Damnjanovi¢, B., Weber, A., Potschies, M., Greie, J.C. and Apell, H.J. (2013)

Mechanistic analysis of the pump cycle of the KdpFABC P-type ATPase, Biochemistry
52, 5563-5576.



Zusammenfassung

Kaliumionen sind fur Bakterienzellen lebensnotwendig, da sie an wichtigen Prozessen
wie dem Erhalt des Turgors, der pH-Homdostase, dem Membranpotential und der
Enzymaktivierung beteiligt sind. E. coli besitzt mehrere verschiedene und spezialisierte
Kalium-Transportsysteme. Unter der Bedingung von Kaliummangel wird der hochaffine
KdpFABC Komplex exprimiert, mit dem die Kaliumaufnahme auch im mikromolaren
Bereich aufrechterhalten werden kann. KdpFABC gehért zu der Familie der P-Typ ATPasen,
weist jedoch eine einzigartige Zusammensetzung von verschiedenen Untereinheiten auf.
Insgesamt besteht das Protein aus vier Untereinheiten, wobei die ATP-Hydrolyse und der
lonentransport auf zwei unterschiedlichen Untereinheiten stattfinden. Nur die KdpB-
Untereinheit, welche fir die katalytische ATP-Hydrolyse verantwortlich ist, weist eine
signifikante Homologie zu anderen ATPasen des P-Typs auf. Die KdpA-Untereinheit,
welche fir die Bindung und den Transport der Kaliumionen zustandig ist, zeigt
Ahnlichkeiten mit Proteinen der KcsA Kalium-Kanal Klasse auf. Es wurde gezeigt, dass der
KdpFABC Komplex, analog zu anderen P-Typ ATPasen, einen Reaktionszyklus, den
sogenannten Post-Albert Zyklus, hat, der mit grofen Konformationsveranderungen
verbunden ist. Das wichtigste Merkmal dabei ist, dass die lonenpumpe zwischen zwei
unterschiedlichen Konformationen E; und E; hin- und herwechselt, in denen die
lonenbindungsstellen alternierend den beiden Membranseiten zugewandt ist.

Ziel dieser Arbeit war es, die mechanistischen Aspekte des KdpFABC-vermittelten
lonentransports zu untersuchen, um mehr Informationen Uber den Mechanismus der
Kopplung von energiefreisetzender ATP-Hydrolyse und energieverbrauchendem
lonentransport durch Membranen zu lernen. Um dies zu erreichen, wurde eine
Fluoreszenzmethode verwendet, die auf dem potentialempfindlichen Fluoreszenzfarbstoff
RH421 basiert. Diese ermoglicht den Nachweis von lonenbewegungen in den
Membrandoméanen von ionentransportierenden Proteinen. Mit Hilfe dieser Methode wurde
die Elektrogenizitat der ionenbindenden Teilreaktionen des Pumpzyklus von
detergenssolubilisierten KdpFABC-Praparationen untersucht. Nachdem ein fur die Funktion
des Proteins geeigneten Detergens gefunden worden war, wurden die Bindungsaffinitaten
fur Kaliumionen und Protonen in beiden Konformationen E; und E,-P bestimmt. Weitere

Untersuchungen zur Wechselwirkung von Kaliumionen und Protonen ergaben eine



wechselseitige Inhibition. Die Bindung von Kaliumionen und Protonen ist elektrogen. Um
die Beziehung von Transport und Enzymaktivitat zu bestimmen, wurde die Abhéngigkeit der
ATP-Hydrolyse von der Protonenkonzentration gemessen. Auch in der Abwesenheit von
Kaliumionen konnte eine geringe ATPase-Aktivitat in der Gegenwart von Natriumionen und
Protonen beobachtet werden, was eine friihere Annahme stitzt, dass Natriumionen und
Protonen als Kongenere der Kaliumionen wirken. Weitere Kaliumtitrationen wurden
durchgefuhrt, um den Einfluss der Magnesiumkonzentration im Elektrolyt zu untersuchen.
Die Abnahme der positiven Nettoladung der Membrandomédne mit steigender
Magnesiumkonzentration wurde dem Gouy-Chapman-Effekt zugewiesen.

Der zweite Satz von Experimenten wurde mit Praparationen durchgefihrt, bei denen
der KdpFABC-Komplex in Lipidvesikeln mit E. coli-Lipiden rekonstituiert wurde. Dabei
wurde die Fluoreszenzfarbstoff DiSC3(V) verwendet, der als Indikator des
Membranpotentials die Ermittlung der elektrogenen Pumpaktivitdt ermoglicht. Der ATP-
getriebene Kaliumtransport durch die Vesikelmembran wurde mit inside-out orientierten
KdpFABC-Pumpen durchgefiihrt und bewies die Elektrogenizitat der Pumpfunktion. Es
wurde bestatigt, dass Kaliumionen aus den Vesikeln heraustransportiert wurden.
Experimente, die in Abwesenheit von Kaliumionen durchgefuhrt wurden, ergaben eine
unerwartete Protonentranslokation, die in Gegenrichtung zu dem etablierten Kaliumtransport
steht, jedoch mit einer signifikant geringeren Pumprate. Der DiSC3(V)-Farbstoff wurde auch
dazu verwendet, die Effekte verschiedener lonen wie Protonen, Magnesium- und
Kaliumionen auf die Pumpaktivitit zu untersuchen. Hemmmechanismen von ADP,
anorganischem Phosphat und ortho-Vanadat wurden untersucht und mit publizierten
Ergebnissen der Na*, K*-ATPase verglichen. Experimente zur Temperaturabhéngigkeit der
ATPase- und Pumpaktivitat wurden fur die Ermittlung der jeweiligen Aktivierungsenergien
verwendet.

Zeitaufgeloste Experimente mit dem Detergens-solubilisierten KdpFABC-Komplex
wurden dazu verwendet, um die Kinetik der beteiligten Prozesse in Anwesenheit von
verschiedenen Protonen-, ATP- und Kaliumionen-Konzentrationen zu analysieren. Die
erhaltenen Ergebnisse stiitzen die Annahme, dass die Kaliumbindung erst nach der
Phosphorylierung und dem Konformationsiibergang in den P-E,-Zustand geschieht. Daher
ist der Kaliumtransport dem Halbzyklus mit der Dephosphorylierung zuzuordnen.

Drei mogliche Pump-Zyklen, die sich von dem allgemeinen Post-Albers Schema der

P-Typ ATPasen ableiten lassen, wurden vorgeschlagen und diskutiert. Dies erlaubte, die



maoglichen Pump-Zyklen mit Hilfe der vorgelegten experimentellen Daten einzuschranken.
Um jedoch einen eindeutigen Pumpzyklus fir den KdpFABC-Komplex zu erhalten, missen
noch weitere und detailliertere Untersuchungen durchgefiihrt werden. Insbesondere kann
Information aus einer hochaufgelosten Struktur eine definitive Zuordnung der

lonenbindungsstellen und deren Besetzung ermoglichen.
Ein Teil der in dieser Arbeit vorgestellten Ergebnisse sind bereit publiziert worden in:
- Damnjanovi¢, B., Weber, A., Potschies, M., Greie, J.C. and Apell, H.J. (2013)

Mechanistic analysis of the pump cycle of the KdpFABC P-type ATPase, Biochemistry
52, 5563-5576.



1. INTRODUCTION
1.1. Membranes: structure, function and transport

Membranes play an essential role in all living cells and their importance cannot be
overstated. Both eukaryotic cells, including plant cells and animal cells, and prokaryotic
cells, are enclosed by a cell membrane, providing cellular individuality (1). Membranes also
form the interface of specialized intracellular compartments, like mitochondria, endoplasmic
reticulum, Golgi complexes and the nucleus. Approximately half of their mass is lipid,
which in aqueous environment spontaneously organizes itself forming a lipid bilayer. Due to
their amphipathic character, under physiological conditions, membrane lipids assemble with
their hydrophilic head oriented toward the aqueous medium, whereas the hydrophaobic tail is
buried in the interior of the membrane. Other major functional biomolecules of membranes
are proteins, and they act as enzymes, pumps and channels, receptors, or they can have a
structural role. Membranes are asymmetric structures, which can be attributed to the uneven
distribution of lipids and proteins within membranes, but also due to the irregularly attached
carbohydrates to the membrane proteins. The basic structure of cell membrane showing

major constituents is given in Figure 1.
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Figure 1. lllustrative model of membrane structure, showing major structural and functional components.
Figure taken from (2).
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According to the nature of their association to the membrane, proteins can be classified into
groups of 1) peripheral membrane proteins, not directly interacting with the lipid bilayer,
but only weakly bound to the hydrophobic regions of integral proteins or electrostatically to
charged lipid headgroups, and ii) integral membrane proteins, extensively interacting with
lipids and generally spanning the bilayer. Due to the strong hydrophobic interaction of
integral membrane proteins with lipids, these proteins require detergents or organic solvents
for their solubilization. In contrast, peripheral proteins can be released by treatment with
high ionic strength salt solutions, without altering the membrane integrity (3).

Beside the mechanical function of maintaining the physical integrity of the cell, the
plasma membrane plays important roles in cell-cell interaction and movement of material
and information. Integral membrane proteins are involved in the transport of various
nutrients, crucial for cell growth and survival, employing different mechanisms. Certain
molecules diffuse freely across the membranes, but the movement of others is restricted
because of their charge, size and solubility. Various mechanisms are employed to maintain
gradients of such molecules. Depending on the direction of the movement with respect to
the existing electrochemical potential gradient of the transported species, transmembrane
transport can be classified as i) passive transport, down the electrochemical potential
gradient, thus dissipating energy, or as ii) active transport, when the solute is moved against
its electrochemical potential gradient. For the active transport energy is required, and for
primary active transport several different energy sources are utilized, e.g. sun light, various
redox reactions or ATP hydrolysis. In case of secondary active transport, the energy stored
in electrochemical gradients of one ion species is used by coupling their thermodynamically
downhill movements to drive the uphill transport of another substrate. They are often
referred to as co-transporters or exchangers. A graphic representation of different types of
membrane transport is presented in Figure 2A. Transport systems can be functionally
classified according to the number of molecules moved across the membrane and the
direction of movement. If more than one species is moved across the membrane, it is
possible to differentiate between symport and antiport, as shown in Figure 2B, whereas a
uniport system moves one species bidirectionally. On other hand, active transport system
can be characterized with regard to the net electric charge moved across the membranes as
electrogenic, if it generates an electrochemical potential across the membrane by pumping
one ion across the membrane without the compensating movement of another ion of the

same charge in the opposite direction or electroneutral, if the same charge is moved in both



directions (4;5). The fact that almost 40 % of energy consumption is used for creation and
maintenance of electrochemical potential gradient reflects its overall importance in all
biological systems (6). Membrane proteins involved in regulation of the electrochemical
gradient consist of ion pumps, utilizing primary source of energy, ion exchangers, members
of secondary active transporters and ion channels, selective pore-like structures that
transport ions via ligand- or voltage-controlled opening or closing followed by movements
of ions down the electrochemical gradient (7). A widely used method to modify cellular
membrane potential is the application of ionophores. They are lipid soluble macromolecules
that are able to increase strongly, more or less selectively, the permeability of the membrane
to specific ion species, when present in very low concentrations. It was shown that they act
similarly when applied on biological and various artificial membranes, therefore, ionophores
can be successfully employed for the investigation of different ion transport systems. One of
the best characterized ionophore is valinomycin, a rheogenic ionophore, with the highest

selectivity for potassium, as 1000 times higher than for sodium (8).
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Figure 2. Schematic representation of different transport mechanisms (figure taken from (6)). A: Difference
between passive and active transport B: Classification of transport systems regarding to the direction of
movement and number of different transported species.

As already mentioned, cells expend metabolic energy to transport ions, accumulating
one and removing others, creating the concentration difference between the inside and
outside. The result of such a formation of an electrochemical potential gradient, especially
for K ions, generates a voltage difference called the membrane potential, which is essential
for function of every living cell. The equilibrium potential for a particular ion species can be

calculated using the Nernst equation, given in Eq. 1:



RT, Cout
E = —Eln Cin (Eq. 1)

R is the universal gas constant,

T is the absolute temperature,

z is the charge of the transported ion species,

F is the Faraday constant and,

Cin and coyt concentrations of transported ion species inside and outside of the cell,
respectively.

Most animal cells maintain a membrane potential of about -70 mV, whereas in E. coli it was
found to be -140 mV (9), where the negative sign indicates that the cytosol is more negative

than the extracellular side.

1.2. lon pumps vs. ion channels

The lipid bilayer of cell membranes, as previously discussed, is intrinsically
impermeable to ions and polar molecules. However, inorganic ions play vital roles in
processes such as nutrient uptake, energy transformation and storage, cell volume control
etc. Membrane permeability is controlled preferentially by two classes of membrane
proteins, pumps and channels. lon channels let selected ions to diffuse rapidly down
electrical and concentration gradients, whereas ion pumps consume energy to slowly move
ions thermodynamically uphill. Passage of ions through the channel is regulated by a gate,
whose opening and closing is controlled by appropriate signals. Through a single open ion
channel 107 ions/s can pass, creating an electric current. Starting and stopping of that current
corresponds to opening and closing events, occurring in the order of up to a hundred times
per second. lon pumps can be described in similar manner, but with two gates, opening and
closing strictly alternatively (10;11). lon movements performed by pumps are limited by the
rate of the conformational transitions that alter access to the ion translocation pathway.
Consequently, ion transport through ion channels is several orders of magnitude faster than
through pumps. Due to the significantly different speeds of performing their tasks, pumps
and channels have been investigated as unrelated groups. However, new functional and
structural information about both of the groups suggest reevaluation, emphasizing

similarities between these transporters. The recently demonstrated close genetic relationship



between pumps and channels suggested that the channels may have derived from pumps
upon evolutionary degradation of a gate (12;13).

Although the general functional distinction between pumps and channels is the
capability of the certain membrane protein for thermodynamically uphill transport, there are
cases of proteins simultaneously expressing both channel and pump functions, or even
chemically-induced loss of tight coupling between pump’s two gates. An example of such a
transformation of a pump into a channel is the effect of marine toxin, palytoxin, on the
Na’,K*-ATPase (14;15). Palytoxin binds specifically to the extracellular side of the pump,
disrupting the communication between the two gates, allowing both to be open at the same
time. In this mode, the Na*,K*-ATPase works as a channel, with both gates still functional
and responding to their ions, but uncoupled.

Although it is reasonable to assume that a pump loses function of a gate during evolution
becoming a channel, it might be possible that an ion pump evolved from a channel by
gaining a second gate (10;16). Some of the examples of ion-channel chimeras are the CFTR
(cystic fibrosis transmembrane conductance regulator) Cl-channel, only one of a thousand
ABC proteins known to function as an ion channel (17;18), and the KdpFABC complex in
which a KcsA K*-channel-like subunit and a P-type ATPase component are assembled (19).
The later example, however, supports the conceptually less likable process, in which the ion

channel evolved to the ion pump by forming an additional gate.

1.3. ATPases: classification, function and structure

ATP is used as an energy source, directly or indirectly, in virtually all biological
systems. Therefore, ATP synthesis and ATP hydrolysis must be tightly coupled so that this
cycle is able to satisfy the energy needs of the cells. ATP consumption is accomplished by a
diverse group of transport systems, called ATPases, present in entire biological world, from
bacteria to eukaryotes. These biological nanomachines utilize the Gibbs free energy of ATP
hydrolysis to create electrochemical potential gradients for the transported ion across the
membrane. Today, four structurally different groups of ATPases are known, with a general
role of translocating numerous different ion species and/or molecules across biological
membranes. ATPases are involved in many different physiological processes and different

mutations of these proteins have been identified to cause a number of diseases (20).



Members of the first group, V-type ATPases, with a nomenclature derived from their
principal localization, are found in intracellular vacuoles in both eukaryotic and prokaryotic
cells. They represent key enzymes involved in many different intra- and inter-cellular
processes (21). They are proton pumps and one of their roles is to regulate the acidification
of intracellular compartments. They have a complex structure, and in some animal cell types
are constituted of more than 20 subunits (22). For the overall mechanism of V-ATPases in
catalyzing ATP hydrolysis and proton movement, a rotation of specific subunits is suggested
(23).

In the second group, the F-type ATPases, two modes of operation have been found.
Accordingly they are called FoF; ATPases or ATP synthases. In the latter mode they work in
the reverse mode compared to other members of ATPases (24;25). They synthesize ATP
from ADP and inorganic phosphate in the presence of Mg** ions, in response to an
electrochemical gradient of protons generated by an electron transport chain. These enzymes
can work also in the “normal” mode, with an ATP-driven proton (or sodium) pumping
across the membrane.

Members of the third group, P-type ATPases, are involved in transport of various cations
- proton, potassium, sodium, calcium, as well as other metal ions across membranes of
prokaryotic and eukaryotic cells (26). After the discovery of the first member of this group
(the Na',K*-ATPase, Jens Skou, 1957, (27)), investigation of these membrane proteins
attracted substantial research efforts, leading to significant insight into the underlying ion
transport mechanisms. The name is based on its covalently phosphorylated intermediate that
is characteristic for the pump catalytic cycle, first introduced by Ernesto Carafoli (28;29).
Since the KdpFABC complex of E. coli is a member of the P-type ATPases, this group will
be presented into more details in the following paragraph.

The fourth group, named ATP-binding cassette transporters or ABC-type transporters
(30;31), represents by far the largest group involved in the active transport of ions, but also
of a variety of substrates including amino acids, sugars, lipids, toxins etc. Although it has
been demonstrated that these transporters indeed hydrolyze ATP for substrate transport, the
exact molecular mechanism of coupling of ATP hydrolysis and transport process remains
unclear up to now.

In structural terms the F- and V-ATPase are much more complex than the pumps
belonging to the P- or ABC-type ATPases. Therefore, one might expect that the P- and
ABC-type ATPases would have been the first to be crystallized and solved structurally. The



first highly resolved structure, however, was the catalytic subunit F; of the more complex F-
type ATPase, while so far the structure of Ca®*-ATPase is the best described P-type ATPase.

A graphic representation of the four different groups of ATPases is shown in Figure 3.
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Figure 3. The illustrative representation of the four classes of ATP-driven transport proteins (32).

1.3.1. P-type ATPases

P-type ATPases are a large family of ubiquitous and diverse ion pumps, present in all
living organisms, and key players in many different physiological processes, ranging from
the generation of membrane potential to muscle contraction and toxic ions removal. Over
the last five decades these membrane proteins are the most investigated and described
transport systems (33-35). Based on the sequence homology the P-type ATPases are
generally divided into five subfamilies, with respect to transported substrates and the
regulation process. The overview of the P-type ATPases classification is given in Figure 4.

Type | ATPase contains the most ancient ion pumps. KdpFABC of E. coli is a prototype
of type IA, transporting K" into the cell as an emergency system. Members of type IB
ATPases, like bacterial metal-resistance proteins, remove toxic transition metal ions such as
Zn?*, Pb?*, Cu* or Cd*" from the cell. The homeostasis of trace elements Cu* and Zn*" is
accomplished by balancing the activity of these pumps and ABC-type metal-uptake
proteins. Mutations in human Cu*-pumps cause the lethal, hereditary Menkes and Wilson

disease, raising even more interest in detailed investigation of these pumps.
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Figure 4. Phylogenetic tree of the P-type ATPase family. Classification is based on the transported
substrates and the regulation processes (33).

Types Il and 111 ATPases are so far the most diverse and most investigated members of

this superfamily, responsible for creating and maintaining membrane potentials in various

animal and plant cells. Representative of type IIA is the SR Ca**-ATPase, the first one with

a resolved atomic structure (36). It pumps two Ca®* per one ATP molecule, in exchange for
two or three protons (37). The activity of type 1A pumps in animal cells is regulated by
phospholamban (38), whereas those in type 1B, like the plasma-membrane Ca?*-ATPase,
have calmodulin-binding regulatory domains (39). The Na*,K*-ATPase and gastric H* K"-
ATPase are members of type 1IC subgroup. The Na’,K*-ATPase removes three Na” in
exchange for the import of two K* per one cycle. In transport-active tissue such as kidney;, it
was reported to consume up to 30 % of the cellular ATP. It is an electrogenic pump and
generates an electrochemical gradient across the membrane, which is essential for a number

of different vital processes in animal cells, such as secondary transport across membranes,



signaling, membrane potential and volume regulation (40). The Na",K*-ATPases have an
additional regulatory subunit in various tissues, which are members of the FXYD protein
family, a family of small hydrophobic polypeptides with a single transmembrane span (41).
The gastric H',K*-ATPase is closely related to the Na*,K*-ATPase. It is an electroneutral
pump, secreting hydrochloric acid into the stomach. Type IIC ATPases are hetero-
oligomers, with heavily glycosylated, single membrane-spanning B-subunit that is essential
for assembly of the complex, and a catalytic a- subunit, showing all the characteristics of the
P-type ATPases. Type 11D contains the eukaryotic Na*-ATPases.

Type IHIA ATPases are proton pumps found in the plasma membranes of plants and
fungi, involved in maintenance of the intracellular pH =~ 6 with respect to the extracellular
pH of 3.5 (42). The membrane potential in plants and fungi is a proton potential, since no
Na’,K*-ATPase is present in these systems. The proton pump is a powerful electrogenic
pump, transporting one H* per ATP molecule without counter transport of any other ion.
Unlike other P-type ATPases, the H'-ATPases have an autoinhibitory, carboxy-terminal
extension. A small class of scarcely known bacterial Mg**-ATPase is grouped as type 111B
ATPases.

Type IV ATPases are found in eukaryotic cells, and are close relatives to the members
of type | ATPases. They are also known as lipid flippases, since they are involved in lipid
transport from the inner to the outer leaflet, thus sustaining lipid bilayer asymmetry.
Intriguing is the proposed possibility of these flippases to bind and transport both ions and
lipids, since the sequence comparison revealed that they have the general features of the P-
type ATPases, including the ion-binding site located in the membrane. Although the
possibility that the binding site can translocate both ions and lipids is not yet clarified, one
hypothesis is that flippases work as ion pumps associated with lipid-transport proteins such
as the ABC lipid-transporters (43).

The most recently defined class of P-type ATPases, with so far unclear biological
functions are type V ATPases (44). Presumably they work as ion pumps, but their substrate

specificities are still unknown.



1.3.2. Structural properties of the P-type ATPases

All members of the P-type ATPases are multi-domain membrane proteins with
molecular masses of 70-150 kDa. They have an elongated form, with one domain embedded
in the membrane, consisting of even number of transmembrane-spanning segments, and
only a small fraction exposed to the extracellular side. The other part represents a large
cytoplasmic headpiece. Both N- and C-terminal ends are facing the cytoplasmic side. The
sequence comparison revealed that all members consist of four well-defined and highly-
conserved domains, and according to their function or position they are named
phosphorylation (P) domain, nucleotide binding (N) domain, actuator (A) domain and
membrane (M) domain.

The P domain is the catalytic core of the enzyme, and it contains conserved sequence
DKTGT with the aspartate residue that is reversibly phosphorylated during the reaction
cycle. It exhibits a Rossmann fold, and it is the most highly conserved of the four main
domains, with no large insertions or deletions. Two more important sequences located in the
P domain are TGDN and GDGXND. They are involved in Mg®* coordination coupled with
ATP binding at the phosphorylation site.

The N domain is linked by a highly conserved narrow hinge of two antiparallel peptide
strands to the P domain. It performs ATP binding and enables phosphorylation of the P
domain. Apart from a conserved sequence motif that defines the nucleotide binding site, the
size and sequence of the N domain is the most variable among the three cytoplasmic
domains.

The A domain is almost as highly conserved as the P domain, including a loop that contains
the TGE sequence motif. It is connected to the transmembrane region by two or three long
and flexible linker sequences, allowing the rotation of the domain around its axis. Although
the A domain contains no specific substrate-binding site, it plays an important role in the
molecular mechanism of the ion transport. It was shown that it rotates around an axis almost
perpendicular to the membrane, so that the TGE loop approaches closely the
phosphorylation site during the ion-pumping cycle (45;46). Some P-type ATPases have
different amino-terminal extensions fused to the A domain, like fungal H*-ATPases, but the
role of these extensions has yet to be determined.

The M domains have a low degree of sequence homology (~18 %), but their overall

structures are very similar. Like the N domain, the transmembrane domain is connected to
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the catalytic core of the P domain with long M4 and M5 helices. The M domain consists of
10 segments, first six form the T domain and last four segments form S domain. The ion-
binding site(s) are located within the T domain, which is flexible and moves during the
catalytic cycle during the association/dissociation of ion(s). The number of ion-binding sites
differs: one (type Il and type 1IB), two (type 11A) or three (type I1C). The third ion binding
site is formed by the S domain, which provides structural support to the T domain. During
the catalytic cycle the S domain remains more rigid than the T domain. Among the members
of the type IA ATPases, the S domain consists of a single helix at the C-terminal end. A

schematic overview of the main structural domains is given in Figure 5.

Figure 5. A schematic overview of the structural organization of the P-type ATPases, with the main
domains, P, N, A, T and S labeled with capital letters (35).

According to the available structural information about different members of the P-type
ATPases, it seems that the overall structure of these ATPases is more highly conserved than
their sequences, implying that preservation of functionally unimportant residues is
unnecessary. X-ray structures of the SR Ca**-ATPase show significant differences in the
arrangement of helices in the M domain, and that M 4-6 are essentially responsible for the
mechanical coupling of phosphorylation and ion-binding processes, whereas the P, N, and A
domains move as rigid bodies (36;45). Even though different domains have different roles
in the molecular mechanism of ion translocations, reaction steps of ATP binding/hydrolysis,
enzyme phosphorylation/dephosphorylation and ion binding/release are essentially the same
for all P-type ATPases. Therefore, the functional sites in the cytoplasmic domains involved
in these reaction steps are unaltered, and ion-binding sites in the membrane domain are

correspondingly modified to fit to different ions with different charges and radii.
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1.3.3. Functional properties of the P-type ATPases

It is well known that the P-type ATPases undergo large conformational changes in order
to transport ions, followed with several intermediate states (47). Enzymes exist in two
distinct principal conformations, E; and E,, with different orientation of the binding sites
and correspondingly different affinities for the ATP and the transported ion species. The
overall transport cycle is summarized with a so-called Post-Albers cycle, universally
accepted for all members of the P-type ATPases (48;49). The general scheme is given in

Figure 6.

ATP  ADP
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X,E, P-E, X,
vX 4 h vX
E, P-E,
o~ -
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Y

Figure 6. General model of ion-transport cycle accepted for all members of the P-type ATPase, known as a
Post-Albers scheme.

The Post-Albers cycle describes the transport process as a Ping-Pong mechanism, implying
that both ion species are transferred successively across the membrane and in the opposite
directions (50). Although the term electrogenicity was originally introduced for the
complete ion pumping cycle, it is possible to distinguish two half cycles in which only one
ion species is transported, and further define them as electrogenic or not. According to the
classical theory, the pumping process consists of a set of consecutive reactions:

i) lon binding — the enzyme in the E; state has high-affinity binding site(s) accessible from
the cytoplasm, and v ions of species X are able to bind. Binding of ion(s) induces a helix
rearrangement that generates a Mg?* binding site close to the Asp residue.

i) lon occlusion followed by enzyme phosphorylation — in this intermediate state, noted as
(X\)E1P, bound ion(s) are unable to exchange with either aqueous phase. Phosphorylation
occurs at the P domain of the protein. Because of the electrostatic repulsion from the

negatively charged y-phosphate of ATP, the highly conserved Asp can be phosphorylated
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only if Mg* is bound at the generated Mg?*-binding sites, which is possible only if the ion
binding site(s) are occupied (40). In this manner ion binding and phosphorylation are tightly
coupled. Upon phosphorylation of the P domain, the ATP-mediated linkage to the N domain
breaks, creating a stretch of the linker sequence between the M3 and A domain.

iii) Conformational transition — the stretching creates tension that is the driving force for the
further step of dephosphorylation. Consequently, the A domain performs a 90° rotation,
moving on the top of the bended P domain, with an associated conformational change from
E;-P to P-E,. This is the slowest and rate-limiting step of the catalytic cycle.

iv) lon deocclusion and release to the other side of the membrane — as a consequence of the
A domain rotation, the high-affinity binding sites are abolished, followed by opening of ion
exit channel to the other side of the membrane and ion release. Finally, the TGE motif is
moved closely to the phosphorylated Asp residue.

v) Binding of counterion to the P-E, conformation — this causes closing of ion exit channel
in the T domain and further shifting the TGE motif closer to the phosphorylated Asp
residue. This allows a water molecule to be positioned between the Glu residue of the TGE
and the phosphorylated Asp, carrying out the nucleophilic attack on the phosphate bond.
Binding of p counterions of species Y initiates dephosphorylation and the intermediate state
of ion occlusion, Ex(Y). As a result of inorganic phosphate release, the A domain moves
away from the P domain, taking back the enzyme to the E; state. This is accompanied with
helical movement in the M domain, modifying the high-affinity binding site for Y ions, and
opening of the exit channel for these ions to the cytoplasmic side of the membrane, and
another cycle can start.

According to this model, ions are not pushed through the membrane, but at a fixed
position alternate by being present at either side of the membrane (35). Until now, high-
resolution 3D structures of the Ca?*-ATPase have been solved both in its E; conformation
with two Ca®** ions bound and E, conformation stabilized by the specific inhibitor
tharpsigargin (36;45). It was demonstrated that during the transition from E; to E; state,
significant rearrangements of the membrane helices occur, followed by the disruption of the
coordination of the two Ca?* ions, resulting in lower binding affinity. However, so far no
information is available, regarding the coupling mechanism of enzymatic and transport

functions.
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1.4. Potassium transport in E. coli

Na® and H" gradients in bacteria are generally used as a convertible energy sources,
playing a major role in the energetics of the cell. However, only K* ions are used to
establish the turgor pressure, which is a vital prerequisite for prokaryotic cells (51).
Furthermore, cytoplasmic potassium ions are involved in other important processes such as
activation of the enzymes (52) and cell pH homeostasis, whereby the regulation of
cytoplasmic pH is a contribution of both K*,H" and Na*,H" antiporters (53). A variety of
membrane-bound proteins, acting as ion channels or transporters, is involved in the
establishment and regulation of these ion fluxes. Since one of the most important stress
factors is related to the osmolality of the surrounding medium, prokaryotic cells require fast
response systems for osmoregulation. As a first response to an osmotic upshock, an increase
in the cellular K* concentration is observed, in order to avoid extreme water efflux. This K*
accumulation in the cytoplasm can increase in a short time the K™ concentration from 200-
500 mM under normal conditions up to molar range, and it is mainly achieved by the Trk
potassium uptake system (54). Because of the presence of negatively charged molecules, not
all cytoplasmic K" ions are osmolyticaly active. However, around 44 % of the total K" is
free, even at low external osmolality (55). As a counterbalance of the influx of positively
charged K" ions, the bacteria start synthesis of organic anions, like glutamate. At the point
when the K* concentration reaches a critical point, a secondary response starts, comprised of
uptake or synthesis of neutral organic solvents, like proline, glycine betaine or ectoine, or
uncharged carbohydrates, like trehalose (56;57). These compounds do not contribute to the
electrochemical gradients of the cell. In case of an osmotic downshock, cells react with a
complete loss of potassium glutamate and trehalose (58). Due to different response
mechanism to environmental conditions involving K", the E. coli cell developed a set of
well-defined and specialized K* transport systems. An overview of the systems involved in

K™ transport in E. coli known so far is shown in Figure 7.
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Figure 7. An overview of different K* transport systems found in E. coli, according to (59).

The homologous Kef potassium channels, KefB and KefC, are involved in fast K*
efflux, and play an essential role in the removal of toxic regents, such as methylglyoxal,
chlorodinitribenzole and N-ethylmaleimide (60). Activation of Kef channels results in fast
efflux of K" ions followed by Na® influx and acidification of the cytoplasm. A so far
biochemically uncharacterized K*/H" antiporter is also involved in K* efflux (61). Another
response to an extreme decrease in the external osmolality is K* efflux performed by
mechanosensitive channels. Based on the electrophysiological data known so far, there are
three different types of mechanosensitive channels, with different response mechanism to a
membrane pressure gradient (62). At external K™ concentrations above 200 pM, K influx is
mediated by the TrkG/TrkH and Kup uptake systems. The TrkG/TrkH system exhibits high
uptake rates (Vma: 240 pmol g min™ and 310-450 pmol g™* min™, respectively), but only
moderate affinities for K" (Ky: 0.3-1.0 mM and 2.2-3.0 mM, respectively) (63). The K*
uptake process by the Trk system requires a proton motive force and ATP that is coupled to
a H" symport but not hydrolyzed. On the other hand, the Kup system transports K* with
rather low affinity and low uptake rates, with Ky of 0.3 mM and Vpa of 30 pmol g* min™
(64). Similar to the Trk system, Kup acts as a K*,H" symporter, and beside K it can
transport also Cs* and Rb* ions. The low affinity K* uptake systems TrkG/TrkH, Kup and
KtrAB are not able to meet the cell’s need for potassium at low external K* concentrations
([K™Jeyt < 100 pM), required for proper ion homeostasis. Under these K*-limiting conditions,
many prokaryotes can express a high affinity K* transport system, the membrane-bound

KdpFABC complex (65;66). In this ion pump, coupling of ATP hydrolysis to ion transport
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leads to a high affinity uptake of potassium (Ky < 2 puM), but only at moderate transport
rates (Vmax = 150 pmol g* min™) at 37 °C (67).

Regulation of Kdp expression and Kdp distribution

The Kdp system is genetically organized in a regulon, consisting of two operons (Figure
8). The first one is built up of four structural genes, kdpFABC, coding for the membrane-
bound proteins of the KdpFABC transport complex (65;68;69). The adjacent operon kdpDE
codes for the polypeptides regulating the first operon (70;71). KdpD, the membrane-bound
sensor kinase, and KdpE, the cytoplasmic response regulator, are parts of the two
component sensor Kinase/response regulator system. The KdpD is inserted into the
membrane and composed of four transmembrane helices, with both N- and C-terminal
facing the cytoplasm (72;73). Upon a stimulus, that is so far an object of debate, dimerized
KdpD undergoes ATP-mediated phosphorylation at the C-terminal. The phosphoryl group is
further transferred to KdpE, which becomes also a dimer. Dimeric KdpE-P binds to the
promoter region of the kdpFABC operon, thus inducing its transcription as a classical helix-
turn-helix transcription factor. Without stimulus, the KdpD is able to dephosphorylate
KdpE-P, leading to a termination of the KdpFABC synthesis (74-76). Even though the
turgor model is still controversially discussed after it was proposed that changes in turgor
pressure are sensed by KdpD, kdp expression is only observed under emergency conditions

of either low external K* concentration or high osmolality.
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Figure 8. Schematic representation of organization and regulation of the kdpFABCDE regulon (59).

The kdp operon has been found in a variety of prokaryotes. Osmotic stress is one of the most

vulnerable issues in prokaryotes, which is why the presence of fast and effective response
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mechanisms is required. Even though more than 30 different organisms, both bacteria and
archaea, are known to contain the kdp operon, not all of them contain the additional kdpDE
operon as regulatory two component system. Recently, the kdpFABC was also found in
archaea, Halobacterium species NRC-1 and Thermoplasma acidophilum, but both lack the
regulatory kdpDE operon. The Kdp-ATPase systems can be observed as bacterial inventions

as a K*-scavenging system, since their role in archaea is still unknown.

1.5. The KdpFABC complex, a member of the P-type ATPases

As already mentioned, KdpFABC is an emergency potassium uptake system, expressed
only under the K*-limiting conditions. Biochemical properties, e.g. the potassium transport
energized by ATP hydrolysis (77), inhibition of activity by micromolar concentrations of o-
vanadate (78;79), and the presence of a phosphorylated intermediate during the pumping
cycle (79), led to the conclusion that the KdpFABC belongs to P-type ATPase superfamily.
The KdpFABC complex of E. coli was the first P-type ATPase discovered in bacteria. It has
a high affinity for potassium, unique structure and subunit composition. All other P-type
ATPases known so far contain in general a central catalytic subunit, including both ion
transport and ATP hydrolysis, according to the Post-Albers cycle. In contrast, the KdpFABC
complex consists of four subunits (19), and the sites of ATP hydrolysis (and hence
phosphorylation) and ion binding are well separated on two different subunits. Only the
KdpB subunit of KdpFABC complex exhibits explicit homology to other P-type ATPases
and represents the catalytic subunit performing ATP hydrolysis. The three additional
subunits have no similarities to the P-type ATPases: KdpA, structurally similar to KcsA-like
K" channels, binds and transports K*, KdpC acts as a molecular chaperone, and KdpF has a
role of molecular glue (80). Magller et al. suggested that the unusual composition of the
KdpFABC complex could represent a “missing link” between prokaryotic heavy-metal
transporters (type 1B) and the mostly investigated eukaryotic type 1A P-type ATPases (81).

A more detailed overview of KdpFABC subunits’ characteristics known so far will be
given, followed by a presentation of the structure-function relationship of subunits, which
leads to a high affinity K* ion pump with unique composition and a so called “division of

labor” between subunits.
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The KdpA subunit

The binding and translocation of K ions is mediated by a 52 kDa hydrophobic
membrane-bound protein, KdpA, which exhibits no homology to other members of the P-
type ATPase family. This lack of ion-binding sites in the catalytical subunit singles out the
KdpFABC complex from the rest of the family. Sequence alignment (82;83) and
mutagenesis studies (84-86) gave first indication that the KdpA is the K" binding and
translocating subunit of the KdpFABC complex. The KdpA subunit shows similarities to
potassium channels from KcsA-type, which was confirmed both theoretically and
experimentally (86;87). It was hypothesized that KdpA and KtrAB/Trk families of active
transport proteins evolved in prokaryotes from the family of potassium channel proteins, and
that the same structural molecular mechanism controlling the pore and selectivity for K* is
present also in more complex and recent transporters (88). The postulate that the KdpA is
related to the K" channels is based on the existence of a similar pattern of residue
conservation over the proposed structure, with notion that the KdpA family is overall better
conserved than both Trk and KtrAB families. Even though there is a general agreement that
KdpA has selectivity filter sequences similar to those found in KcsA-type channels, the
number and localization of these regions are still unknown. On one hand, the authors have
concluded that KdpA has two KcsA-like selectivity filter sequences at the periplasmic side,
and one cytoplasmic K* binding site where the ion becomes occluded (84;85). Buurman et
al. built a first model of KdpA with 10 transmembrane helices, instead of previously
predicted 12, and they demonstrated that KdpA is able to insert the membrane in the
absence of either of the other subunits. On the other hand, it was demonstrated that KcsA
from Streptococcus lividans is built up of four single MPM motifs (membrane/P-
loop/membrane), whereas the KdpA consists of a single subunit with four MPM motifs
arranged in the same configuration (82;83). Additionally, this alternative model has been
successfully used as a template for the identification and characterization of the selectivity
filter regions within KdpA subunit (86;89-91). These results showed that three conserved
glycine residues in KdpA, G232, G233 and G234, form a selectivity filter-like sequence,
similar to that found in the KcsA K™ channel. In particular, G232 appeared to be of crucial
importance for K* affinity and selectivity, while a variety of amino-acid substitution is
tolerated at positions 233 and 234. Analysis of transport properties of the purified and
reconstituted A:G232D KdpFABC complex demonstrated that the replacement of Gly**
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with aspartate, the first residue within highly conserved GGG motif, not only changed the
Kw from 2 uM to 1.2 mM, but also strongly affected the ion selectivity. The topological
arrangement of KdpA based on existing models is illustrated in Figure 9.
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Figure 9. A: Topological model of the KdpA according to reference (84) B: Topological model of the
KdpA according to reference (82), showing only the part that differs significantly from the model proposed
by Buurman et al.
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The KdpB subunit

The investigation and understanding of the structure and function of the KdpFABC
complex has developed rapidly in recent years. Previous studies were focused on KdpA,
KdpC and KdpF subunits, without counterparts in the P-type ATPase family, whereas the
central subunit KdpB came into focus in more recent research. The KdpB is a 72 kDa
polypeptide that exhibits catalytic properties detectable during the reaction cycle of the
KdpFABC complex (92;93). As mentioned above, it is the only subunit comprising the
typical four functional and structural domains, M, P, A, and N, present also in the other
members of the P-type ATPase family. Reported homology to other P-type ATPases, due to
the highly conserved regions, first summarized by Serrano (94), allows a facilitated
investigation of the KdpB subunit. Ongoing discussion that the KdpFABC may represent an
ancestor for the P-type ATPases (44;95) is based on a proposed topology for KdpB serving
as a core motif for other members, comprising similar architecture with additional N- and/or

C-terminal spans (Figure 10).
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Figure 10. Schematic topology of the catalytic subunits of P-type ATPases, according to references (44) and
(95).

Depending on the transport specificity and the source of the particular P-type ATPase,
these proteins span the membrane seven to ten times. The proposed topology for the KdpB
(type 1A) suggests seven transmembrane helices (Figure 10, shown in gray). Heavy-metal
transporters (type IB) have two additional helices at the N-terminus along the six in

common with other members. Members of the types Il - IV have ten transmembrane spans,
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with additional three helices extending the C-terminus. The type V ATPases, with still
unknown substrate specificity, might have twelve transmembrane spans. Although, the Kdp-
ATPase was grouped close to the heavy-metal transporters according to the P-type ATPases
classification, the KdpB subunit shows differences in comparison to this subgroup.
Experimental studies proved that the ATPase activity of the KdpFABC complex can be
inhibited by FITC, with FITC-binding site located within 3*KGSVD motif. The existence of
a FITC-binding motif within the KdpB, a feature common to types I1-V P-type ATPases, is
a major difference between KdpFABC and heavy-metal transporters (96).

All P-type ATPases have large cytoplasmic loops connecting transmembrane helices
TM2 and TM3, and TM4 and TM5. The first one represents the actuator domain, and the
second loop is composed of two separated domains, the phosphorylation (P) and the
nucleotide-binding (N) domain. These two domains are connected by a rather flexible hinge,
involved in the delivery of the y-phosphate group to the P domain. It was demonstrated that
KdpB contains two charged amino acids, Asp583 and Lys586, located in the center of the
TM5, and that both amino acids are conserved throughout all KdpB polypeptides, but with
no counterpart in the other P-type ATPases (97;98). Furthermore, it was shown that the
residue Asp583 plays a dominant role in the function of KdpB subunit, and that a removal of
the negative charge at this position leads to loss of ATPase activity and a reduced sensitivity
to  o-vanadate.  Electrophysiological  measurements of KdpFABC-containing
proteoliposomes adsorbed to black lipid membranes suggested that a protein-bound negative
charge might move relative to the membrane during the reaction cycle, and the Asp583
might be a good candidate for this role (99;100). These results led to the conclusion that the
Asp583 plays a role in coupling of ATP hydrolysis and ion transport, directly or indirectly,
by being involved in the intra-subunit communication of the KdpB.

The A domain is connected to the transmembrane domain with short linker sequences.
The conserved TGE motif is found in the A domain of almost all P-type ATPases (81;101),
most likely involved in the process of dephosphorylation of the P-E; state. Results obtained
so far suggest that the TGE motif approaches the phosphorylation site in the P-E, and E;
states of the enzyme.

As already mentioned, the H4H5 loop consists of the P and N domain. The P domain
shows similarities to the HAD superfamily (102), named after the L-2-haloacid
dehalogenase, based on the core structure comprising a classical Rossmann fold (36;103). It

carries the highly conserved DKTGT motif, which can be described as a key motif whose
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presence classifies the enzyme as a member of the P-type ATPase family. This motif
contains the aspartate residue, Asp307, which is reversibly phosphorylated by the vy-
phosphoryl group of ATP during the catalytic cycle, whereas the other conserved residues
are involved in the coordination of Mg?* ions.

An important question arising from the catalytic cycle of the P-type ATPases has always
been how nucleotide binding is performed by the clearly distinguished N domain. Due to its
solubility and folding properties, the structure of the N domain of KdpB subunit, but also of
other P-type ATPases, has been solved with X-ray crystallography or NMR spectroscopy
(45;104-107). The available structural information enable the comparison of the nucleotide
binding mechanisms of different of P-type ATPases. The three-dimensional structure of the
KdpBN solved by NMR provides another approach to elucidate if KdpB is closer related to
the type | or types Il / 1l P-type ATPases (92;108). The KdpBN forms a curved, six-
stranded, antiparallel B-sheet domain flanked by two pairs of a-helices (Figure 11). One is
tightly packed to form the hydrophobic core of the domain (al and o2), and the other helix
is more solvent (a3 and a4). In other P-type ATPases the loop between helix a2 and strand
2 contains an additional helix, whereas in the KdpBN this is replaced by a short 310-helix.
Both N- and C-terminus are highly flexible. Although N domains among the eukaryotic P-
type ATPases exhibit rather large insertions, their core structure is similar and it is
resembled in the KdpBN. Nevertheless, the particular mechanism of the nucleotide binding
is different among the P-type ATPases. In order to analyze the nucleotide-binding

mechanism of KdpBN into more details, structures of both apo- and holo-form of KdpBN

were solved (95;108;109).
{ 3,5 helix

Figure 11. The structure of KdpBN (according to reference (109)).
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As in other P-type ATPases, a conserved phenylalanine residue, Phe377 in the KdpB,
interacts with the aromatic ring of the bound ATP, with a n-r stacking interactions, whereas
the Lys395 stabilizes the complex from the other side by means of cation-n interactions with
the aromatic part of the nucleotide (110). The shape of the nucleotide binding pocket of
KdpBN (Figure 12), determined by the curved B-sheet and helices al and a2, allows a rapid
exchange of the nucleotide, which is a prerequisite for the reaction cycle (95;108). The
NMR-spectroscopy derived structures of the KdpBN showed that the nucleotide binding
domain cannot discriminate between ATP, ADP, AMP and AMP-PNP, and that only the
aromatic head group is positioned within the binding site, while the triphosphate group is
not in close contact with the N domain. This means that the nucleotide itself is forced to
adopt almost a linear form, as shown in Figure 12. This binding mode facilitates the release
of the y-phosphate group to the neighboring P domain, and it is controlled by Phe377,
Lys395 and Asp344 in the core, and additionally stabilized by Arg317 and Arg382 on the
surface. Furthermore, binding and release of the ligand does not require energy-consuming
conformational changes, consistent with a low binding affinity of 1.4 mM. This value is in
strong contrast to other P-type ATPases, e.g. reported values in case of the N domain of
SERCA and Wilson disease protein are 10-100 uM and 70 uM, respectively (111;112). This
discrepancy may be due to the different structures of the enzymes and the fact that KdpBN
comprises no interaction with the ribose moiety of the bound ATP molecule, like it was
found for the Wilson disease protein N domain.

enzyme enzyme

Figure 12. The schematic drawing of the nucleotide binding pocket of the soluble N domain of KdpB
subunit (108).
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Comparison of KdpBN to the other know N domain structures, implies that KdpBN
represents a minimal-scheme for the nucleotide-binding domain, but also the basic ATP-
binding motif comprised of Phe377, Lys395 and Gly396, conserved among the type Il - IV
P-type ATPases. The noteworthy observation is that neither the KGXXE/D motif nor an
equivalent for Phe377 was found in the group of heavy-metal transporters. This leads to the
conclusion that the Kdp-ATPase system is more closely related to alkali- and earth-alkali-
transporting P-type ATPases, since it shares more similarities with the proton pump (type
[11), than with previously suggested concurrence with the type IB ATPases. Therefore, the

classification of the P-type ATPases family should be revised.

The KdpC subunit

The KdpC subunit is a peptide of 21 kDa, containing one transmembrane helix and large
extension facing the cytoplasm (113), while the N-terminus is oriented towards the
periplasm. It comprises no homologies to any other known protein so far, and its function is
still not fully understood. Based on the secondary structure prediction, hydropathy plot and
sequence alignment, the KdpC seems to be composed of four parts, two of which are highly
conserved among different organisms and located within the hydrophilic portion of KdpC
(113). Earlier experiments of mutational analysis demonstrated that KdpC subunit is
essential for the KdpFABC complex (114). Investigation of the assembly of the three
subunits KdpA, KdpB, and KdpC revealed a strong interaction between KdpA and KdpC,
and only a weak interaction between KdpB and KdpC subunits. In addition, when the KdpC
subunit is not present, the other two subunits are unable to form a partial complex,
suggesting that KdpC acts as a structural mediator between KdpB and KdpA (115). Its
functional role was first indicated by significant interaction with radioactive probe [*2P]-2-
azido-ATP, and confirmed by results showing that the KdpC subunit selectively binds one
ATP molecule within its hydrophilic portion, KdpCs, (116). The binding constant was
found to be in milimolar range, and this low binding affinity was explained by the fact that
only the ribose moiety of ATP is supposed to interact with KdpCs,. Recent experiments
showed that the interaction between ATP and KdpC is dependent on the presence of a
conserved glutamine residue, also present in ABC transporters (117). The mechanistic
function of this glutamine side chain in the nucleotide-binding mechanism of ABC

transporters is the formation of two hydrogen bonds with the two hydroxyl groups of the
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ribose moiety of the nucleotide (118). Furthermore, the KdpCso domain interacts with the N
domain of the KdpB subunit in the proximity of the ATP-binding pocket, forming a
KdpBN/KdpCso/ATP ternary complex, resulting in significant increase of the ATP binding
affinity of the KdpB subunit. This model of cooperative ATP binding by KdpB and KdpC
leads to the conclusion that KdpC acts as a catalytical chaperone, by binding an ATP
molecule and/or guiding it into the nucleotide-binding pocket of KdpB.

There are several examples of additional regulatory subunits affecting protein activity,
like y-subunit of the Na*,K*-ATPase, or phospholamban and calmodulin in the case of Ca?*-
ATPase. Such a regulation is a result of the interaction with dynamically moving catalytic
domains, or direct modulation of the affinity of the ATP binding site. All regulatory
subunits are small integral membrane subunit with cytoplasmic extension carrying the
regulatory function. Based on these features, it was considered that the KdpC resembles
these regulatory proteins, but none of these enzymes proved to be essential for protein

activity, whereas KdpC exhibits a unique function within the KdpFABC complex.

The KdpF subunit

The KdpF subunit is one of the smallest hydrophobic protein of only 3 kDa known so
far, consisting of only one transmembrane helix without any extensions. Sequence analysis
demonstrated that it is an integral part of the KdpFABC complex, and high resolution SDS-
PAGE revealed a corresponding protein band (119). Although deletion of the kdpF gene did
not affect the growth of the cells under K*-limiting concentration, purification of resulting
KdpABC complexes showed a complete loss in ATPase activity. Furthermore, in the
absence of the KdpF subunit, a clear tendency of the complex to disintegrate was observed.
Interestingly, the addition of the separately purified KdpF, or addition of a high amount of
E. coli lipids to the detergent-solubilized KdpABC complex, was able to completely restore
ATPase activity. These findings suggest that the KdpF stabilizes complex in vitro, most
probably acting as a lipid-like peptide.
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1.6. Structure-function relationship of the KdpFABC complex

The stability of the KdpFABC complex upon solubilization with non-ionic detergents
indicates the existence of strong subunit interactions (115). As already mentioned, both
KdpA and KdpC subunits are necessary to assemble a stable complex containing the
catalytic KdpB subunit. Investigation of the assembly of the KdpFABC complex revealed a
strong interaction between KdpA and KdpC, but only a weak interaction between KdpB and
KdpA, whilst KdpF stabilizes the complex in vitro. The functional unit of the KdpFABC
complex is a homodimer, in which two adjacent KdpFABC monomers interact via their
neighboring KdpB subunits (120;121). However, at concentrations lower than 30 nM the
complex exists as a functional monomer. Therefore, the dimerization does not seem to be
essential in vivo, and although oligomerization is found within other P-type ATPases, the
physiological role of an oligomer formation is still not fully understood (122;123).

The already mentioned significant difference of the ATP-binding affinity for KdpBN
and other P-type ATPases, can be explained by the fact that KdpBN comprises no
interaction with the ribose moiety of the bound ATP, in contrast to the extensive
nucleotide/protein interaction via the ribose moiety in case of other P-type ATPases.
Consequently, there has to be an additional mechanism, maintaining the ATP molecule
bound inside the nucleotide-binding pocket despite the low binding energies provided by the
side-chain interactions. It has been shown that the nucleotide-binding site is neither selective
for the phosphate moiety nor for the base moiety, thus leaving the nucleotide’s ribose
moiety open for specific binding to the KdpC. This proposal is in agreement with previous
findings that the hydrophilic portion of KdpC selectively binds one ATP molecule (116).
The hypothesis that KdpB and soluble portion of KdpC directly interact during nucleotide
binding was analyzed by isothermal titration calorimetry (ITC). No interaction between
KdpCso and KdpB was found in the absence of ATP, while the K4 of (1.0 £ 0.2) mM was
calculated from the ATP titration of KdpB experiments. However, a Ky of 3.4 pM was
calculated from (KdpBN+ATP) titration with (KdpCs,+ATP) experiments, indicating the
formation of a ternary complex KdpBN/KdpCs,/ATP at a stoichiometry 1:1:1. This resulted
in a considerably high affinity, comparable to that of ATP binding to other P-type ATPases.
The formation of this ternary complex is most likely not affected by the y-phosphate group,
since it protrudes far away from the binding pocket facing the phosphorylation site within
the P domain. Results of 2D [*H - *®N] HSQC spectra of **N-labeled KdpBN with bound
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AMP-PNP recorded in the absence and presence of equimolar amount of unlabeled KdpCsqg,
confirmed the notion that with the ATP bound to the KdpBN, KdpC closes the binding
pocket by interactions at the outer rim of the nucleotide binding pocket, thus preventing an
exchange of the ATP molecule (117). The ATP binding motif within KdpC, the 140-
QIPRVAKARNL-150 motif, and especially the conserved GIn140 proved to be essential for
efficient ATP binding. The fact that no large-scale conformational changes occur upon
nucleotide binding, indicates that ATP-induced domain rearrangements are not obligatory
for the reaction cycle of the KdpFABC, in contrast to results published in case of the
Na’,K*-ATPase N domain (124).

The nucleotide-binding mechanism can be summarized as follows: the ATP molecule
enters the KdpBN domain, where Asp344 forms a hydrogen bond with the amino group of
the purine ring, while Lys395 is involved in cation-r stacking. At the rim of the nucleotide
binding pocket the positively-charged Arg317 and Arg382 residues orient the triphosphate
group by hydrogen bonds formation towards the P domain, whereas Glu348 and Asp399
produce the same effect by electrostatic repulsion of the phosphates. Upon ATP binding, the
KdpC/KdpBN interaction is triggered, and following the formation of the hydrogen bond
between the hydroxyl groups of the ribose and the GIn140 of KdpC, KdpC finally closes the
binding pocket, thus entrapping the ATP molecule. Although the nucleotide binding pocket
is blocked, the triphosphate group is able to protrude toward Asp307 in the P domain of the
KdpB subunit. Upon the subsequent dephosphorylation step followed by large
conformational rearrangements, the opening of the nucleotide binding pocket occurs
(19;92). The KdpC subunit is displaced from the nucleotide-binding pocket of the KdpB,
most likely upon movement of the A domain towards the P domain in the E;, state of the
enzyme.

In contrast to other P-type ATPases, the KdpFABC complex has to couple energy and
transport between two different subunits. Although the energy-generation process is the
same for all members of this family, the mechanism of substrate translocation has to differ.
Therefore, an important question is the mechanism by which the energy obtained by the
KdpB is efficiently transmitted to the ion-transporting KdpA subunit of the KdpFABC
complex. Computational sequence comparison of KdpB with other P-type ATPases
identified two conserved residues, Asp583 and Lys586 located in TM5, that are most likely
forming a dipole in the membrane, but that do not have any homologous counterpart in other

P-type ATPases. This conserved dipole is considered to be involved in charge displacement
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during the K'-independent electrogenic partial reaction step of the catalytic cycle (100).
Mutational studies in case of Asp583 showed that in isolated KdpFABC mutants, K'-
stimulated ATPase activity and ion transport rates were significantly reduced when the
negative charge was eliminated (97). Furthermore, the presence and the correct positioning
of these residues are essential for the energy coupling between the KdpB and KdpA subunit.
Mutational studies confirmed that a regulatory K*-binding site is located in the KdpA
subunit and is most probably identical with the K*-binding site responsible for substrate
translocation. The hypothesis is that existence of functional dipole Asp583/Lys586 is
involved in both the energy transmission from KdpB to KdpA, and the K* stimulus from
KdpA to KdpB subunit. However, the findings showing that alterations of the dipole charges
affect the transport rates, but do not affect the K* binding affinity, indicate that both Asp583
and Lys586 are not directly involved in the establishment of the K*-binding site, but rather
have a role in the enzymatic/transport coupling mechanism. All tested mutants showed
higher resistance towards the specific P-type ATPases inhibitor, o-vanadate, which is known
to inhibit the enzymes in its E; conformation. These results suggest that alterations of the
dipole affect the E;-P — P-E; conformational transition by stabilizing the E;-P state, thus
shifting the equilibrium away from the E, conformation. Results based on the electrostatic
interaction model indicate that the conserved Arg493 residue in KdpA is another possible
charged residue that is involved in the coupling mechanism. According to the current model
of KdpA, Arg493 is located in one of the helices which is not part of the putative K* channel
(82). The subunit organization within the KdpFABC complex is shown in Figure 13, with

marked essential residues that are involved in ATP hydrolysis and ion transport.

cytoplasm

KdpA

G

membrane

KdpF

periplasm

Figure 13. Assembly of the KdpFABC complex with marked residues involved in the ATP hydrolysis and
ion transport.
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1.7. Molecular mechanism of the KdpFABC

When discussing the reaction cycle of the KdpFABC, both the concepts and structures
of ion channels and ion pumps should be taken into account. However, a recently presented
study indicates that the nucleotide-binding mechanism of KdpFABC resembles that found in
ABC transporters (117), extending the level of concept mixture from ion channels and ion
pumps, to a third major group of transmembrane transport system, the ABC systems.

So far, the only proposed reaction cycle for KdpFABC complex was suggested by Haupt
et al. (Figure 14). Their model includes the concept of a flexible N domain, engaging and
disengaging the P domain merely by the Brownian fluctuations (36;104), and that binding of
the transported ion is a key step leading to a formation of a high-ATP affinity conformation.
The flexibly linked N domain indicates that the increase in ATP affinity is a direct result of
an activation of the phosphorylation site. In case of the reaction cycle, this could mean that
in the absence of transported substrate, the N domain swings back and forth towards the P
domain, with ATP being bound and released, with a binding affinity similar to that of the
isolated KdpBN. Since this scenario is not likely to happen under physiological conditions,
activation of the ATPases occurs by reversible phosphorylation of a regulatory subunit (type

I1 - IV) or by their synthesis only when needed, like in case of the KdpFABC complex (95).

E1

membrane

membrane

KdpF
=

periplasm K (cytoplasm) periplasm

Figure 14. The proposed reaction cycle for the KdpFABC complex (according to the reference (109)).
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As mentioned above, the general Post-Albers scheme (Figure 6) includes two
conformational states of the enzyme, the unphosphorylated E; with high-affinity ion-binding
site(s) on the extracellular/periplasmic side of the membrane, and the phosphorylated P-E,
state with low-affinity binding site(s) facing the cytoplasm. Upon binding of K', a
rearrangement of the transmembrane helices occurs via stretching of TM5, leading to the E;
state. Binding of the transported ion at the same time activates the phosphorylation site,
Asp307, within KdpB domain. Enzyme in the E; conformation has high affinity for ATP, as
a result of the cooperative ATP binding by KdpBN and KdpCsq. At this point the N domain
is still supposed to remain flexible in case that no cytoplasmic ATP is present. With binding
of ATP the N domain approaches the P domain, trapping the nucleotide, which is presented
by the short-lived transition state (TSI), subsequently leading to the high energy E;~P state.
Upon phosphorylation, the A domain rotates along its axis and moves the TGE motif toward
the P domain. Subsequently, the formation of the phosphoenzyme causes the conformational
change, within the transmembrane domain, resulting in formation of the P-E, state with
altered orientation of the dipole between the Asp583 and Lys586 residues located in TM5 of
the KdpB. This state of the enzyme has a significantly lower ion-binding affinity, thus K" is
released to the cytoplasmic side of the membrane. The link between the N and P domain is
disrupted, the N domain swings back further and causes the Asp307 to be freely accessible
and dephosphorylated by the A domain, finally converting the enzyme to the E; state. This
is readily followed by K" binding, the enzyme returns to the E; state and reactivates the

phosphorylation site, thus the reaction cycle can start again.

1.8. Electrogenic K* transport by the KdpFABC complex

As mentioned above, ion transport performed by a membrane protein is called
electrogenic when net charge is moved across the membrane, therefore, affecting the
existing membrane potential. In case of the Na*,K*-ATPase and Ca?*-ATPase, the overall
transport is electrogenic, transferring one or two net charges across the membrane,
respectively. Although overall transport of the H*,K'-ATPase is electroneutral, it was
demonstrated that partial reactions are electrogenic, since the net charge is translocated in
each half cycle. The corresponding transport stoichiometries of these prominent members of
P-type ATPases are: 3Na'/2K*, 2Ca®*/2H" and 2H*/2K"*. Investigation of the electrogenicity
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of the ion transport, in both overall process and partial reactions, provides important
information about the transport mechanism, specifically the number of charges
cotransported during the reaction cycle.

Although the KdpFABC complex has been investigated intensively performing genetic,
physiological and various biochemical studies, knowledge about the mechanism of ion
transport of this unique system is still limited. First experiments aiming for the K* transport
performed by the Kdp system were done in intact cells. The results showed that net K*
uptake by KdpFABC leads to the depolarization of the cell membrane, suggesting that the
K" transport process is electrogenic (67;125). However, the electrogenicity of a single
component was difficult to determine in native membranes. Next step was using right-side-
out vesicles and an ATP-generating system, which maintained ATP to be the driving force
for electrogenic K™ uptake by the Kdp system. Furthermore, no movement of H”, in symport
or antiport with K*, was detected utilizing this technique (126). Studies of the electrical
properties of KdpFABC using a black lipid membrane (BLM) technique demonstrated that a
stationary electrical current is generated upon activation of the pump reconstituted in
liposomes by photochemically released ATP in the presence of K*, and confirmed that
extracellular K* activates the KdpFABC complex in vivo (99). In the same study,
experiments with different ionophores, used to modify the conductance of the lipid
membrane, showed that transport activity of the KdpFABC is the same whether the
membranes are conductive only for K*, achieved by the K* ionophore valinomycin, or both
K" and H", achieved by protonophore 1799 together with the K*/H* exchanger monensin.
Another approach that also confirmed electrogenic nature of ion transport by the KdpFABC
consisted of fluorescence measurements with vesicles containing reconstituted KdpFABC.
Using the potential sensitive dye DiSC3(V) it was demonstrated that the inside-out
reconstituted enzyme generates an inside negative potential upon ATP activation, as result
of the transport of positive charge out of the proteoliposomes.

Many P-type ATPases perform transport of two different ion species, sequentially and in
opposite direction. Starting point in gathering more information about the reaction cycle of
the KdpFABC is the comparison with well-described members of the P-type ATPase family,
e.g. the Na*,K*-ATPase. The Na",K*-ATPase exports three Na* to the extracellular side and
imports two K" into the cell per one hydrolyzed ATP molecule. KdpFABC transports K*
ions into the cell, and it is reasonable to assume that the K™ transport occurs — similar to the

Na’,K*-ATPase — in the second half cycle, related to the E, — E; transition. In case that
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KdpFABC indeed transports another ion in opposite direction to the K* transport, proton is
most likely to be the counterion. Since it was confirmed by different techniques that the net
positive charge is translocated to the intracellular side of the KdpFABC complex, two
scenarios are suggested — transport of only K* ions, or transport of one H* and two K™ in the
opposite directions. Experimental results available so far do not distinguish between both
possibilities. Investigation of a possible proton counter transport can be difficult, usually due
to rather high proton permeability of the proteoliposomes. Another approach consisted of
measuring transient currents using planar lipid membranes to which liposomes reconstituted
with the KdpFABC were adsorbed, generated by photolytic ATP release from caged ATP, at
different pH (100). Results obtained in the absence of K* suggested that protons do not play
a significant role in the electrical signal generated by KdpFABC, but still it could not be
completely excluded. According to the data acquired in the absence of K*, an electrical
signal upon activation was found, and it was assigned to the KdpFABC, since it was
inhibited after addition of 1mM o-vanadate. The sign of the signal corresponded to a
translocation of positive charges to the intracellular side or that of negative charges to the
extracellular side of the protein. The proposed kinetic model for the KdpFABC that includes
both transient current in the absence of K™ and a stationary current in the presence of K,
suggests an electrogenic conformational transition in the absence of K* followed by K*
transport in its presence. However, the approved explanation for this observation is still
lacking.

1.9. Aim of the project

In this work, the nature of the pumping process of KdpFABC will be investigated. The
electrogenicity and binding affinities of the ion pump for both K* and H* will be determined
in detergent-solubilized complexes, in both conformations, by use of the RH421. DiSC3(V)-
fluorescence measurements with KdpFABC-containing proteoliposomes will be employed
in the study of a possible H™ translocation, and effect of various ions and substrates on the
pump activity. Time-resolved fluorescence measurements with caged ATP will provide
additional kinetic information regarding the reaction cycle. Finally, Post-Albers schemes,
derived from a general model accepted for the P-type ATPases, will be introduced to

describe a possible molecular pump cycle, supported by the gathered experimental results.
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2. EXPERIMENTAL PROCEDURES

2.1. Bacterial strains and growth conditions

KdpFABC complex with a C-terminal Hisy4-tag at the KdpA subunit cloned in a plasmid
pGS4 was expressed in E. coli strain TKW3205 (4kdpABC’05 nagA-trkA405 trkD1
Datp706), with ampicillin as the selection marker, and under the control of the wild-type
promoter (78;120). To express KdpFABC protein, E. coli cells were adapted to low
potassium concentrations in a pre-culture over a period of three days, successively
decreasing the potassium concentration in the medium. Finally, potassium-free minimal
medium was inoculated with the preceding overnight culture, and protein expression was
induced by subsequent additions of 45uM KCI at the time points when cell growth reached
a plateau (Figure 15). Cells were harvested by centrifugation at optical density of ~1 at 600

nm, and cell pellets were flash frozen in liquid nitrogen and stored at -80 °C.

List of prepared solutions

20 % D-Glucose

6 mM FeSO,

1 mg/mL Thiamin

1 MKCI

Ampicillin 50 mg/mL, kept at -20°C

KML (modified LB) medium (127)
10 g trypton

5 g yeast
10 g KCI

KO (minimal) medium (92)
23 mM NaH,PO,

46 mM Na;HPO,

8 mM (NH,4),SO,

1 mM Tri-Na-Citrat

0.4 mM MgSO,
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KO" medium (1L)

KO medium supplemented with
0.006 mM FeSO,

0.4 % D-Glucose

1 pg/mL thiamin

50 pg/mL ampicillin

Kso medium (5 mL)

4.65 mL KO"
250 uL 1 M KCl
100 pL 20 % D-Glucose

K10 medium (5 mL)

4,75 mL KO"
50 uL 1 M KClI
100 pL 20 % D-glucose

Ks medium (50 mL)

45 ml KO*
500 uL 1 M KCI

K1 medium (200 mL)

200 pL 1M KCI
4 mL 20 % D-glucose
ad 200 mL KO medium

Ko.0s medium (1L)

50 uL 1 M KClI
20 mL 20 % D-glucose
ad 1 L KO* medium

1 mL 20 % D-glucose

Protocol

1. day Cells were plated from a glycerol stock on LB agar plates with 50 pg/mL
ampicillin. Cells were grown overnight at 37 °C.

2. day A single colony was picked from the plate with a pipette tip and inoculated in 5
mL KML culture containing 50 pg/mL ampicillin. Culture was grown with shaking (200
rpm) at 37°C. After 8h 100 pL of the culture was transferred to 5 mL Ksq culture, and left
overnight shaking at 37 °C.

3. day 100 pL of the culture was transferred to 5 mL Kjo culture. Culture was grown for
8h at 37 °C. The whole volume of Kig cell culture was transferred to 50 mL of Ks medium,
and left overnight on 37 °C while shaking.

4. day The appropriate amount of Ks culture was transferred into 200 mL K; culture, so
that the final ODgoo was 0.1. After incubating for 8h at 37 °C, the ODggy Was measured and
the appropriate volume was transferred to 1 L of Kq s culture, with the final ODggo of 0.1.

5. day The ODgoy Wwas measured and the appropriate volume of Kygs culture was
transferred to 20 flasks filled with 1 L KO medium, with the final ODggo of 0.05. The main
culture was grown at 37°C, while the ODgoo Was measured every 30 minutes, and the growth
curve was followed. When cell growth reached stationary phase, 1 mL 45 mM KCI was
added to each flask. The induction steps were repeated until the final measured ODggo Was
approximately 1. Finally, the cells were immediately harvested by centrifugation at 5 000 g
for 5 minutes at 4 °C. The cell pellet was collected, flash frozen in liquid nitrogen and stored

at -80 °C. The characteristic bacterial growth curve is shown in Figure 15.
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Figure 15. Characteristic bacterial growth curve, with indicated three induction steps of 45 uM KCI
additions at time points when cells growth reached a stationary phase.

2.2. Purification of the KdpFABC complex

All steps were performed on ice, unless stated otherwise. 30 g of E. coli cell pellets were
thawed and dissolved in approximately 40 mL buffer of 50 mM Tris-HCI at pH 7.5, 20 mM
MgCl,, 10 % (v/v) glycerol, supplemented with a protease inhibitor cocktail tablet (EDTA
free), 5 mM DNase | and 0.5 mM PMSF. Cells were then lysed with 2-3 cycles of French
press, using a pressure of 10 000 psi. Unbroken cells were removed by centrifugation at
10000 g for 15 minutes at 4 °C. Subsequently, the cell membranes were collected by
ultracentrifugation at 200 000 g, at 4 °C for 1h, and further resuspended in 50 mM Tris-HCI
at pH 7.5, 20 mM MgCl,, 20 % (v/v) glycerol and 0.5 mM PMSF. Membranes were
homogenized, and the concentration of the membrane protein was determined with BCA
assay. Finally, the membranes were shock frozen in liquid nitrogen and stored at -80 °C.

Purification of the KdpFABC complex was carried out according to the previously
published protocol (120). Hisis-tagged KdpFABC complex was purified via metal-chelate
affinity immobilization, followed by size exclusion chromatography. Cell membranes were
dissolved in 50 mM Tris-HCI at pH 7.5, 10 mM MgCl;, 10 % (v/v) glycerol, 1 mM DTT and
0.5 mM PMSF at a final protein concentration of 5 mg/mL. The KdpFABC complexes were
solubilized with 1 % (w/v) Aminoxide WS-35 for 1h by gentle stirring at 5 rpm on a rotator
at 4 °C. The solubilized protein was collected by centrifugation at 200 000 g for 1h at 4°C,
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and the supernatant was applied to a 5mL HisTrap column (GE Healthcare), pre-equilibrated
with 5-10 column volumes of buffer containing 50 mM Tris-HCI at pH 7.5, 20 mM MgCl,,
10 % (v/v) glycerol, 150 mM NaCl, 10 mM imidazole, 0.5 mM PMSF and 0.2 % (w/v)
Aminoxide WS-35. After three binding cycles, HisTrap column was connected to a FPLC
system (Amersham, Biotech), previously washed with distilled water and equilibrated with
the washing buffer, containing 50 mM Tris-HCI at pH 7.5, 20 mM MgCl,, 10 % (v/v)
glycerol, 150 mM NaCl, 20 mM imidazole, 0.5 mM PMSF and 0.2 % (w/v) Aminoxide WS-
35. The HisTrap column was washed with 30-50 mL of washing buffer at a flow rate of 0.5
mL/min. Thereafter, the KdpFABC was eluted with the same elution buffer containing 130
mM imidazole, at the flow rate of 0.5 mL/min. From the elution protein profile, protein-
containing fractions were collected and checked on a 12.5 % SDS-PAGE gel. The KdpF
subunit, the smallest subunit of only 3 kDa, is not visible on this type of SDS-PAGE gel,
since its working range is between 10- 250 kDa.

Afterwards, the fractions containing KdpFABC subunits in stoichiometric amounts were
collected and concentrated at 10 000 g (Vivaspin 6, molecular weight cut off 50 000 Da,
Sartorius) to a final volume of approximately 500 pL. The sample was then loaded on a
Superdex 200 HR 10/30 column (GE Healthcare), previously equilibrated overnight with gel
filtration buffer containing 50 mM Tris-HCI at pH 7.5, 150 mM NacCl, 0.5 mM PMSF, and
0.2 % (w/v) Aminoxide WS-35, and eluted at the flow rate of 0.5 mL/min. Corresponding
fractions were again loaded on a 12.5 % SDS-PAGE gel, and further concentrated as
described above. Examples of the KdpFABC elution profile after gel filtration and
corresponding SDS-PAGE gel are given in Figure 16.
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Figure 16. KdpFABC elution profile (left) after gel-filtration and corresponding SDS-PAGE gel (right).
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Alternatively, different detergents were used for purification of the KdpFABC complexes.
In these analogous procedures, the concentration of the detergent chosen for the enzyme

solubilization was also 1 % (w/v) and 0.2 % (w/v) for further purification.

2.3. Biochemical assays

2.3.1. Protein determination

The concentration of membrane protein was determined with bicinchoninic acid assay
(128), according to the manufacturer’s protocol (Pierce). The assay was carried out in
disposable semi-micro plastic cuvettes. In order to obtain a calibration curve, five 50 pL
samples with different amount of BSA, ranging between 0 and 30 ug, were prepared.
Sample of the membrane protein with an unknown concentration contained 1 pL of the
membranes and 49 pL of distilled water. The same volume of the sample buffer alone was
used for background determination. All samples were filled up to 1 mL total volume with
the working reagent, prepared by mixing buffers A and B in a ratio of 50:1. After 30
minutes incubation at 37 °C, absorption was measured at 562 nm. The sample concentration
was obtained by interpolation on the calibration curve of the sample absorbance corrected
for the background absorbance.

The protein concentration of the detergent-solubilized KdpFABC complex has been
determined with the Lowry assay (129). The assay was carried out in disposable glass vials.
To obtain the calibration curve, five 10 pL samples were prepared containing known
amounts of BSA between 0 and 30 pg. For the measurement of the KdpFABC
concentration, 1 pL of the sample was used, and filled up to 10 pL with distilled water.
Equal volume of the corresponding buffer was used for background determination. To each
vial 400 uL of 0.5 M NaOH was added and incubated at 37 °C for 30 min. Meanwhile, an
appropriate volume of reagent D was prepared by mixing 1 % CuSQy, 2 % disodium tartrate
and 4 % Na,COg in ratio 1:1:98. After incubation, 1 mL of reagent D was added to each vial
and incubated at room temperature for 15 min. Finally, 1 mL of 1:10 Folin-Ciocalteu Phenol
reagent was added to each sample and incubated at room temperature for 30 min. The

absorbance of each sample was measured at 700 nm with a Perkin-Elmer Lambda 40
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UV/VIS Spectrometer using a cuvette made of special glass (Hellma, type 100-0S), using

distilled water as reference.

2.3.2. SDS-PAGE electrophoresis

The presence of all subunits in stoichiometric amounts and purity of the eluted
KdpFABC complexes have been estimated by SDS polyacrylamide gel electrophoresis,
prepared according to Laemmli (130). The acrylamide concentration was 12.5 %, and the
separated proteins were stained with Coomassie blue G250. The gels were run at the
constant voltage of 160 V in the stacking gel and 250 V in the separation gel, with a
BioRAD 3000Vi electrophoresis power supply.

2.3.3. Malachite green ATPase activity assay

The specific ATPase activity of the detergent-solubilized KdpFABC complex, as well
as of the protein reconstituted in lipid vesicles has been determined with malachite green
activity assay, according to the previously described protocol (131). The assay is based on
the complex formed between malachite green molybdate and free orthophosphate under
acidic conditions. The formation of the green molybdophosphoric acid complex measured at
640 - 680 nm is directly related to the free inorganic phosphate concentration.

Solutions

= Malachite-green stopping solution

144.4 mg malachite green was dissolved in 80 mL distilled water, and 4.49 g ammonium
heptamolybdate in 106.9 mL 4M HCI, while stirring. Ammonium heptamolybdate solution
was poured slowly into the dye solution, and left for 30 minute at room temperature, until
yellow-orange color was obtained. Finally, the solution was filtered and stored at 4 °C.

= 34 % sodium citrate solution

=  5XATPase buffer without detergent (250 mM Tris-HCl at pH 7.8, 10 mM MgCl,)

= 3Xand 1XATPase buffer with appropriate detergent (0.6 % and 0.2 %, respectively)

= 1 mM K;HPQ, solution for phosphate standards

= Protein samples diluted to 1 mg/mL in 1XATPase buffer with detergent
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Procedure

Corresponding volumes of 3XATPase buffer with detergent, KCI, water and protein
sample were mixed according to the Table 1, and kept on ice for 15 minutes. 100 pL 2 mM
Na,-ATP was added to each sample to start the reaction. Samples were incubated at 37 °C
for 30 minutes. Meanwhile, 9 different phosphate standards were prepared, with amounts of
phosphate between 0 and 24 nmol. Reaction stopping solution was prepared by mixing
distilled water, malachite-green stopping solution and Tergitol type NP10 in a ratio of
1:1.5:0.033. At the end of the incubation time, samples were placed on ice and 400 pL of
reaction stopping solution was added, followed by instant addition of 100 puL of 34 % Na-
citrate. For the color stabilization, solutions were left at room temperature for 30 minutes.
Finally, the absorbance was measured at 680 nm with a Perkin-Elmer Lambda 40 UV/VIS

Spectrometer in disposable semi-micro plastic cuvettes.

ATP autohydrolysis KdpFABC without K* KdpFABC with 3.3 mM K*
100 pL 3X ATPase buffer | 100 puL 3X ATPase buffer with 100 pL 3X ATPase buffer
with detergent detergent with detergent
100 pL distilled water 100 pL distilled water 100 pL 10 mM KCI
- 1 pL 1 mg/mL protein 1 pL 1 mg/mL protein
100 pL 2 mM Na,-ATP 100 pL 2 mM Na,-ATP 100 pL 2 mM Na,-ATP

Table 1. List of samples prepared for the malachite-green activity assay.

Each sample was measured in triplicate and the average absorbance was calculated.
Measured values of the samples containing protein were corrected for the values of ATP
autohydrolysis as background. The specific ATPase enzyme activity was determined as the
difference in inorganic phosphate, P;, produced per milligram of protein per minute from
ATP hydrolysis by KdpFABC in the presence of saturating K* concentration, as well as in
the nominal absence of K*. The ratio between these two values represents the so-called
induction factor, Fing.
Minor modifications of described malachite green assay include:

- A higher K" concentration (33.3 mM) was necessary to achieve saturating conditions
when 3-DDM and Fos-choline 12 were used as detergent for KdpFABC purification. For all

other used detergents, the previously noted concentration of 3.3 mM was sufficient.
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- The determination of the ATPase activity of the KdpFABC complex reconstituted in
E. coli lipid vesicles was performed in the absence of detergent, which means that only the
activity of inside-out oriented proteins was detected. Also, due to the higher leak
conductance of the vesicle membrane produced by chloride ions, all listed buffers were

prepared with appropriate sulfate salts (132).

2.4. Reconstitution of the KdpFABC complex

Although detergents are vital for the isolation and purification of membrane proteins, in
reality detergent-solubilized systems are a poor mimic of the native membrane environment
in which such proteins are found in vivo. The complexity of the natural bilayer in which
proteins are embedded makes the recreation of this exact surrounding impossible. A close
resemblance, however, is achieved when lipids are included in the solubilized systems.
Proteoliposomes are, therefore, a suitable tool to investigate structure and function of the
membrane proteins. Several criteria should be fulfilled for proteoliposomes in order to allow
a successful use as systems for functional biophysical studies, such as homogenous size
distribution, even distribution of the protein, and preserved high activity of the reconstituted
membrane protein (133-135). Furthermore, leak permeability of ions should be minimized,
and all activated protein molecules must be inserted in a single orientation, to ensure that
transport of different substrates occurs in the same direction.

Studies have shown that membrane protein reconstitution depends on the lipid mixture
and the detergent used, and moreover, that the choice of detergent is crucial for the protein’s
functional incorporation in the membrane. The detergent used affects the result of the
reconstitution in terms of protein distribution and orientation, as well as incorporation rate.
In addition, it affects the size of vesicles and homogeneity (136-138). For the reconstitution
of the KdpFABC complex in vesicles, a method was used that is based on a published
method for the reconstitution of bacteriorhodopsin, which has been shown to be a successful
model (138). Using this protocol, unilamellar proteoliposomes with an average diameter of
approximately 120 nm are formed and ~50 % of the protein molecules reconstituted with the
ATP-binding site facing outward.

For the vesicles preparation, the KApFABC complex was isolated from membranes with

1 % (w/v) B-DDM, purified in one step using a HisTrap column, and finally resuspended in
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50 mM Tris-HCI at pH 7.5, 2 mM MgCl,, 130 mM imidazole, 150 mM NaCl and 0.2 %
(w/v) B-DDM (99). For detergent removal, a technique was used that is based on a
hydrophobic adsorption of detergent to beads, since the dialysis method was not suitable due
to the low critical micelle concentration of DDM (0.01 % at 25 °C) (135). Possible artifacts
induced by the lipid composition could be avoided by using protein and lipids extracted
from the same organism. Therefore, E. coli polar lipid extract was used for the reconstitution
of the KdpFABC. The protein:lipid ratio has been optimized and the most suitable ratio was
found to be 1:5.

Procedure for KdpFABC reconstitution into E. coli lipid vesicles

An appropriate amount of E. coli polar lipid extract dissolved in chloroform (Avanti
Polar Lipids, Alabaster, USA) was transferred into a glass flask and vacuum-dried while
rotating for 30 minutes. The obtained thin lipid film was solubilized with 2 % (w/v) B-DDM
and 2 % (w/v) Cy:Eg dialysis buffer containing 25 mM imidazole, 1 mM EDTA, 5 mM
MgSQ,, and 70 mM K,SO4 at pH 7.2 (H2SO,4). The final lipid concentration was adjusted to
10 mg/mL. The lipid/detergent mix was sonicated for 3-5 minutes, and kept at room
temperature until a clear solution was obtained. To avoid lipid peroxidation, all steps were
performed under N, atmosphere. Equal volumes of the solubilized E. coli lipids and a 2
mg/mL protein sample were mixed, with a final protein:lipid ratio of 1:5, followed by the
addition of 200 mg BioBeads SM-2 (Bio-Rad), pretreated with dialysis buffer, per 600 pL
solution. During an overnight incubation at 4 °C, the suspension was rotated at 40 rpm.
Finally, the resulting vesicle suspension was separated from the BioBeads by aspiration with
a capillary tip (Biozym Scientific GmbH), and stored on ice for 3 h before being used in
fluorescence measurements.

The activity of the reconstituted KdpFABC protein was determined by the malachite
green assay with the appropriate modifications (2.3.3.), in the presence and absence of 1 uM
valinomycin. The K" ionophore was applied to prevent depletion of K" ions inside the
vesicles. To determine the size distribution of formed vesicles, dynamic light scattering
measurements were performed at room temperature, using a DLS Viscotek 802
spectrometer. Vesicles were diluted to achieve a final concentration of approximately 0.1
mg of lipid/mL of buffer, filtered with a 0.45 um PVDF centrifugal filter (Millipore), and
transferred to a 12 pL square cuvette (Viscotek, 802DLS quartz cell). Distilled water and
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dialysis buffer were filtered with 0.02 um inorganic membrane filters (Whatman). Intensity
distributions of the scattered light were recorded and analyzed with Omnisize version 2.0 to

obtain the corresponding vesicle-diameters distribution.

2.5. Voltage-sensitive dyes

Detailed studies of the P-type ATPases have revealed the existence of pump cycles in
which different ion species are transported across the membranes in several distinguishable
reaction steps. The majority of pumps move different ions in opposite directions with the
same Ping-Pong mechanism (5). Theoretically, the ions could be transported across
membrane in each of the described step (1.3.), although investigations have shown that a
charge movement mainly occurs during the ion binding and release steps, accordingly
referred to as “electrogenic” steps (50;139). Detection and further investigation of these
steps require adequate techniques. So far, well-established techniques include the
electrophysiological study of native cells or capacitive coupling of open membrane
fragments adsorbed to lipid bilayers (140;141). An alternative optical method, employing
various fluorescent probes, has been introduced and successfully used to detect charge
movements in the Na*,K*-ATPase, SR Ca**-ATPase and H* K*-ATPase (142-148).

2.5.1. Introduction into the principles of fluorescence

During the last 20 years, the use of fluorescence in biological sciences has been
remarkably expanded. Because of a high detection sensitivity and the avoidance of handling
radioactive tracers frequently used in the past, fluorescence spectroscopy has become a
principal investigation method in biophysics and biochemistry. Particularly, various
techniques based on fluorescence have been developed and successfully employed in the
investigation of the P-type ATPases, providing insight in the overall transport mechanism
and in its detailed characterization.

Fluorescence represents a form of luminescence (149). This phenomenon includes
processes of light emission from any substance, and occurs from electronically exited states.
One of many possible sources of excitation (e.g. mechanical actions, chemical reaction and

heat) is photoexcitation, and the corresponding photoluminescence can be described as an
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excitation to a higher energy state with a subsequent return to a lower energy state
accompanied by the emission of photons. Depending on the nature of the excited state,
photoluminescence is formally divided on fluorescence and phosphorescence.
Phosphorescence is emission of light from an excited triplet state, in which the electron has
the same spin orientation as the ground-state electron. In this case, transition to the ground
state is “forbidden”, resulting in slow emission rates. Typical phosphorescence lifetimes are
in the order of milliseconds to seconds or even longer. On the other hand, fluorescence is a
result of singlet-singlet electronic relaxation, with high emission rates in the order of 10° s,
so that a typical fluorescence lifetime is in the range of ns. The processes that occur between
the absorption and emission of light are usually illustrated by the Jablonski diagram, given

in Figure 17.
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Figure 17. General form of a Jablonski diagram illustrating the light absorption and emission (149).

Transitions between states occur without displacement of nuclei, in accordance to Franck-
Condon principle, and are shown as vertical lines. Upon light absorption, molecule is
excited to one of the higher vibrational level of S; or S,, followed by fast relaxation to the
lowest vibrational energy level of S;. This is known as internal conversions, and generally it
is completed before emission. After emission, the molecule returns to a higher vibrational
state of ground state level, which results in a vibrational structure in the emission spectrum.
Molecules in the S; state can undergo a spin conversion into a triplet state, called
intersystem crossing. Emission from T; to Sy is forbidden, and as a result phosphorescence
has rate constants significantly smaller than those for fluorescence. From the Jablonski
diagram one can easily see that the energy of the emission is typically lower than the energy
of absorption. In other words, the wavelength of the emitted radiation is longer than that of
the exciting radiation. This phenomenon is known as the Stokes shift.
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Fluorescence probes are important and widely used in the field of fluorescence
spectroscopy. Fluorophores can be generally divided into i) intrinsic, that exist naturally
such as aromatic amino acids, NADH and chlorophyll, and ii) extrinsic, added to the sample
without fluorescence properties. Proteins contain three amino acid residues — tryptophan,
tyrosine and phenylalanine that contribute to their intrinsic fluorescence. The dominant
fluorophore is the indole group of tryptophan, which absorbs near 280 nm, while the
emission spectrum is highly solvent dependent with a fluorescence maximum near 340 nm.
The emission of tryptophan may be blue shifted if the residue is buried within a native
conformation of a protein, and its emission maximum may be red shifted upon unfolding.
When discussing fluorophores, there are two important characteristics. Firstly, quantum
yield is defined as the number of emitted photons relative to the number of absorbed photons
and it describes the efficiency of the fluorescence process. Secondly, lifetime refers to the
average time in which the molecule stays in its excited state before emitting a photon, and it
is important for practical applications of fluorescence.

Proteins can be covalently labeled with various fluorophores, producing fluorescent
protein conjugates and that enable monitoring of protein structure and conformation.
Membranes typically do not exhibit intrinsic fluorescence. Labeling membranes with
fluorescent probes which spontaneously partition in the nonpolar region of the membrane
provides methods to monitor membrane transport processes. Both protein- and membrane-
bound dyes can be used in functional analysis of proteins. One of the examples successfully
used in investigation of the functional properties of the Na",K*-ATPase is fluorescein-5-
isothiocyanate (FITC) (150;151). It binds to Lys501 in the ATP-binding site, consequently
prohibiting ATP binding and enzyme phosphorylation. This allows studying the
conformational transition between the E; and E; states, but not between the corresponding
phosphorylated states. Since the ATP-binding site is highly conserved among the P-type
ATPases, FITC labeling method can be applied also on other members of the family.

A special group of fluorophores are membrane-potential probes that are sensitive to the
electrical potential. Different mechanisms are used to explain the voltage-sensitivity of these
membrane probes. For example, carbocyanine dyes respond to potential by redistributing
across the membranes, whereas styryl dyes respond directly to the electric field via an
electrochromic mechanism (Stark effect). VVoltage-sensitive dyes have been successfully
used to record membrane potentials and investigate transport processes across the

membranes. The use of potentiometric dyes offers broad possibilities for indirect studies of
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translocation processes involving the P-type ATPases, especially in preparations not suitable
for other well established biophysical techniques. Membrane-potential probes can be divided
into two classes with respect to the speed and mechanism of the potential-dependent spectra
into fast dyes, with respond times in the order of us, and slow dyes, with much larger
respond times of milliseconds to seconds (5). This is strictly functional, as some dyes can
exhibit both types of response.

In this work, the mechanistic analysis of the KdpFABC transport properties was carried
out using two voltage-sensitive dyes, RH421 and DiSC3(V), as members of the styryl and
the cyanine group, respectively. Underlying principles of how these dyes work as membrane

potential indicators will be discussed in more details.
2.5.2. Use of RH421 dye for characterization of the detergent-solubilized KdpFABC

The family of RH dyes includes various dialkylaminophenylpoly-enylpyridinium
compounds, and they were introduced in the late seventies of the last century as optical
probes to monitor membrane potentials (152;153). They can be classified as the “fast” dyes,
considering that their response time on the change of a local electric field is less than
microsecond. RH dyes have a delocalized positive charge in the pyridinium ring. Some
members of this dye family carry a localized negative charge on the terminal sulfo group, as
shown in Figure 18.

®
00, 5-(cHy), “NO)- tHe=c),, {O) NR,

RH 160 m=2, R = -(CHgy-CHs
RH 237 m=3, R = -(CHy),-CH,
RH 421 : m=2 ] = - (CH;'JL' CH,q

Figure 18. Structure of family of styryl dyes (154).

It was proposed that due to their amphiphilic structure, these dye molecules insert
perpendicularly into the lipid bilayer, with the sulfo group facing the aqueous medium,
while the rest of the molecule is embedded in the apolar membrane interior (153). This
orientation of RH dye molecules is favorable for dye’s spectral sensitivity to changes of the

local electric field strength within the hydrophobic core of the membrane. The phenomenon
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underlying its voltage-sensitivity is an electrochromic effect, derived from a dependence of
the energy difference between the ground and excited state of the molecule on the local
electric field strength. In the excited state, the delocalized positive charge of the dye is
shifted towards the membrane interior, so that the positive electric field strength inside the
membrane produces a blue shift in the absorption spectrum of the dye. Consequently, the
emission spectrum of the dye is changed when excited at the red edge of the absorption

spectrum, as illustrated in Figure 19.
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Figure 19. Illustration of the electrochromic effect of the RH421 styryl dye. Positive electric field ¥ in the
membrane dielectric producing changes in the absorption and emission spectra of the dye.

The experimentally determined lipid/water partition coefficient of RH421 dye , y, was
found to be ~2.5 - 10°, implying that under the used experimental conditions more than 90 %
of the dye is bound to the membrane, whereas the molar ratio of dye:protein was calculated
to be ~3, in case of the Na',K'-ATPase (154). Results obtained in experiments with
hydrophobic ions tetraphenylborate (TPB) and tetraphenylphosphonium (TPP*), which are
able to modify the electrostatic potential at the lipid/water interface, strongly support the
hypothesis that RH styryl dyes respond to the changes in the local field in the membrane. On
the other hand, it was shown that partial reaction containing conformational transition but no
net electric change, do not affect the fluorescence signal of the dye. Noteworthy is the
observation that the RH421 dye does not affect the kinetic properties of the Na*,K*-ATPase
at concentration up to 1 uM.

When open membrane fragments containing ATPase are suspended in aqueous solution,
the two side of the membrane are short-circuited by the electrically conducting solution, and
the transmembrane voltage remains zero under all conditions (154-156). As already

mentioned, the detection mechanism is a consequence of the electric-field sensitive positive
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charge shifting from the pyridinium ring to the aniline moiety. Therefore, time resolution is
significantly higher than the time constants of the diffusion-controlled ion movements
between aqueous media and ion-binding sites of the enzyme. The fluorescent signal of the
dye is linearly dependent on the local electric field strength within the membrane, or in other
words, on the number of charges in the binding-sites of the enzyme. Earlier work showed a
limitation of the response of the RH421 dye arising from a requirement of high enough
density of active proteins in the open membrane fragments (10°-10° molecules/um?).
However, the possibility to overcome this limitation was recently demonstrated and the
application of the RH421 dye has been further extended to the detergent-solubilized Na*,K*-
ATPase (157).

In this work, the RH421 dye was used to analyze the electrogenic steps of the detergent-
solubilized KdpFABC transport cycle, primarily substrate(s) binding and release reactions
under different experimental conditions. From these experiments, substrate-binding
affinities in the E; and P-E, conformations were determined. Also, the so-called backdoor

phosphorylation was investigated, triggered by the addition of inorganic phosphate, P; (158).

2.5.2a. Steady-State fluorescent measurements using RH421 dye

The steady-state fluorescent measurements with detergent-solubilized KdpFABC were
performed with a homemade setup using a HeNe laser (Laser 2000, Voltex, Inc., Colorado
Spring, CO) with a wavelength of 594 nm to excite to fluorescence of the electrochromic
styryl dye RH421, as previously described (145;147). The emitted light was collected at an
angle perpendicular with respect to the incident light, filtered by a narrow-band interference
filter (Amax= 663 nm, half-width of 18 nm) and detected by a photomultiplier (R2066,
Hamamatsu Photonic, Hamamtsu, Japan). The photocurrent was amplified by a Keithley
427 current amplifier (Keithley Instruments, Cleveland, OH) and further collected with a
data-acquisition board of a personal computer (PCI-7112, Imtec, Backnang, Germany) at a
sampling frequency between 1 and 10 Hz. The temperature of the cuvette was maintained by
a thermostat at (20 £ 0.5) °C. The specific fluorescence changes depend on protein
preparation, regarding protein density and lipid composition; therefore, some minor
differences between different preparations are present.

The experiments were performed in buffer starting with 2 mL 50 mM Tris-HCI, 2 mM

MgCl, (pH 7.8) in a cuvette made of optical glass (Helma). After 10 minutes of thermal

47



equilibration, 200 nM RH421 was added. Three minutes later while stirring, 9 pg/mL of the
detergent-solubilized KdpFABC was added to the cuvette. When a stable fluorescence
signal Fo was reached, experiments were performed by adding small aliquots of indicated
substrates from various concentrated stock solutions until signal saturation. Mg-ATP and
Na,-ATP were added from a buffered, pH-adjusted 0.5 M stock solutions. To allow
comparison between different titration experiments, normalized fluorescence changes with
the respect to the initial fluorescence level, Fo, were calculated according to the equation
AFIFy = (F — Fo)/Fo. For the normalization of the signals, as well as for volume correction
the Drifter program was used. For further evaluation of the results and fitting procedures, the
data processing program, FigP 2.98, was used. An example of a steady-state experiment of
potassium binding affinity of the KdpFABC in the E; conformation is shown in Figure 20
(upper graph), with corresponding enlarged segment of K™ titration (lower graph).
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Figure 20. RH421 standard experiment of the detergent-solubilized KdpFABC. Complete trace of the
experiment with respective additions of the dye, enzyme and upon achieving a stable fluorescent signal,
small aliquots of KCI until signal saturation was obtained (upper graph). The enlarged trace of the K*
titration is shown in the lower graph.
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The substrate-dependent fluorescence change, Fnom, Was fitted with a Hill function to obtain

the half-saturating potassium concentration:

Fnorm([x+]) = Fo + AFmax / (1 + ([X+]/Kl/2)—n) (EQ- 2)

where [X'] is the ion concentration, AF s the maximum fluorescence change, Ky, the half

saturating concentration, and n the Hill coefficient.

2.5.2b. Time-resolved measurements with caged ATP

Besides the ion-binding studies, the electrochromic dye RH421 can be used also for
kinetic experiments (159-161), employing caged ATP. Caged ATP is a photolabile ATP
precursor, allowing kinetic studies in intact biological systems, overcoming limitations
coming from difficulties of adding the reactants to the system in a time shorter than the
reaction time. Caged ATP is stable in water at pH 7, and not detectably photolyzed over
minutes of daylight exposure. Upon activation with intensive UV-light flash, ATP is
released with the time constant of 4.6 ms at pH 7 (159). The reaction mechanism of caged

ATP photodissociation is given in Figure 21.
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Figure 21. Reaction mechanism of photochemical release of ATP from caged ATP (P3-[1-(2-
Nitrophenyl)ethyl]-ATP).

The kinetic experiments with the detergent-solubilized KdpFABC were performed with
a homemade setup (Figure 22) (162). The photochemical release of ATP was triggered by a
UV flash generated by an EMG 100 excimer laser (Lambda Physics, Gottingen, Germany;
wavelength 351 nm, duration 14 ns, power 3.5 MW). A UV cut-off filter in front of the
photomultiplier entrance window was used to reduce the effect of the UV flash on the

fluorescence signal. RH421 was excited by a HeNe laser working at 594 nm. A quartz lens
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widens the laser beam to illuminate the whole solution homogeneously. The emitted light
was collected by an ellipsoidal mirror and converged onto the cathode of a photomultiplier
(Mod. R928, Hamamatsu Photonics, Japan). An interference filter (663 £ 18) nm selects the
emitted light of the styryl dye before it enters the photomultiplier. The output current is
amplified and digitized by a 12-bit data acquisition board of a PC with sampling frequencies
between 1 and 500 kHz. The bottom of the cuvette is in contact with a thermostated copper
socket that also blocks the incident light. The experiments were performed in a darkened
environment at (26 £ 1) °C. A cylindrical quartz cuvette (internal diameter 7.8 mm) is filled
with 300 pL buffer containing 25 mM imidazole, 1 mM EDTA (pH 7.8), 5 mM MgCl,, 200
nM RH421, 9 pug/mL of detergent-solubilized KdpFABC, 100 puM of caged ATP and
various KCI concentrations. To remove traces of free ATP from the sample of caged ATP,
Apyrase VI (1.4 x 10 units/mL) and 1.4 mM MgCl, were added to the 10 mM stock
solution. Aliquots of caged ATP were flash-frozen in liquid N, and stored at -20 °C. During
the experiments, caged ATP was kept on ice and protected from light. The cuvette was
equilibrated for 10-15 min inside the instrument in the dark (to avoid photolysis of caged
ATP). After equilibration, the shutter was opened and the experiment was triggered by a
UV-light flash. About 10-20 % of caged ATP was photo-dissociated by a single flash.
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Figure 22. Schematic representation of the setup used for the measurements of transient fluorescence
signals induced by photochemical release of ATP.
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After the release of ATP, the enzyme is phosphorylated and undergoes the conformational
transition from the E; state to P-E,. At saturating ATP concentrations, ATP-binding and
enzyme phosphorylation are fast compared to the conformational transition. The observed
fluorescence decrease is a result of K™ binding (Figure 23), and the signal was fitted with a
single exponential function (Eqg. 3). At saturating concentration of ATP, it is possible to
calculate the rate constants of the conformational transition E; — P-E;, under different
conditions, such as pH, K" concentration and temperature. The investigation of role of
protons in the reaction cycle was carried out, by performing experiment at different pH, in
the absence and presence of saturating K* concentration. The ATP-binding affinity was
determined from the set of experiments with various, non-saturating ATP concentrations.
The exact concentration of ATP released was determined by the rapid firefly luciferin-
luciferase kit (163).

The normalized fluorescence signal, Fnorm(t) , was fitted with a single exponential function:
From(t) =A - (1 — &™) (Eq. 3)

where 1 is the time constant of the normalized fluorescence decrease after ATP release. The

first derivative of the function with the respect to time isat t = 0:

(anorm(t)J Al (Eq. 4

dt T

A
T

t=0

Ratio between the amplitude and time constant, or the initial slopeé, is proportional to the
T
number of pumps activated by ATP, whereas the rate of substrate binding/release process is

determined by the rate constant k -1 . The reduction of the number of data points obtained
T

from the experiment by the data-collection program DASYLab9 was performed with the
Redulite2 program and procedure fit of the time course of the fluorescence signal has been
performed with the data processing program FigP 2.98.
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Figure 23. Fluorescence signal recorded after the photochemical release of ATP at saturating concentrations
of K ions and ATP, at pH 7.8.

2.5.3. The potential-sensitive fluorescent probe DiSC3(V)

Two major groups of the so-called slow dyes which are successfully used as optical
probes to measure changes in the electrical potential difference across membranes of cells,
organelles and vesicles are cyanine and oxonol dyes (164). Oxonol VI has been successfully
applied to detect ion transport of the reconstituted Na*,K*-ATPase, and it was shown that
this dye is the most sensitive fluorescent probe to detect inside-positive electric potentials.
In experiments with the KdpFABC reconstituted in vesicles, however, an inside-negative
potential is observed upon ATP addition to the medium. This potential is generated by
extrusion of K™ ions by inside-out oriented pumps. Therefore the positively charged cyanine
dye DiSC3(V) was introduced as an indicator of inside-negative electric potentials across the
vesicle membrane, and it was successfully applied to detect the electrogenic pump activity
of the KdpFABC reconstituted in vesicles (90;99).

The group of cyanine dyes was initially introduced as membrane potential probes for
squid axon experiments by Hoffman & Laris (165). They are often referred to as
accumulation or redistribution dyes, with respect to the mechanism of their response to the
membrane potential change. The fluorescence response of this class of cationic dyes was
shown to result from potential-dependent partition of dye molecules between the cell and

extracellular medium. Changes in membrane potential making cells inside negative

52



(hyperpolarization) result in uptake of the positively charged cyanine dye molecule and
decrease of the fluorescence. Upon depolarization, dye molecules are released, producing
fluorescence increase. These dyes are highly membrane permeant, which is important
property for dyes working by the redistribution mechanism in order to have reasonably fast
responses to potential changes (166;167).

The structure of the 3,3’-dipropylthiadicarbocyanine iodide, DiSC3(V), used in this
study is given in Figure 24A. Both absorption and emission spectra of DiSC3(V) depend on
the nature of the solvents, ionic strength, and concentration of the dye. It was reported that
changing from aqueous media to organic solvent both spectra were red-shifted by 17 nm. In
dilute solutions, the monomeric form is predominant, whereas with increasing dye
concentration, dimers and even higher aggregates are formed which have an extremely
lower fluorescence yield. All spectroscopically different forms of the dye were found in
cells and liposomes (168). In dilute dye solutions (¢ < 1 puM), the monomeric form of
DiSCs3(V) is predominant, with an excitation and emission maxima at 650 nm and 664 nm,
respectively. An example of emission spectra of 300 nM DiSC3(V) in pure buffer containing
25 mM imidazole, 1 mM EDTA, 5 mM MgSO, and 70 mM K,SO, at pH 7.2 (H,SO,), and
in E. coli lipid vesicles suspension, is shown in Figure 24B. The experimental conditions
were as follows: =650 nm, slit=5 nm, integration time=1 s and temperature (18 £ 0.1) °C.
Concentration of the E. coli lipid vesicles was 80 pg/mL, with an inside K* concentration of
140 mM. The observed red shift in the spectra recorded in vesicle suspension comes from
quenching of the dye due to distribution between membrane and aqueous phase.

Accordingly, a fluorescent decrease is observed (Figure 24B).
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Figure 24. A: Structure of the DiSC;(V) dye B: Emission spectra of 300 nM DiSC;(V) resuspended in 25
mM imidazole, 1 mM EDTA, 5 mM MgSO, and 70 mM K,SO, at pH 7.2 (full line), and in the presence of
80 pg/mL E. coli lipid vesicles (dashed line); [Kir=[KJou=140 mM.
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Taking into consideration the mechanism of the potential sensing of DiSC3(V), the dye
should be added to the vesicle suspension (and not vice versa). In this manner, a stable
signal is reached already after 50 seconds, and quenching of the fluorescence signal due to
the redistribution of the dye between the membrane and aqueous phase is avoided, as it was
observed when the dye was added first (Figure 25A). To prevent the dye aggregation, which
could lead to the formation of non-fluorescent dimers and higher aggregates, too high
concentrations of the dye should be avoided. Therefore, it is essential to use the lowest
amount of the dye producing an optimally measurable and stable signal (Figure 25B). The
concentration of 300 nM DiSCj3(V) was found to be the most appropriate, and it was used in

all future experiments.
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Figure 25. A: Stable fluorescence signal was reached after 50 s when 300 nM DiSC3(V) dye was added to
the vesicle suspension. B: Fluorescence signal of different DiSC5(V) concentrations, added to the vesicles
suspension. In all experiments the final lipid concentration was 80 pg/mL.

The application of DiSC3(V) in studying the ion transport across the lipid bilayer is limited
by the low sensitivity for inside positive potentials. Instead of DiSC3(V), a more appropriate
probe for those experiments would be one of the oxonol dyes. Another limitation is the
interaction with a number of other membrane-embedded compounds, including CCCP and
dinitrophenol, both commonly used ionophores, which tend to produce nonfluorescent
complexes with DiSC3(V) (164;169).
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2.5.3a. Investigation of the ion transport by KdpFABC reconstituted in lipid
vesicles using DiSC3(V)

The proteoliposomes prepared as previously described (2.4) contained 140 mM K*. All
experiments were performed in a Perkin-Elmer LS 50B fluorescence spectrometer. The
fluorescence was excited at 650 nm (5 nm slit), and emission was detected at 675 nm (5 nm
slit). 1 mL of buffer containing 25 mM imidazole, 1ImM EDTA, 5 mM MgSO, and various
concentrations of K,SO, at pH 7.2 (H,SO,4), was thermally equilibrated for 10 min in a
optical-glass cuvette (Hellma). An aliquot of vesicles corresponding to the final
concentration of 80 g lipid /mL was added, followed by the addition of 300 nM DiSC3(V)
from a 1 mM stock solution. A fluorescence signal increase was observed, as a result of the
insertion of the dye into the vesicle membranes. When a stable signal was achieved (after
~50s), 2.5 mM Mg-ATP was added, from a 0.5 M pH-adjusted stock solution, to trigger the
pump activity. In this way, only pumps with ATP-binding sites facing outward were
activated, and K* ions were pumped out of the vesicles. This extrusion of positive charge by
KdpFABC generated inside-negative potential, reflected in a fluorescence decrease, that
exponentially approached a steady-state level at which the pump current was compensated
by the leak current due to the passive membrane conductance and the electric-potential
gradient. Subsequent addition of 1 UM valinomycin, a highly selective potassium ionophore,
caused a step change in fluorescence to a level indicating the Nernst potential determined by
the actual K* concentration inside and outside the vesicles (165). To allow the comparison
between different experiments, the fluorescent changes were normalized with respect to the
fluorescence level, Fo, at a membrane voltage of 0, before the addition of ATP according to
the equation Fnorm(t)=(F(t)—-Fo) / Fo, where Fnorm(t) is the normalized fluorescence amplitude
and F(t) is the measured fluorescence.

Alternatively, after the addition of Mg-ATP, 0.1 mM P-type ATPase inhibitor o-vanadate
was added instead of valinomycin to evaluate the leak conductance of the membrane. As a
result, the fluorescence signal increased exponentially due to the inhibition of the pump
activity. Knowing the time constant, t, of the exponential increase, allowed us to calculate
the specific conductance of the membrane as G, = C,, / t. Assuming that the specific
membrane capacitance, Cn, is 1 puF/cm? the specific membrane conductance could be
calculated as G, = 1 uF/em? /1 (132). A typical example of the fluorescence increase after

addition of 0.1 mM o-vanadate is shown in Figure 26.
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Figure 26. Fluorescence decrease after ATP addition as a result of extrusion of K™ ions. After ~ 350 s a new
steady-state is achieved. This is followed by an exponential increase of the fluorescence signal due to
inhibition of the KdpFABC pumping activity by 0.1 mM o-vanadate.

The normalized fluorescence changes were fitted with a mono-exponential function:
From(t) = A - (1 — &) + Residual (Eq. 5)

where Fnom(t) is normalized fluorescence, A is the fluorescence amplitude, Residual is the
normalized fluorescence level of the steady-state after ATP addition and 7 is the time
constant of the fluorescence decrease after ATP or increase after o-vanadate addition.

The initial slope of the fluorescence change, defined as the derivative of the signal with
the respect to the time at t = 0, is directly proportional to the initial enzyme activity. This is
correct at the early stage of the experiment, until the depletion of intravesicular K* becomes
a limiting factor. The underlying theoretical principles are based on the consideration that
the vesicle membrane can be described by an equivalent diagram with the capacitance, Cp,,
and the leak conductance, A, of the lipid bilayer, whereas the pump is represented by a

current generator, lp, with a corresponding relationship (170):
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where Q is the electric charge on the membrane capacitor, U is the electric membrane
potential and 1 is the current across the membrane. The net current through the vesicle
membrane, |, is the sum of the pump current, Ip, and the leak current, I, flowing in the

opposite directions:
l=1,-1_=n-z2-¢,-v, =4, -U (Eq. 7)
where n is the number of pumps in the membrane, z is the number of charges transported

per pump cycle, eq is the elementary charge and vp is the pump rate. Combining Eq. 6 and

Eq. 7 leads to the inhomogeneous differential equation:

du I, A4,
P _ .y Eqg. 8
d C,2 C (Eq.8)

m m

In the stationary phase, when the pump current is compensated by the leak current, valid at
t—oo, the transmembrane voltage U, is defined as:

I, =4 -U, (Eq. 9)
The solution of the differential equation is
¥
u)=U_-(1-e ") (Eqg. 10)

where T = Cy, / A_and U, = Ip / A_. Finally, the derivative with respect to time at t=0 is

defined as the initial slope:
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Taking into account that the fluorescence amplitude of the DiSCs(V) is proportional to the

transmembrane potential (166-168), the initial pump activity is proportional to the initial
slope of the fluorescence change. Results from the same vesicle preparation can be directly
compared, since the proportionality factor could differ between different preparations.
Normalization of signals, volume and drift corrections for these experiments were

performed with the Drifter program and fitting of the data was performed with FigP 2.98.
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3. RESULTS

3.1. Choice of detergent

One of the major challenges encountered when membrane proteins are studied is the
difficulty in working outside the natural lipid environment, since various biophysical
techniques, investigating both structure and function of membrane proteins, are impossible
to be conducted under native conditions. Therefore, particular attention is focused on the
establishment of the most suitable experimental conditions, especially on the choice of the
detergent used for solubilization and purification of the desired protein. The goal is to
identify conditions in which the stability and functional integrity of the protein is retained
during solubilization and reconstitution by using the appropriate detergent.

To find the most appropriate conditions, KdpFABC was solubilized and purified,
according to the protocol described in chapter 2.2, with six different detergents, Fos-choline
12, B-DDM, B-DM, PCC-a-M (171), LAPAO and Aminoxide WS-35. The concentration for
the solubilization step was 1 % (w/v) and for the successive purification step 0.2 % (w/v), for
each used detergent. Moreover, the same batch of E. coli membranes was used for all six
detergents, in order to avoid possible differences between various cell membrane
preparations and allow thus a direct comparison. The enzyme activity, Ea, of the ATPase
and the half-saturating K* concentration, Ky,2(K"), chosen as characteristic parameters of the
KdpFABC, were used for comparison of the different detergents’ capabilities of maintaining
a functional KdpFABC complex. The obtained results are summarized in Table 2.

The enzyme activity was measured using the malachite green activity test, and Ea
represents the amount of inorganic phosphate, P;j, released by ATP hydrolysis of the
detergent-solubilized KdpFABC complex, in a buffer containing 50 mM Tris-HCI (pH 7.8),
2 mM MgCl;, and 0.2 % (w/v) of the respective detergent at 37 °C, in the nominal absence of
and under saturation by KCI. According to the standard protocol described in 2.3.3, the final
KCI concentration was 3.3 mM. Based on the results of the RH421 K*-binding experiments,
the half-saturating concentrations were lower than 3.3 mM in the case of 3-DM, PCC-a-M,
LAPAO and Aminoxide WS-35. 3.3 mM K* was, however, not sufficient for the
experiments with Fos-choline 12 and B-DDM, therefore, the ATPase activity was measured
in the presence of 10 fold higher KCI concentration, while all other conditions remained
identical.
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All tested detergents, except Aminoxide WS-35, are well-characterized compounds
which are routinely used for solubilization, purification and crystallization of various
membrane proteins. Aminoxide WS-35 is an industrial detergent, a mixture of C;- to Cy7-1-
alkoylamino-3-dimethylamino propane-3-N-oxide, with LAPAO as its major component.

More detailed structural information is, however, still lacking.

Detergent mol PI::/?n /g'l min Find Kao(K") I mM
Fos-choline 12 0.102 +0.024 1.2 14.95

3-DDM 0.534 £ 0.010 2.1 3.34

-DM 0.554 + 0.027 2.2 1.30
PCC-a-M 0.275+£0.013 2.6 0.16

LAPAO 0.628 + 0.032 2.2 0.13
Aminoxide WS-35 0.868 + 0.021 4.0 0.0065

Table 2. Effects of six different detergents used for purification of the KdpFABC complex. The
enzyme activity, Ea, was determined in the presence of saturating K* concentration. The induction
factor, Fiq, indicates the factor by which E, increased when the K™ concentration was increased from
nominally 0 to a saturating concentration. Ky,(K") was determined by equilibrium-titration
experiments with RH421 and represents the K™ concentration at which K* binding was half-maximal.

Although the results show a good correlation in enzyme activity, induction factor and
half-saturating K* concentration for each tested detergent, only one of them, Aminoxide
WS-35, provided a solubilized KdpFABC complex with K, of 6.5 pM, which is
comparable to the affinity found under physiological conditions (67;79). Interestingly, the
major component of this complex mixture, LAPAO, did not provide enzyme with high K*
binding affinity, although the enzyme ATPase activity was much closer to that obtained
with the Aminoxide WS-35 solubilized KdpFABC. This observation indicates that
KdpFABC obviously requires specific, yet unknown, component(s) to stabilize a properly
functioning complex, in which the K*-binding sites are arranged in the same manner as in
the physiological membrane environment. The role of this unidentified component might be
of a functional lipid, similar to the finding recently reported for the Na*,K*-ATPase (172).
According to the presented results, all subsequent experiments were performed with protein

complexes solubilized in Aminoxide WS-35.
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3.2. Substrate dependence of the KdpFABC ATPase activity

The ATPase activity of detergent-solubilized KdpFABC in Aminoxide WS-35 was
determined with the malachite green assay, in the presence of different K™ concentrations,
ranging from 0 to 3.3 mM, at pH 7.8. The results of K*-dependent ATPase activity, shown
in Figure 27A, could be fitted with by a simple Michaelis-Menten kinetics. The Ky, value of
the K*-induced activity was determined to be (2.03 + 0.12) uM, which is in good agreement
to previously reported value (67;79).

One approach to investigate the role of protons in KdpFABC reaction cycle was to
measure the ATPase activity at different pH values between 6.0 and 8.5 in the presence of
saturating 3.3 mM K" (Figure 27B). The observed pH dependence could be also fitted by a
Michaelis-Menten Kinetics, and a pK value of 7.8 was obtained at the saturating K
concentration. According to the fitting parameters a factor ~3 could be determined between
the enzyme activity of the deprotonated and protonated state of the KdpFABC. This
observation indicates that proton binding reduces the overall ATPase activity, by reducing
the turnover number of the KdpFABC complex. Two possible explanations for this effect
are an allosteric binding of proton to the KdpB subunit, thus affecting the enzyme activity,
or competition between K" and H* at the binding sites located in the KdpA subunit.
Assuming that proton is transported as a counterion, as in the case of the H*,K*-ATPase, the
overall activity of the pump should decrease at high pH due to the lack of transported
substrate. In contrast to this requirement, an increase in ATPase activity was observed at
high pH and saturating K* concentration, indicating that proton cotransport is less likely in
case of the KdpFABC.

On the other hand, the pH dependence of the enzyme ATPase activity in absence of K*
showed overall lower level (Figure 27B). The maximal activity was found to be (0.18 +
0.02) pumol P; per mg protein per min at pH (7.5 £ 0.2). In order to confirm that the observed
residual enzyme activity is not a result of a K* contamination in the double-distilled water
used in these experiments, the same measurements were repeated with ultrapure water ([K']
< 10 ppb), but no significant difference was detected, and the determined KdpFABC activity
was (0.17 + 0.01) umol P; per mg protein per min at pH 7.8 and in the absence K.
According to the pH dependence of the enzyme activity in the presence of K*, at lower pH
also an activity decrease is observed, most likely produced by an allosteric effect, whilst at a

pH higher than 7.8 the activity was only slightly reduced to ~0.14 umol P; per mg protein
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per min (pH 8.8). Comparing the pH-dependent ATPase activity, both in the absence and
presence of saturating 3.3 mM K, the activity reduction can be explained by the reduced
binding of protons when no K* are present. These results are in agreement with the
previously published observation that in the absence of K* the KdpFABC complex is also

capable of transporting protons, although to lesser extent (90).

A

0.8

0.6

0.4

£
£
o)
£
p—
£
5 0.2 .
— 1 L1l Lot L1l L1l Lol
>
-'E 0.1 1 10 100 1000 10000
= [KCI] / pM
@O
GE; 1.4 T T T I I
N 12 B .
c
Q
1.0 -
0.8 | -
+ 3.3 mM KCI
0.6 -
+ 20 mM NaCl
04 .
g
02 | okol . e---- &--8----3--6-
OKCl _ _.o- -&--6
0 | S--om " ! ! ! !
6 6.5 7.0 7.5 8.0 8.5

Figure 27. K" and pH dependence of the KdpFABC complex activity solubilized in Aminoxide WS-35. A:
K*-induced ATPase activity at pH 7.8 with a Ky, of (2.03 + 0.12) uM. B: pH dependence of the enzyme
activity in the presence of 3.3 mM K, fitted with a simple binding isotherm with a pK of 7.8. The pH
dependence of enzyme activity in the absence of K* is shown by open circles and a dashed line. The activity
at pH 7.8 in the presence of 20 mM NaCl is represented with a solid triangle.
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The ATPase activity was also measured in the presence of 20 mM NaCl (suprapur®
quality), and in the absence of K™ at pH 7.8. The measured Na'-induced enzyme activity
was found to be (0.27 + 0.1) pumol P; per mg protein per min (Figure 27B). This result
confirms previous observations that KdpFABC is able to transport also Na* in absence of
K", although with lower affinity and extent. In summary, in absence of K*, both H" and Na*
act as weak congeners of potassium (90).

To determine the ATP binding affinity of KdpFABC, a set of experiments was carried
out varying ATP concentration, at constant pH 7.8 and saturating K* concentration. The
Nay-ATP concentration ranged between 1 uM and 5 mM, while the pH in the buffered
electrolyte after addition of ATP did not vary more than + 0.1 (Figure 28, in black). The
data were fitted with a sum of two Hill functions (Eq. 2). In the range of ATP concentrations
lower than 500 uM, the enzyme activity increased with increasing ATP concentration, with
a calculated Ky, of (65 £ 18) uM and n = 0.9, and a maximum activity of ~0.8 umol P; per
mg protein per min. This value is in good agreement with previously reported ATP binding
affinities, varying between 50 and 80 pM, obtained with different techniques. At ATP
concentrations higher than 500 puM an activity decrease was observed, with a respective
Ky 0f (1.54 £ 0.13) mM and n = 2.1. In order to exclude the effects of possible Na®-
induced artifacts, measurements were repeated with Mg-ATP, under the same conditions.
An almost identical behavior of the enzyme activity was found, therefore, suggesting that
observed effects are produced by ATP (Figure 28, in red).

enzyme activity / pmol/mg/min

0.001 0.01 0.1 1 10
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Figure 28. ATP dependence of the KdpFABC complex activity solubilized in Aminoxide WS-35. When
Na,-ATP was used (in black), data were fitted by the sum of two Hill functions with K,; = (65 + 18) pM
and Ky, = (1.54 = 0.13) mM. An almost identical behavior was determined when Mg-ATP was used (in
red), with corresponding Ky 1 = (74 12) pM and Ky, = (1.55 £ 0.27) mM.
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3.3. RH421 steady-state experiments with the detergent-solubilized KdpFABC

3.3.1. Standard experiments

The so-called standard experiment, a basic approach of the steady-state technique
(2.5.2a.), can be used to characterize the electrogenic ion-binding properties of the
KdpFABC in both conformational states, E; and P-E,. In this set of experiments, the
fluorescence response of the RH421 dye was monitored, at various pH of the buffer and in
the presence of different substrates that stabilize specific stationary states of the enzyme
throughout the reaction cycle. In the absence of ATP, the KdpFABC is supposed to be
stabilized in its E; conformation, and binding of K™ and possibly H”, is assumed to occur at
the cytoplasmic side. Upon addition of saturating 1 mM Mg-ATP, the enzyme proceeds to
the P-E; state, in which the ion binding is assumed to take place at the extracellular side.
Another possibility to trap the enzyme in E,-P state is via the so-called backdoor
phosphorylation, triggered by addition of inorganic phosphate, P;, which reverses the
direction of dephosphorylation step in the transport cycle, E; + P; — E,-P (158).
Corresponding experiments were performed to study the electrogenicity of ion binding in
the unphosphorylated state, after phosphorylation by 1 mM Mg-ATP and by 1 mM Tris-
phosphate (P;).

An important observation necessary to mention before presenting obtained results is the
requirement of pH jumps from pH 8 down to pH 6 and backward for stabilization of the
fluorescence signal before any subsequent experimental studies. First results involving pH
changes of the buffer were misleading, suggesting strong proton binding by solubilized
KdpFABC complex. An example of proton titration experiment, in the absence of K*, ATP
and P;, shown in Figure 29A, reveals a fluorescence decrease of ~20 % as a result of binding
of H*, whereas a maximal fluorescence decrease was ~5 % in case of the K™ binding (see
text further below). Since the fluorescence change is a measure of the positive charge bound
to the membrane domain of KdpFABC, this observation would indicate binding of four
times as many protons as K" ions. This assumption is not in agreement with any known
behavior described for P-type ATPases so far, and it is highly unlikely to be the case for the
KdpFABC mode of work. A possible explanation for this observation, however, could be
the conformational rearrangement of the dye/lipid system induced by forward and backward

pH jumps that leads to a new equilibrium state, and finally produces a stable fluorescence
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signal. Therefore, all RH421 experiments were carried out with initial pH decrease from 8 to
6 (by adding HCI) and successive, instantaneous increase back to pH 8 (by adding NaOH).
After these pH jumps, successive H™ titration resulted in florescence decrease of ~5 %
(Figure 29B) that are comparable to the steps obtained for addition of saturating K*

concentrations.
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Figure 29. Effect of pH on the fluorescence signal of RH421, most likely induced by conformational
rearrangement in the RH421/lipid system induced by sudden pH jumps. A: H” titration in the absence of K,
showing ~20 % fluorescence decrease upon reaching pH 6. B: Forward and backward pH jumps followed
by decreasing the pH back to 6 (by adding HCI), only now producing a fluorescence decrease of ~5 % due
to proton binding.

According to the described protocol, a cuvette with 2 mL buffer of 50 mM Tris-HCI (pH
8) and 2 mM MgCI, was thermally equilibrated, before 200 nM RH421 dye and 9 pg/mL

detergent-solubilized KdpFABC were added. After achieving a stable fluorescence signal
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(10-15 minutes), aliquots of HCI were added to adjust the desired pH value of the buffer,
followed by the addition of saturating concentrations of 1 mM ATP (pH adjusted) and 250
puM KCI. Addition of ATP did not alter the pH of the buffer more than £ 0.1. An example of
the single fluorescence signal trace is shown in Figure 30A, whereas the corresponding set
of HCI, ATP and KCI additions is given is Figure 30B.
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Figure 30. RH421 standard experiment to reveal the electrogenic contributions of substrate additions to the
KdpFABC complex. A: Fluorescence trace induced by the addition of HCI to obtain pH 6.5 (6.5 ul HCI 4
M), 1 mM ATP and 250 uM KCI. B: Schematic representation of the fluorescence changes detected after
addition of various amounts of HCI to obtain the indicated pH, followed by the addition of ATP and KCI.
C: Changing the order of substrate addition revealed no significant difference in the substrate-induced
fluorescence decreases.
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Additions of both H" and K", and to a minor extent ATP, generated a fluorescence decrease.
To check whether there is a mutual effect on the binding behavior, in the next set of
experiments, the order of ATP and HCI additions was reversed (Figure 30C). There was no
significant difference in the substrate-induced fluorescence decreases.

The further evaluation of the results obtained from standard experiments is given in
Figure 31. The substrate-induced decreases of the RH421 fluorescence indicate that binding
of both ion species, K" and H*, is an electrogenic process in the unphosphorylated as well as
in the phosphorylated states of the KdpFABC. This implies that the ions are bound to sites

located in a protein domain embedded in the membrane dielectric.
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Figure 31. Analysis of the electrogenicity of substrate binding to the KdpFABC complex. A: pH
dependence of the fluorescence changes induced by the additions of aliquots of HCI, 1 mM ATP or P;, and
250 uM KCI. Solid symbols: experiments with addition of ATP; open symbols: experiments with addition
of P;, grey squares: K™ titration experiments in E;. B: pH dependence of the fluorescence changes induced
by the additions of 1 mM ATP or P; first, then appropriate aliquots of HCI, and finally 250 uM KCI. The
lines were drawn to guide the eye.
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Results presented in Figure 31A show that only a very small fluorescence change (<0.5 %)
is produced during the phosphorylation step both by ATP and P;, indicating that no
significant charge movements occur during the corresponding reaction steps. Further on, it
was demonstrated that the H* concentration affects the amount of electrochemically bound
K*, and that the H'-binding kinetics differs in the unphosphorylated and phosphorylated
state of the KdpFABC, produced both by ATP and P;. On the other hand, binding of K* was
not significantly dependent neither on the pH of the buffer nor the specific state of the
enzyme, E; or E,-P. The addition of saturating KCI and HCI concentrations produced a

fluorescence decrease of up to ~5 % (Figure 31B).

3.3.2. lon-binding titrations

To determine the affinities of the KdpFABC binding sites for both ion species, K* and
H*, a set of titration experiments was performed. Starting with 2 mL buffer containing 50
mM Tris-HCI (pH 7.8), 2 mM MgCl,, after thermal equilibration 200 mM RH421 and 9
pg/mL  detergent-solubilized enzyme, and subsequently KCI or HCI was added in
appropriately small aliquots from stock-solutions until the fluorescence signal saturated. In
this manner the existing binding site(s) were titrated, allowing a determination of the half-
saturating concentration for K* or protons, Ky, and pK, respectively. These experiments
were started in the buffer, in which KdpFABC is assumed to be in its unphosphorylated E;
state, or in a phosphorylated state produced by addition of either Mg-ATP or Tris-P;. All
titration experiments were repeated 3-5 times and the corresponding averaged values of
normalized fluorescence levels were plotted against pH or K* concentration.

Results shown in Figure 32A represent K" titration in the buffer at pH 7.8, and after
addition of 1 mM ATP or 1 mM P;, when KdpFABC is supposed to adopt the E; and E;-P
conformations, respectively. The K*-concentration dependence in the E; conformation of
the KdpFABC (Figure 32A, full circles), was fitted by a Hill function with half-saturating
concentration Ky, of (6.5 £ 0.3) uM and a Hill coefficient n of 2.3 £ 0.3 (Figure 32A, solid
line). Hill coefficient larger than 2 indicates a cooperative binding of more than one K*. No
satisfying fit could be obtained using a simple Michaelis-Menten kinetics (Figure 32A,
dashed line).
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Figure 32. Electrogenic binding of K* ions in buffer (E; state, noted as Kdp only) and after addition of 1
mM Mg-ATP or 1 mM P; (P-E, state). A: K™ titrations at pH 7.8 with calculated Ky, values of 6.5 uM (Kdp
only), 14.4 uyM (P;), and 16.8 uM (ATP). B: Similar experiments performed at pH 6.1. The half-saturating
concentrations Ky, were 7.9 uM (Kdp only), 39.1 uM (P;), and 31.6 uM (ATP). The lines drawn through
the data were fits with either a Hill function of a Michaelis-Menten binding isotherm.

In the second set of experiments, phosphorylation of the KdpFABC was triggered by
addition of 1. mM Mg-ATP, converting the enzyme to the P-E, conformation, followed by a
KCl titration. In this case, the K™ dependence could be fit with a Michaelis-Menten Kinetics,
providing the half-saturating concentration Ky, of (16.8 = 3.0) uM. In the presence of ATP
and KCI, the pump works in its turnover mode, and it is not completely clear if the
KdpFABC is preferentially in the P-E, conformation under these conditions. Therefore,

another approach to investigate the K* binding affinity in the phosphorylated state of the
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enzyme is addition of 1 mM Tris-phosphate, instead of ATP, before the corresponding KCI
titration was performed. Under these conditions, KdpFABC is supposed to be trapped in a
P-E, state, similar to behavior already known for other members of P-type ATPases. The
results of K'-titration experiments in the presence of 1 mM Tris-P; were also fitted with a
simple Michaelis-Menten kinetics (Figure 32A, open circles), providing a half-saturating
concentration of (14.4 + 2.6) uM. Comparing the values obtained for the K*-binding affinity
for phosphorylated KdpFABC complex, produced by ATP and P;, no significant difference
was observed. This result is not unexpected, since the K* binding kinetics should not depend
on the phosphorylation method. On the other hand, from the obtained agreement of the half-
saturating concentrations it can be assumed that the enzyme complex adopts preferentially
the P-E, conformation in both sets of measurements. The apparent K*-binding affinity was,
however, decreased by a factor of ~2 with the respect to the half-saturation determined in
the unphosphorylated state (E;). Noteworthy is the observation that in all KCI titration
experiments, performed under three different conditions, the maximum fluorescence
decrease of ~0.04 was nearly identical. This implies that the same number of K* ions bind to
the membrane domain of the KdpFABC complex, independently of the conformational state
of the enzyme.

To investigate to effect of possible proton binding on K* binding affinity, the titration
experiments were repeated at pH 6.1. For adjusting the desired pH HCI was used, prior
additions of other substrates. KCI titrations were performed in buffer (E; state) and P-E;
conformation, achieved by addition of either 1 mM Mg-ATP or 1 mM Tris-P; (Figure 32B).
The pH measured at the end of experiments did not differ more than = 0.1 from the initial
pH. All three data sets could be fitted by a simple Michaelis-Menten kinetics. In the E;
conformation (Figure 32B, full circles) the calculated K;,, value of (7.9 £ 0.7) uM, was
slightly increased with respect to the value obtained at pH 7.8. This observation indicates
that higher proton concentration reduces the K* binding affinity in E; state. This effect is
even more pronounced in the P-E, conformation of the enzyme, triggered both by ATP and
Pi. In this case, the presence of more protons significantly increased half-saturating
concentrations to (31.6 = 1.1) uM and (39.1 + 7.3) uM, in the presence of ATP (full
squares) and P; (open circles), respectively. Similar to the behavior observed at pH 7.8, the
same number of K* ions is bound inside the membrane domain of the KdpFABC complex
since the maximum fluorescence decrease was almost the same in all three cases, and

furthermore, almost identical to the decrease produced by K™ binding at pH 7.8. The
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presence of higher H* concentration, however, reduced the apparent K* binding affinity
only to a minor extent in the unphosphorylated state, whilst the apparent K* binding affinity
in the phosphorylated, P-E,, state was significantly reduced, resulting in approximately
twofold Ky, values.

To further investigate the effect of protons in the KdpFABC pumping cycle, proton
titrations were carried out correspondingly under different conditions (Figure 33A). Starting
with buffer pH 8.0 - 8.1, aliquots of HCI were added until a pH of 6.1 was achieved. The
relative fluorescence changes upon proton titration and the pK values for the proton binding
were determined by fitting the pH dependence with the Hill function. Proton titration
experiments performed in the E; state of the enzyme and in the absence of K* (Kdp only,
full circles), were fitted with a pK of 7.55 + 0.05 and a Hill coefficient of n > 1.4. When
proton titration was performed in the P-E; state in the absence of K*, determined pK values
were 6.78 = 0.20 and 7.34 + 0.04, when the phosphorylated state was produced by 1 mM
Mg-ATP or 1 mM Tris-P;, respectively. The results presented in Figure 33B show the
dependence of the pK values on the KCI concentration up to 500 pM in the
unphosphorylated state of the enzyme. These data indicate that the K™ concentration in the
buffer has no significant effect on the pK value. If K* binding would compete with protons,
the apparent pK values should decrease with increasing KCI concentrations. At the highest
used KCI concentration of 500 uM, which is significantly higher than saturating K*
concentration, the pK value was 7.65 + 0.20. As for the fluorescence decrease at the lowest
tested pH ~ 6 upon H" titration dependence on KCI concentration, similar effect was
observed (Figure 33C). It was found that maximal fluorescence decrease was independent
on the K™ concentration present in the buffer, with AFq.(pH~ 6) of -0.057 + 0.002 at 0 K,
and -0.050 + 0.01 at 500 uM K. Obtained values of the K* and H* binding affinities under
various conditions are summarized in Table 3.

Comparing the results compiled in Table 3, it is apparent that the K* binding affinity in
the phosphorylated state of the KdpFABC complex is generally lower than in the
unphosphorylated conformation. Higher proton concentration reduces the K* binding
affinity, and this effect is stronger in the P-E, state, achieved either by ATP or P;i. In
contrast, there are no significant differences in pK in the absence and presence of K* in all
three tested states. Additionally, it was found that pK values were strongly dependent of the
phosphorylation method. The pK value in phosphorylated state achieved by addition of ATP
was found to be 5.70 £ 0.30, whereas upon back-door phosphorylation it was 7.20 + 0.20.
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Figure 33. pH titration experiments with the detergent-solubilized KdpFABC complex in different
conformations, in the absence and presence of different K concentrations. A: In the E; conformation (Kdp
only) a pK of 7.55 could be determined, whereas in the P-E, conformation pK values of 6.78 (+ATP) and
7.34 (+ Pi) were determined. The lines drawn represent fits with the Hill function. B: Distribution of pK
values obtained in corresponding pH titrations in the presence of different K* concentrations. The pK
increased only slightly from 7.55 (0 KCI) to 7.65 (500 uM KCI). C: pH titration experiments in the
presence of different K* concentrations, showing that maximal fluorescence decrease was independent on
the K* concentration present in the buffer.
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Buffer +1mM ATP + 1 mM P;

pH 7.8 6.5+0.3 16.8 + 3.0 144+26
Kz I uM
pH 6.1 79+0.7 316+1.1 39.1+7.3
0K* 7.55 + 0.05 6.78 £ 0.28 7.34 +0.04
pK
500 pM K* 7.65+0.20 5.70£0.30 7.20+£0.20

Table 3. Comparison of ion-binding properties of detergent-solubilized KdpFABC. Half-saturating K*
concentrations were determined at pH 7.8 and pH 6.1 for both the unphosphorylated and phosphorylated
state induced by the addition of either Mg-ATP or inorganic phosphate (P;). Apparent pK values were
obtained in the absence and presence of saturating 500 uM KCI.

To investigate this remarkable asymmetry of K* and H* competition, the K* binding
Kinetics in the E; state was analyzed in terms of a Lineweaver-Burk plot. K™ titrations at five
different pH values in the range of 6.1 — 7.8 are shown in Figure 34. The interception of the
linear-regression lines through the data points is above the 1/[K'] axis, and it indicates a
mixed inhibition of K* binding by protons. This finding suggests that at least two different
mechanisms contribute to the inhibitory effect.
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Figure 34. Lineweaver-Burk plot of K* binding to solubilized KdpFABC in its E; conformation at different
pH values. The interception of the regression lines through the data points above the 1/[K"] axis indicates a
mixed inhibition of K* binding by H".
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It was already reported that KdpFABC is capable of transporting Na*, as well as other
cations (90), in the absence of K*. To test whether Na* ions are able bind to the K*-binding
sites, corresponding Na'-titration experiments were performed (Figure 35). Starting from 2
mL buffer, containing 50 mM Tris-HCI (pH 7.8), 2 mM MgCl,, 200 nM RH421 and 9
pg/mL detergent-solubilized KdpFABC, appropriate aliquots of NaCl stock-solution were
added. The concentration dependence could be fit with a simple Michaelis-Menten Kinetics,
with half-saturating concentration Ky(Na®) of (4.3 + 0.2) mM. Interestingly, the maximal
fluorescence decrease of ~5 % was nearly identical as in the case of corresponding K*

titration, although the binding affinity is lower by a factor of ~660.
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Figure 35. Na" titration of the solubilized KdpFABC at pH 7.8 in the absence of K*. Data were fitted with a
simple Michaelis-Menten binding kinetics, with Ky,,(Na®) of (4.3 + 0.2) mM.

3.3.3. Effect of Mg** ions on K*-binding affinity

In case of the Na*,K*-ATPase it has been demonstrated that increasing concentration of
Mg®* ions have the tendency to reduce the Na*-binding affinity (173). This effect was
investigated also for the KdpFABC K™-binding affinity in the E; conformation. For this
purpose, KCI titrations were performed at pH 7.8, in the presence of various MgCl,
concentrations. The results were fitted with a Hill function, and the calculated half-

saturating K* concentrations, Ki», and the maximum fluorescence changes, AFmax, were
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plotted against respective Mg®* concentration (Figure 36). From the results shown in Figure
36A, it is apparent that the K*-binding affinity of the KdpFABC is reduced with increasing
Mg®* concentration, similar to the observation reported for the Na*,K*-ATPase. The
apparent decrease of the Na'-binding affinity in the case of the Na*,K*-ATPase has been
assigned to the Gouy-Chapman effect induced by a Mg®* ion bound in the vicinity of the
entrance of the access channel to the ion-binding sites. This explanation can also be
proposed for the results found for K*-binding affinity dependence on Mg?* of the KdpFABC
complex. According to the results shown in Figure 36A, half saturating concentrations,
Ku2(K"), increased by a factor of ~3 with increasing Mg?* concentration from 0 to 20 mM.
In addition, the affinity of the assumed Mg?*-binding site was calculated to be (6.6 + 0.2)
mM. Results presented in the Figure 36B show that under the same experimental conditions,
the amplitude of the maximal fluorescence decrease upon K* binding, AFnmax, increases by a
factor larger than 2. Taking into account that this parameter, AFqax, is @ measure of the total
amount of positive charge bound to the membrane domain (154;157), the obtained results

indicated that in the presence of Mg®* more positive charge is bound.
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Figure 36. Effect of Mg?* ions on K* binding in the E, conformation of the KdpFABC complex. A: The
apparent affinity of K" binding is reduced with increasing Mg?" concentrations. B: The maximal
fluorescence amplitude, AF., Obtained by the addition of a saturating K* concentration (174) increased
with the Mg?* concentration and indicates the binding of a higher amount of positive electric charge.
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It is unlikely, however, that the presence of Mg®" ions directly raises the number of K*-
binding sites located in the membrane domain of KdpFABC complex, therefore, a plausible
explanations for this finding is that, in the absence of K* and Mg?*, the binding site are at
least partially occupied by H*. The presence of Mg®" ions leads to a displacement of protons
from the binding sites caused by the Gouy-Chapman effect. To check this assumption,
MgCl, titrations of the solubilized KdpFABC were performed at pH 7.8 in the absence of
K*. The results presented in Figure 37 show a fluorescence increase assigned to the release
of positive charge, protons, from the ion-binding sites within the membrane domain,
induced by the Mg®" titration. Consequently, in the presence of increasing Mg®*
concentrations, the process of K* binding at saturating concentrations is no longer an
electroneutral exchange of H* by K*, but rather a net uptake of K, reflected as an increase

of the fluorescence change, AFmax.
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Figure 37. Mg titration of the solubilized KdpFABC in the absence of K* at pH 7.8. The presence of Mg**
ions induced the displacement of H" from the binding sites. This is reflected by a corresponding increase of
the fluorescence signal of the RH421. The line is drawn to guide the eye.
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3.4. DiSC;3(V)-fluorescence measurements with KdpFABC reconstituted in lipid
vesicles

For characterization of the KdpFABC-containing vesicles, the size distribution
determined by dynamic light scattering was found to be (117 + 21) nm (Figure 38). The K-
stimulated ATPase activity of the proteoliposomes determined by the malachite green assay
was found to be (0.282 + 0.008) umol P; mg™ min™. The comparison with the enzymatic
activity of the detergent-solubilized complex in B-DDM (Table 2) confirmed that ~50 % of
the KdpFABC was incorporated into the vesicles with inside-out orientation. Interestingly,
almost identical ATPase activity was measured in the presence and absence of valinomycin,

similarly to a previous observation (99).
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Figure 38. An example of the recorded distribution of the scattered light with KdpFABC-containing
vesicles, analyzed with Omnisize 2.0. The size distribution was found to be (117 + 21) nm. Procedure of the
dynamic light scattering measurement is described in 2.4.

3.4.1. Calibration of the fluorescence signal of the DiSC3(V) dye

First set of experiments was performed with plain lipid vesicles, prepared according to
the protocol described in paragraph 2.4, to calibrate the fluorescence signal of the DiSC;3(V)
dye, necessary for the later measurements in order to verify the direction of the ATP-
induced fluorescence signals. For this purpose, a gradient of potassium concentrations is
maintained across the vesicle membrane in the presence of K* ionophore valinomycin. 10
mg/mL E. coli lipid vesicles with 140 mM K" inside were added to the thermally
equilibrated 1 mL buffer containing 25 mM imidazole, ImM EDTA and 0.14 mM K;,SO,
(pH 7.2), to a final lipid concentration of 80 pg/mL, followed by the addition 300 nM
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DiSC3(V). An efflux of K* ions was initiated by the addition of 1 pM valinomycin. When a
steady-state fluorescence was reached, small aliquots of 0.5 M K,SO, were added, thus
increasing the concentrations of K™ ions in the external medium. The respective
fluorescence signal trace is given as the inset in Figure 39. After addition of each aliquot, a
new steady-state fluorescence level is reached instantaneously, and resulting fluorescence
levels were plotted against the corresponding K* equilibrium potential, Ek, calculated using
the Nernst equation (Eq. 1), where [K™]in and [K™ ] are respective potassium concentrations
of the internal and external medium. The results are given in Figure 39, and they show a
linear relationship between equilibrium potential, Ex, and the fluorescence level in the
voltage range between -120 mV and -40 mV. This observation is in good agreement with
previously published results (164). A further conclusion is that the valinomycin-induced
efflux of positive charge from the vesicles produces inside-negative electric potential, which

is reflected in a decrease of the fluorescence signal of DiSC3(V).
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Figure 39. Calibration of the fluorescence responses of DiSC3(V) dye. Plain lipid vesicles loaded with 140
mM K" were analyzed in buffer starting with 0.14 mM K*. After equilibration, 1 uM valinomycin and
subsequently aliquots of K,SO, were added (as indicated by arrows in the inset). The equilibrium potential,
Ex, was calculated from the K* concentrations inside and outside, and the fluorescence levels were plotted
against the respective Ex. The regression line through the data point was used as calibration curve to
estimate the membrane potential obtained in various experiments.
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3.4.2. Electrogenicity of the K™ transport by the KdpFABC

KdpFABC was reconstituted into E. coli lipid vesicles as described in paragraph 2.4.
Starting with 1 mL buffer containing 25 mM imidazole, 1 mM EDTA, 5 mM MgSQO,, pH
7.2 and 140 mM K, upon thermal equilibration an aliquot of proteoliposomes were added
corresponding to a final lipid concentration of 80 pg/mL and 300 nM DiSC3(V). The
concentration of K,SO4; was identical inside and outside of the vesicles. The high K*
concentration was chosen to ensure a prolonged pump activity without depletion of K.
After a stable fluorescence signal was obtained, 2.5 mM Mg-ATP was added to start ATP-
driven K* export across the vesicle membrane. Under these conditions, only the inside-out
oriented KdpFABC fraction is activated by ATP addition to the external medium. The
response of ATP-induced K* pumping by KdpFABC is shown in Figure 40A.
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Figure 40. Electrogenic pump activity of KdpFABC containing proteoliposomes detected by the fluorescent
membrane-potential indicator DiSC4(V). A: Initially, the internal K™ equals the outside K™ of 140 mM.
Addition of 2.5 mM Mg-ATP triggers K*-pumping of KdpFABC resulting in K* export out of the vesicles.
The increasing inside negative potential is reflected by a fluorescence decrease. Addition of 1 uM
valinomycin abolishes KdpFABC pump activity and stabilizes the fluorescence level at the Nernst potential,
which is controlled by the ratio of K* concentrations inside and outside the vesicles. B: When the ATP-
induced steady state was reached, 0.1 mM of the P-type ATPase inhibitor o-vanadate was added.
Consequently, the membrane potential breaks down according to the reduced pump activity and the leak
conductance of the membrane until a new steady state level is obtained.
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The results presented in Figures 39 and 40 confirm that ATP-induced pumping of K* is an
electrogenic process, and that K* is transported out of the vesicles, which is in
correspondence to previously published results (99;175). Upon addition of ATP, a new
stationary fluorescence level was reached after ~250 seconds. This level is controlled by a
compensation of the pump current by the oppositely directed leak current that increases with
the membrane potential generated by the pump activity. The achieved stationary
fluorescence level represents a measure of the pump current. Addition of 1 uM valinomycin
induced a high K* conductance across the membrane, leading to the fluorescence level that
approaches a level corresponding to the K* equilibrium potential (Eq. 1).

Addition of 0.1 mM of o-vanadate, a specific P-type ATPase inhibitor, upon a stable
ATP-induced steady-state was reached, resulted in an inhibition of the KdpFABC pump
activity. The inhibition is reflected in an exponential increase of the fluorescence signal to a
new steady-state (Figure 40B). The increase of the fluorescence signal could be fitted with a
mono-exponential function with a time constant of 47.8 s, corresponding to a specific
membrane conductance of 21 pS/cm? (assuming a specific capacitance Cy, of 1 uF/cm?).

Another set of experiments was performed with different concentrations of Mg-ATP
(pH adjusted) used to induce the KdpFABC pump activity. The conditions were the same as
previously described in the experiments shown in Figure 40. The achieved steady-state
fluorescence levels, which are a measure of the pump current, were plotted against the
respective ATP concentrations. The plot was fitted with a Hill function, providing a half-
saturating ATP concentration of (59.1 + 7.3) uM and a Hill coefficient of 0.74 + 0.07
(Figure 41). The calculated value of half-saturating ATP concentration is in good agreement
with the concentration obtained in previous ATPase activity measurements performed with
detergent-solubilized KdpFABC.
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Figure 41. Steady-state fluorescence levels reached after K™ export induced by the addition of different Mg-
ATP concentrations. Intra- and extravesicular K* concentrations were 140 mM at pH 7.2. The obtained data
were fitted with a Hill function with half-saturating ATP concentration of (59.1 £ 7.3) uM.

3.4.3. Role of H" in the transport process of KdpFABC

A first step in investigation of the role of protons in the pumping process performed by
KdpFABC complex was to obtain the pH dependence of the ATP-induced pump current.
For this purpose, experiments similar to those shown in Figure 40A were carried out, under
the same conditions except for the pH of the external medium that was varied between 6.4
and 7.8. The concentration of K* was the same inside and outside of the KdpFABC-
containing vesicles. After addition of 2.5 mM Mg-ATP, a stable fluorescence decrease was
reached upon which 0.1 mM of o-vanadate was added to inhibit the pump current. For each
pH value, at least three measurements were performed, and the average value of the final
steady-state level was calculated. Furthermore, the calculated time constants of fluorescence
increases upon inhibition by o-vanadate were used to evaluate the influence of pH on
membrane conductance. It is important to notice that the specific membrane conductance
did not significantly differ in the pH range 6.2 — 8.2, with an average leak current of (20 £ 2)
pS/cm?. Therefore, varying the pH of the buffer did not interfere with the further pH-
dependent pump-current properties. The maximum steady-state fluorescence levels, as a
measure of the pump current, were plotted against the respective buffer pH, as shown in

Figure 42. The fluorescence decrease — and therefore the pump current — was found to be
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maximal in the pH range of 7.3 - 7.4, whereas, both at higher and lower pH, the pump
current was diminished significantly. The overall pH dependence could be fit with the sum
of two Hill functions, with calculated pK values of 7.21 and 7.50. The respective Hill
coefficients were found to be larger than 2, indicating that cooperative binding of more than
one proton controls the pump current. A possible conclusion is that at low pH binding of
protons reduces the electrogenic pump activity, while at high pH the release of protons

inhibits the pump current.
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Figure 42. pH dependence of the steady-state fluorescence level obtained after addition of 2.5 mM ATP to
vesicles with reconstituted KdpFABC and 140 mM K* inside and outside. Since there is a linear relation
between the fluorescence level and the electric membrane potential, Ex (Figure 39), and at the steady-state
condition lpymp = lieak = Meak % Ek, in consequence the pump current is proportional to the steady-state
fluorescence level. The data were fitted with the sum of two Hill functions with pK; of 7.21 £ 0.02 and pK,
7.50 £ 0.02.

When ATPase activity of detergent-solubilized KdpFABC was measured at different
pH and in the absence of K" ions (Figure 27B, dashed line), a residual H*-induced pump
activity was observed. Therefore, a possible electrogenic H* transport of KdpFABC
reconstituted in E. coli lipid vesicles was studied. KdpFABC-containing vesicles were
prepared in absence of K*, using only ultrapure chemicals and water, and no pH electrode
was immersed in the solutions, in order to reduce K* contamination. Similar to the

previously conducted experiments, 1 mL buffer containing 25 mM imidazole, 1 mM EDTA,
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5 mM MgSO, at pH 7.2 was thermally equilibrated, followed by addition of an aliquot of
proteoliposomes corresponding to 80 pg/mL and 300 nM DiSC;3(V). Upon achieving a
stable fluorescence signal, 2.5 mM Mg-ATP was added, triggering the KdpFABC pump
activity. According to the results shown on Figure 43A, a minor fluorescence increase, in
the order of ~5 %, was observed upon ATP addition, followed by an extremely slow
fluorescence decrease. As previously mentioned, an increase of the fluorescence signal of
the DiSC3(V) dye is a result of an uptake of positive charge inside the vesicles. Since no
other cations are present in the solution, the obtained result indicates transfer of protons into
the vesicles. As a result of this ATP-induced H* transport, the intravesicular protons
concentration becomes higher than outside. This observation is confirmed by the subsequent
addition of the uncoupler SF 6847 (176), that led to a drop of the fluorescence to a signal
below the initial level, indicating an intravesicular negative potential as a result of H*
export.

To exclude possible artifacts produced by Mg-ATP and the uncoupler SF 6847, control
experiments were performed. The first experiment was performed in the absence of Mg®*
and by addition of Na,-ATP instead of Mg-ATP. Under these conditions, KdpFABC could
not be activated, since Mg?* is an essential cofactor for enzyme phosphorylation. Therefore,
no ion transport can occur. According to obtained result (Figure 43B), no fluorescence
signal change was observed, confirming that no pump current was generated in the absence
of Mg”" in the solution, and that addition of ATP does not induce any fluorescence artifacts.

In the second control experiment, the addition of Mg-ATP and uncoupler SF 6847 was
reversed (Figure 43C). The addition of 10 nM SF 6847 did not produce any significant
fluorescence signal change, indicating that no pH gradient is present across the vesicle
membrane. Subsequent addition of Mg-ATP induced no significant fluorescence change, as
a consequence of vesicle membrane short-circuited for protons in the presence of the
uncoupler SF 6847. The acquired results strongly indicate a limited ATP-induced H* uptake,
resulting in an inside-positive potential, and a pH gradient produced by addition of the SF
6847. Interestingly, the direction of the proposed proton transfer would oppose that of K*

pumping.
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Figure 43. Proton transport in reconstituted KdpFABC vesicles prepared in the absence of K*. A: Addition
of 1 mM Mg-ATP produced a small fluorescence increase that was stabilized until 20 nM uncoupler SF
6847 was added, leading to a decrease of the fluorescence below the initial level. B: When in the absence of
Mg®*, 1 mM Na,-ATP was added, no pump activity was possible and no fluorescence change could be
detected. C: The initial addition of 10 nM uncoupler SF 6847 resulted in vesicle membranes short-circuited
for protons. Subsequent addition of Mg-ATP induced no significant fluorescence change, thus, no ion
transport occurred due to short-circuited membrane for protons.

3.4.4. Effect of extravesicular K* and Mg?* concentrations on the pumping activity
of the KdpFABC complex

The transport activity of reconstituted KdpFABC complex in E. coli lipid vesicles was
investigated also with respect to different K* concentrations present in the external medium.
Vesicles were prepared with 140 mM K inside at pH 7.2, according to the previously
described protocol. The external concentration of K* was varied in the range from 0.14 mM

to 140 mM, and the only anion was sulfate. The ionic strength of the external solution was
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kept constant by addition of Tris*. Activation of the KdpFABC pump was induced by the
addition of 1 mM Mg-ATP (pH adjusted) and the respective fluorescence decrease was a
result of K* extrusion from the vesicles. Fluorescence changes were fitted with a mono-
exponential function, and initial slope was calculated as the time derivative at t—0
(paragraph 2.5.3a.), a condition under which the depletion of the intravesicular K*
concentration is not the limiting factor for the KdpFABC pumping and under the assumption
that the vesicles are of uniform size. As already mentioned, the initial slope of the
fluorescence signal change reflects the initial pump activity. In Figure 44 calculated initial
slopes were plotted as a function of the external K* concentration. From the obtained data,
the initial pumping activity of the reconstituted KdpFABC complex decreases with
increasing K* concentration of the external medium, indicating an inhibitory effect of the
extravesicular (cytoplasmic) potassium concentration. The results were fitted with a Hill
function and as a result an inhibition constant, Ki(K")ey, is determined, as a concentration of
the external K* at which the inhibition of the KdpFABC pumping activity is half-maximal.
The obtained values are Ki(KMex=(23 + 2) mM and a Hill coefficient of n=1.5 + 0.2. The
similar inhibitory effect of K* was reported also in the case of Na*,K*-ATPase (177).
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Figure 44. Initial slopes of the ATP-induced fluorescence decrease as a function of K* concentration
present in the external medium. The initial slope reflects the KdpFABC pump activity. The intravesicular
K" concentration was constant 140 mM at pH 7.2. The concentration dependence was fitted with a Hill
function, with a Ki(K" ¢) =(23 £ 2) mM and a Hill coefficient of n = 1.5 + 0.2.
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In another set of experiments, the Mg®* concentration was varied in the external
medium. The magnesium ion acts as a cofactor required for the phosphorylation step and
pumping activity. In the case of other P-type ATPases it was shown that it can be replaced
by other divalent cations, although none acts as effective as magnesium. To investigate the
effect of magnesium on the pumping activity of the reconstituted KdpFABC, vesicles were
prepared in the buffer containing 25 mM imidazole, 1mM EDTA and 140 mM K" at pH 7.2.
Buffer of the same content was used as external medium with different MgSO,
concentrations between 0 and 20 mM. The pump activity was induced by addition of 1 mM
Nap-ATP (pH adjusted). In the absence of magnesium no pump activity was measured. The
fluorescence decrease in the presence of respective Mg®* concentrations was fitted with a
mono-exponential function, and the pump activity reflected by the initial slope was
determined as characteristic parameter. As mentioned previously, under this condition the
decline of the intravesicular K* concentration was no limiting factor for the pump activity.
The dependence of the initial pump current on the extravesicular magnesium concentration
is shown in the Figure 45. It was fitted with a Hill function and the corresponding
K12(Mg?*) was found to be (1.73 + 0.05) mM. The presented results reveal that the pumping
activity of the reconstituted KdpFABC increased with increasing Mg?* concentration up to
20 mM. The obtained half-saturating constant of 1.73 mM is almost three time higher than
the value reported in the case of the Na*,K*-ATPase (177).
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Figure 45. Calculated initial slopes, reflecting the initial KdpFABC pump activity, as a function of external
Mg®* concentration at pH 7.2. The K* concentration of 140 mM was the same inside and outside of the
vesicles. The data were fitted with a Hill function, providing the K;,(Mg?") of (1.73 + 0.05) mM.
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3.4.5. Effect of ADP and inorganic phosphate on the pumping activity of the
KdpFABC complex

KdpFABC transports K* ions across the membrane utilizing the energy released during
the enzymatic ATP hydrolysis performed the KdpB subunit. The actual value of the Gibbs
energy for ATP varies, and under normal physiological conditions has the value close to -50
kJ/mol. Products of ATP hydrolysis, ADP and inorganic phosphate, P;, should affect the
KdpFABC pumping process. Besides the direct competition at the ATP binding site, the
presence of ADP in the medium may also reverse the phosphorylation step, thus decreasing
the turnover rate of the KdpFABC. In the same manner, inorganic phosphate may affect the
turnover rate by slowing the dephosphorylation step by shifting the equilibrium toward the
E,-P state. In order to investigate the effects of the ADP and P; on the K™ transport,
KdpFABC was reconstituted into E. coli lipid vesicles, with 140 mM K™ inside and outside
of the vesicles. All other conditions were the same as in the previous preparations. Starting
with 1 mL buffer containing 25 mM imidazole, 1 mM EDTA, 5mM MgSO, (pH 7.2), an
aliquot of vesicles corresponding to the 80 pg lipids/mL and 300 nM DiSC3(V) were added.
After achieving a stable fluorescence signal, different aliquots of concentrated stock-
solutions of ADP or P; were added, followed by the addition of 1 mM Mg-ATP (pH
adjusted). Upon KdpFABC activation by ATP, the fluorescence signal decreased to a new
steady-state state. Corresponding time-depended fluorescence traces of ATP-driven K*

extrusion at different ADP concentrations in the external medium are shown in Figure 46.

10 %

1500 uM ADP

o

1000 M ADP
s

\‘ZIJIJ KM ADP
/

0 uM ADP

50

Figure 46. ATP-induced K" transport at different ADP concentrations in the external medium. The K*
concentration was 140 mM (inside an outside of the vesicles), pH 7.2. Addition of ADP prior ATP addition
did not produce significant fluorescence change. The maximal fluorescence decrease shows clear decrease
with increasing ADP concentration.
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The calculated half-maximal inhibiting concentrations of ADP and P; were K; (134 + 15)
MM and K; (268 + 35) uM, and Hill coefficients 0.84 + 0.11 and 0.63 £ 0.05, respectively
(Figure 47). The amplitudes of the fluorescence decrease upon ATP-activation decreased
with increasing both ADP and P; concentrations (Figure 46, in the case of ADP). Respective
concentrations in case of the Na*,K*-ATPase previously reported were 80 -100 uM for ADP
and 14 mM for P; inhibition (178). In comparison with the results obtained for the
KdpFABC it was found that the kinetics of inhibition seems to be similar for ADP, since the
half-maximal inhibitory concentration are in the same order of magnitude. On the other
hand, whereas inhibition of Na*,K*-ATPase by inorganic phosphate was found to be only

weak, a much stronger inhibitory effect was observed for the KdpFABC complex.
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Figure 47. Initial slope [(dForm/dt)=o]mex @S @ function of ADP (in red) and P; (in black). The ATP
concentration was 1 mM, whereas internal and external K* concentration was 140 mM. Data were fitted
with a Hill function, with K;(ADP) of (134 + 15) uM and a Hill coefficient of 0.84 + 0.11, and K;(P;) of
(268 £ 35) uM and a Hill coefficient of 0.63 £ 0.05.
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3.5. KdpFABC activity inhibition by o-vanadate

It is long known that a phosphate-analogue, o-vanadate, acts as a specific inhibitor of the
P-type ATPases (179;180). Vanadate binds to the E, state of the enzymatic reaction cycle,
thereby mimicking the E,-P transition state, as shown in the simplified reaction scheme of
the KdpFABC (Figure 48). Sensitivity to o-vanadate indicates that the pump is capable of
performing a full reaction cycle with respective E; — E; transition. The specific inhibition
of enzymatic and therefore also of the transport activity of KdpFABC by o-vanadate was
tested both with detergent-solubilized complex with f-DDM and reconstituted KdpFABC

into E. coli vesicles.

ATP + H,0 ADP

El » EI-P

P, H:0
B2 < \ / E2-P

l ortho-vanadate

E2 -vanadate

Figure 48. Simplified scheme of the enzymatic KdpFABC reaction cycle, with o-vanadate inhibition shown
in red.

The first set of experiments consisted of the malachite green ATPase assay of detergent-
solubilized enzyme in Aminoxide WS-35 in the presence of different o-vanadate
concentration ranging from 0 to 1 mM, whereas the ATP concentration was constant 0.67
mM (Figure 49A). For each o-vanadate concentration three different measurements were
performed and the average activity was calculated, while the error is given as s.e.m. The
concentration dependence of the activity was fitted by a Hill function, with a K; of (0.98 +
0.12) uM, corresponding to the half-maximal activity inhibition, and a Hill coefficient was
1.2 £ 0.2. The enzyme activity of the detergent-solubilized KdpFABC in DDM was 0.55
pmol P; mg™? min? in the presence of 0.1 pM o-vanadate, revealing activity loss of

approximately 50 %.
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Figure 49. Inhibition of ATPase activity of B-DDM-solubilized KdpFABC by o-vanadate. A: Malachite
green activity assay preformed at different o-vanadate concentrations. Data were fitted with a Hill function
and respective half-maximal inhibitory concentration K; of (0.98 £ 0.12) uM. B: Lineweaver-Burk plot of
ATP-dependent KdpFABC activity at different o-vanadate concentrations. From the interception of the
respective regression curves, a complex kinetics of inhibition by o-vanadate is indicated. At high ATP
concentration, a mechanism corresponds to a competitive binding, whereas at low ATP concentrations, a
“partial” uncompetitive kinetics is indicated.

In the second set of experiments, the inhibition kinetics of o-vanadate towards the ATP
hydrolysis was investigated. The malachite green assay experiments were performed in the
presence of different o-vanadate concentrations, 0, 2, 5 and 10 uM, and the ATP hydrolysis
was measured when the ATP concentration was varied between 0 and saturating 667 pM.

All other conditions were kept identical to the protocol described previously. From the
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obtained data, a competition between ATP and o-vanadate was analyzed using a
Lineweaver-Burk plot (Figure 49B). Reciprocal values of measured ATPase activity were
plotted against the reciprocal ATP concentration for all four o-vanadate concentrations used.
The obtained results indicated a complex inhibition of ATP hydrolysis by o-vanadate.
However, at lower ATP concentrations, the linearly fitted curves for different o-vanadate
concentrations indicate a behavior similar to an uncompetitive binding kinetics. The true
uncompetitive binding Kinetics, however, is not completely certain, since the regression
curves are not absolutely parallel. The consideration of “partial” uncompetitive binding
kinetics would mean that o-vanadate binds only to the enzyme-substrate complex, to some
extent. At higher ATP concentration, the regression lines intercept on the y axis, suggesting
competitive binding kinetics between ATP and o-vanadate, thereby binding of an inhibitor
to the active binding site of the KdpFABC prevents binding of the ATP.

The inhibitory effect of the o-vanadate was also tested in the case of KdpFABC
reconstituted into E. coli lipid vesicles. The malachite-green ATPase activity assay was
performed with the modifications described previously. The concentration of o-vanadate
was varied between 0 and 5 mM, while the ATP concentration was 0.67 mM. The
experiments at each o-vanadate concentration were performed in triplicate, and the average
ATPase activity was calculated. Obtained results were fitted with a Hill function, shown in a
Figure 50A, with a K; of (62 + 6) uM and a Hill coefficient n of 0.77 + 0.05. The malachite
green assay experiments were also performed in the presence of different o-vanadate
concentrations, 0, 10 and 100 uM, and the ATP hydrolysis was measured when the ATP
concentration was varied between 0 and saturating 667 uM. All other conditions were kept
identical to the protocol described previously. From the obtained data, a competition
between ATP and o-vanadate was analyzed using a Lineweaver-Burk plot (Figure 50B).
Reciprocal values of measured ATPase activity were plotted against the reciprocal ATP
concentration for all four o-vanadate concentrations used. The obtained results suggest
simpler inhibition kinetics than one found in the case of detergent-solubilized KdpFABC. In
this case, a true uncompetitive inhibition is indicated, which means that o-vanadate binds to
the enzyme-substrate complex. The fraction of the competitive binding kinetics indicated for
detergent-solubilized KdpFABC at ATP concentration higher than 0.1 mM (Figure 49B)
was not observed in the case of reconstituted KdpFABC. A possible explanation for this
finding could be a lower sensitivity of the reconstituted KdpFABC, thus the contribution of

the competitive inhibition of o-vanadate toward ATP hydrolysis is decreased or even lost.
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Figure 50. Inhibition of the ATPase activity of reconstituted KdpFABC into E. coli lipid vesicles by o-
vanadate. A: The malachite green activity assay preformed at different o-vanadate concentrations. The
data were fitted with a Hill function and the respective half-maximal inhibitory concentration K; was (62 +
6) uM. B: Lineweaver-Burk plot of ATP-dependent KdpFABC activity at different o-vanadate
concentrations. Interception of the respective regression curves indicates an uncompetitive binding
kinetics. C: Fluorescence increase upon addition o-vanadate in small aliquots. The data were fitted with a
Hill function and a K; of (40 = 7) UM was determined.
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Another approach to investigate the inhibitory effect of o-vanadate was carried out
using the DiSC3(V) and the reconstituted KdpFABC complex. Vesicles were formed
according to the protocol (2.4), with potassium concentrations of 140 mM inside and
outside. Starting with 1 mL buffer, containing 25 mM imidazole,1 mM EDTA and 5 mM
MgSQ, (pH 7.2), an aliquot of vesicles corresponding to the 80 ug lipid/mL and 300 nM dye
were added. After achieving a stable signal, 1 mM Mg-ATP was added, inducing K* export.
When a stable fluorescence was reached, aliquots of o-vanadate stock-solution were added,
resulting in the fluorescence signal increase to a new steady-state. Amplitudes of normalized
fluorescence signal changes were plotted against respective o-vanadate concentrations
(Figure 50C). Data were fitted with a Hill function with a concentration corresponding to
the half-maximal inhibition K; of (40 + 7) uM. Calculated values suggest that reconstituted
KdpFABC is only partially sensitive in comparison to detergent-solubilized complex.

3.6. Temperature dependence of the KApFABC activity

Beside structural and kinetics properties, another important aspect in understanding of
the ion transport performed by ion pumps is the energetics of the transport. One approach to
gain insight into the energetics of the KdpFABC is the temperature dependence of
enzymatic and transport function. The malachite green activity assay of the p-DDM-
solubilized KdpFABC was performed at different temperatures in order to determine the
activation energy under turnover conditions. The assay was performed according to the
modified protocol, and the samples were incubated at temperatures between 6 °C and 40 °C
for 30 minutes. At higher temperatures (>40 °C) measured activity showed decrease,
probably due to denaturation of the KdpFABC complex and consequently a loss of activity.
For each temperature three measurements were performed and the average ATPase activity
was calculated. The ATPase activity was plotted against the respective temperature,
exhibiting exponential dependence (Figure 51A). For calculation of the activation energy,
the logarithmic activity, In A, was plotted against reciprocal temperature, according to the
Arrhenius equation (Figure 51B). Data were fitted with linear regression and provided an

activation energy of E; = (55 = 1) kJ/mol.
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Figure 51. ATPase activity of detergent-solubilized KdpFABC in B-DDM at different temperatures. A:
Exponential profile of the temperature-dependent ATPase activity measured by the malachite green assay.
B: Temperature dependent ATPase activity represented as Arrhenius plot. The calculated activation energy
was (55 + 1) kJ/mol.

To determine the activation energy of ATP-driven K™ transport across the membrane,
fluorescence measurements with DiSCs(V) were carried out at various temperatures.
Vesicles were prepared according to the previously described protocol, containing 140 mM
K*. The thermostated cuvette was filled with 1 mL buffer containing 25 mM imidazole, 1
mM EDTA and 5 mM MgSO, (pH 7.2), followed by the addition of an aliquot of vesicles
and 300 nM dye. Upon the subsequent addition of 1 mM Mg-ATP, the fluorescence signal
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decreased, finally achieving a new steady-state. The temperature was set between 9 °C and
40 °C, and for each temperature 3 experiments were performed, and the average
fluorescence decrease was calculated. The ATP-induced fluorescence decrease was fitted
with a mono-exponential function, enabling calculation of the initial slope. The initial slope
was proportional to the initial KdpFABC-pump activity, and it was plotted against
respective temperature (Figure 52A). Since the data exhibited a typical exponential profile,
they were further evaluated as Arrhenius plot (Figure 52B), with the y axis representing the
logarithm of the initial slopes, In k, and the x axis representing the reciprocal values of the

temperatures. The calculated activation energy was (111 £ 5) kJ/mol.
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Figure 52. Temperature dependence of K* pumping activity of the reconstituted KdpFABC complex in E.
coli lipid vesicles. A: A typical exponential dependence of initial pump activity, represented by the initial
slope as function of the temperature. B: Temperature dependence of K™ extrusion on temperature
represented as Arrhenius plot. The calculated activation energy was (111 + 5) kJ/mol.
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3.7. Time-resolved Kinetics experiments with detergent-solubilized KdpFABC

To gain more insight into the kinetics of the reaction steps of the KdpFABC pump cycle,
various experiments using caged ATP and RH421 fluorescence dye were carried out. The
first set of experiments was performed at a saturating concentration of caged ATP and
various KCI concentrations in the buffer. Under these conditions, the conformational change
E;-P — P-E, is assumed to be the rate-determining step of the ATP-induced reaction
sequence. After photochemical release of ATP, a fluorescence decrease was observed as a
result of K* binding to the solubilized KdpFABC complex. All experiments were performed
at least 3 times, and the average fluorescence decrease was calculated. The fluorescence
decrease was fitted with a mono-exponential function, and the obtained time constants, T,
were plotted against the respective K concentrations (Figure 53). The time constant did not
change significantly with the K* concentration that was varied by a factor of 10*. The
average value was found to be (592 = 23) ms. Important to note is that the determined time
constant is by a factor of 100 greater than the one of the ATP-release reaction (2.5.2b.), and
therefore hardly affected by the caged ATP photo-dissociation process.
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Figure 53. Dependence of the time constant, t, of the fluorescence decrease upon photorelease of ATP as a
function of K* concentration, at pH 7.8 and 25 °C. The line through the data is a linear fit, indicating the
absence of a significant K* dependence.
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Another parameter determined from these experiments is the ratio between the
amplitude of the fluorescence signal decrease and the time constant, A / t, reflecting the
fraction of the solubilized KdpFABC complexes activated by the photochemically released
ATP (2.5.2b.). Ratios were plotted against KCI concentrations and were fitted with a Hill
function, providing a half-saturating K* concentration, Ky, of (5.27 + 0.24) uM and a Hill

coefficient of 2.3 + 0.2, as shown in Figure 54.
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Figure 54. Dependence of the ratio between the amplitude of the fluorescence signal decrease, A, and
respective time constant, t, obtained from the fit of the fluorescence decrease by a mono-exponential
function, at pH 7.8 and 25 °C. The concentration dependence was fitted with a Hill function with Ky, of
(5.27+£0.24) uyM and n 2.3 £0.2.

The second set of experiments was performed at different pH, in the absence and
presence of saturating 100 uM K*, and saturating concentration of caged ATP. All
experiments were performed at least 3 times, and the average fluorescence decrease was
calculated. The fluorescence decrease was fitted with a mono-exponential function, and the
obtained rate constants, k = 1 / 1, were plotted against the respective pH (Figure 55). pH-
dependance of determined time constant in the absence of K* was fitted by the sum of two
Hill functions, with corresponding pKj of 7.41 £ 0.01 (n = 6.1 £ 0.5) and pK; 0f6.98 + 0.01
(n=4.2 £ 0.4). The highest rate constant was found to be at pH ~7.2. The results obtained in
the presence of saturating K*, could be fitted with a single Hill function with a pK of 6.70 +
0.10 and a Hill coefficient of n = 2.0 £ 1.0.
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Figure 55. pH-dependence of the rate constant, k, of the fluorescence decrease upon photorelease of ATP,
in the absence (black) and in the presence of 100 uM K* (red). The results of the pH-dependance in the
absence of K* were fitted by the sum of two Hill functions with pK; of 7.41 + 0.01 (n = 6.1 + 0.5), and pK,
0f 6.98 + 0.01 (n = 4.2 + 0.4). The obtained results in the presence of 100 uM K™ were fitted with a Hill
function with pK of 6.7 £0.1 (n = 2.0 = 1.0).

To evaluate the real effect of H* on the rate constant of the conformational transition of
KdpFABC, a possible artifact produced by the pH-dependent ATP-release should be
discussed. ATP-release kinetics is given by the equation:

[ATP] =0 - [caged ATP] - (1 —e™) (Eq. 12)
where [caged ATP] and [ATP] are concentrations of caged ATP and released ATP,
respectively, 0 is a quantum yield of the photo reaction, t is time, and A is a characteristic
parameter of ATP-release process, described as (181-183):

A=22-10°- 10" (Eq. 13)

The time constant (in milliseconds) of the ATP-release process can be calculated according
to:
t=1/A=455-10"-10" (Eq. 14)

The ATP-release time constants are 0.455 ms (pH 6), 4.55 ms (pH 7) and 45.5 ms (pH 8).
The time constant of the conformational transition is in the order of 700 ms at pH 8 (Figure
55), which is (in the worst case) ~15 times higher than that of ATP-release process at pH 8.
Therefore, an effect of the pH-dependent ATP-release kinetics on the conformational
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transition process of KdpFABC may be neglected in the pH range covered in the

experiments.

As previously mentioned, at saturating ATP concentrations, ATP-binding and
KdpFABC phosphorylation are faster than the conformational transition. At non-saturating
ATP concentrations, however, ATP-binding becomes rate-limiting process. The time
constant of the fluorescence decrease under this condition reflects the rate of the ATP-
binding reaction. In the next set of experiments, the apparent ATP-binding concentration of
the solubilized KdpFABC was determined, in the presence of saturating 100 uM KCI at pH
7.8, and various concentrations of caged ATP between 1 and 400 pM. The luciferin-
luciferase assay was used to determine concentration of released ATP, and the calibration
curve is given as the inset in Figure 56. The fluorescence decreases were fitted with a mono-
exponential function, and time constants were plotted against the concentration of

photochemically released ATP upon single laser pulse (Figure 56).
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Figure 56. Concentration dependence of ATP binding with detergent-solubilized KdpFABC in Aminoxide
WS-35. The RH421 method was used to determine the concentration dependence relaxation-time constant, T,
of the fluorescence decrease. The calibration curve obtained with luciferin-luciferase assay is given as the
inset, showing a linear dependence in the ATP concentration range between 0.001 and 100 uM. The apparent
ATP-binding constant was determined to be (59 + 3) uM and a Hill coefficient of 0.66 + 0.05.
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The ATP-binding constant was determined using a Hill fit, and it was found to be (59 *
3) UM with a Hill coefficient of 0.66 + 0.05. A problem encountered in these measurements
was that the upper limit of the caged ATP concentration used was 400 uM, and higher
concentrations were avoided because of possible artifacts caused by the high absorption of
the caged ATP in the solution that prevented a homogeneous illumination and therefore a
homogeneous release of ATP. Moreover, the inhibition constant of caged ATP for the
KdpFABC complex was determined previously with electrical experiments and found to be
630 UM (99), in the presence of saturating K™ concentration, indicating that caged ATP acts

as a weak competitive inhibitor of ATP binding.
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4. DISCUSSION

The KdpFABC complex of E. coli, a member of P-type ATPase superfamily, is a high
affinity potassium uptake system, expressed as an emergency transport system under
potassium-limiting conditions. Only the largest KdpB subunit exhibits an explicit homology
to other P-type ATPases and represents the catalytic subunit that performs ATP hydrolysis,
whereas the KdpA subunit binds and transports K* and shows similarities to KcsA-like K-
channels. The essential function of P-type ATPases consists of coupling between the
energy-releasing ATP hydrolysis and the energy-consuming ion transport across
membranes. The ion transport process is performed by enzyme phosphorylation and
dephosphorylation, followed by sequential substrate binding or release, as summarized in
Post-Albers scheme (Figure 6). In this project, the ultimate goal was to characterize the
mechanistic aspect of the KdpFABC pump cycle. To obtain such functional information on
the molecular mechanism of KdpFABC complex, several questions were addressed. First,
the nature of the ion-binding partial reactions of the pump cycle of the detergent-solubilized
KdpFABC was investigated. For this purpose a fluorescence technique was employed that is
based on the voltage-sensitive dye RH421. It enables monitoring of ion movements in the
membrane domain of the KdpFABC complex. Based on this method, the electrogenicity of
H* and K" binding was investigated, in unphosphorylated E; and phosphorylated E,-P
conformation, the latter achieved by addition of either ATP or inorganic phosphate, P;. K*-
binding titrations were carried out under different conditions, to examine the effects of H*
and Mg** in the electrolyte. To compare the transport and the enzyme activity, the
dependence of ATP hydrolysis on the proton concentration was measured. The data
available from a few well-studied members of the family, such as Na*,K*-ATPase and SR
Ca®*-ATPase, strongly suggest that countertransport is essential for all P-type ATPases
(184). Secondly, the KdpFABC was reconstituted in E. coli lipid vesicles, and the
electrogenic pump activity was studied using the fluorescent potential indicator DiSC3(V).
With this approach, the proposed proton transport was investigated. Effects of different
substrates/inhibitors on the ATP-induced K" export were studied. In the third part, time-
resolved experiments with detergent-solubilized KdpFABC were carried out, providing
additional Kkinetic information about the reaction cycle. The obtained results will finally

allow us to build-up an appropriate Post-Albers model for the KdpFABC pump cycle.
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ATPase activity and RH421 experiments with detergent-solubilized KdpFABC

The initial step of this study was to identify the most appropriate detergent which
preserves functional integrity of the KdpFABC complex upon its solubilization and
purification. In total, six different detergents were tested to obtain protein/detergent
complexes with biochemical properties as close to the physiological state as possible. The
obtained results (Table 2) revealed that only an unspecified mixture of detergents,
Aminoxide WS-35, provided a functional complex with a Ky»(K") of 6.5 uM that is in the
same order as previously reported values for the ion pump in its native environment. The
KdpFABC complex purified with other detergents, which are commonly used for the
purification of various other membrane proteins, resulted in both lower ATPase activities
and K'-binding affinities, the latter more significantly affected. Furthermore, the major
component in this mixture, 3-Laurylamido-N,N'-dimethylpropyl amine oxide (LAPAO),
alone was not sufficient to preserve the functional properties of the KdpFABC. Although the
enzyme activity was found to be close to one obtained with Aminoxide WS-35, the K-
binding affinity was lower by a factor of 20. This observation suggests that a minor, not yet
identified component present in the Aminoxide WS-35 detergent mixture is crucial for
proper enzyme function, possibly playing the role of a functional lipid. A similar finding has
been determined for the Na*,K*-ATPase to which a functional PS lipid is bound to support a
stable structure of the functional ion pump (172). Mass-spectrometric analyses are underway
to identify the specific component(s) and the mechanism by which they stabilize the
functional KdpFABC complex. According to the results summarized in Table 2, the effect
of the detergents is much lower on the overall enzyme activity (a factor of ~8.5 comparing
activities in the presence of Fos-choline 12 and Aminoxide WS-35), than on the K*-binding
affinity (the corresponding factor is ~2300). This means that obviously the structure of the
ion-binding site of the KdpA subunit inside the membrane is more severely affected by the
detergent/lipid environment, than the enzymatic function in KdpB which is located in the
cytoplasmic part of the subunit. In addition, the coupling mechanism between the KdpB and
KdpA must be also affected, since the induction factor (which may be interpreted as a
measure of coupling between ATP hydrolysis in KdpB and ion binding and transport in
KdpA) differs by a factor of ~4 between Fos-choline 12 and Aminoxide WS-35. Coupling is
also assumed to occur inside the membrane domain. On the other hand, the lower induction

factor, Fing, in Fos-choline 12 indicates that the ATPase function must be less strictly
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coupled to the ion-transporting domain, since the saturating K* concentrations increase the
enzyme activity less strongly compared to the observation in case of the Aminoxide WS-35

solubilized complex.

Substrate dependence of the KApFABC ATPase activity

Results of the K*-dependent enzyme activity (Figure 27A) were fitted with a Michaelis-
Menten kinetics providing a Ky, of (2.03 £ 0.12) uM that is, together with the respective
value of RH421 K*-binding titration (Table 2), in agreement with previously published data
(54;67;114). Furthermore, the enzyme activity could be stimulated not only by the presence
of the transported K* ions but also by H" and Na", although to a significantly lesser extent.
The maximal activity was found to be (0.18 + 0.02) umol P; per mg protein per min for H*,
and (0.27 + 0.10) pmol P; per mg protein per min for Na* at pH 7.8. These activities
correspond to 21 % and 31 %, respectively, of the maximal activity in the presence of
saturating 3.3 mM K" at pH 7.8. In the absence of K* both ion species seem to act as weak
congeners of K, with respect to stimulate the ATPase activity (Figure 27B). This has been
already demonstrated for all alkali ions and not only for the native protein but also for
mutant G232D within the KdpA subunit (90). The residue G232 was found to be of crucial
importance for both K* affinity and selectivity, and it is the first residue within the highly
conserved GGG motif, that forms a selectivity filter-like sequence similar to that found in
the KcsA K* channel (91). In the RH421 ion-binding experiments with detergent-solubilized
KdpFABC complexes it was demonstrated that binding of K, as well as of both H* and
Na’, produced a fluorescence decrease. The fluorescence decrease, which is a result of an
uptake of positive charge into binding sites inside membrane domain of the KdpFABC, was
observed in both unphosphorylated and phosphorylated conformation of the enzyme
(Figures 30-32, 35).

The effect of pH on the K*-induced enzyme activity was investigated to address the
question of the role of protons in the function of the pump (Figure 27B). If H" is able to
bind competitively to the ion-binding site(s) and would be transported as a counterion, an
overall decrease of the ATPase activity is expected at high pH due to the lack of the
transported substrate. According to the results shown in Figure 27B this is not the case.
Therefore, the proton countertransport is less likely in case of the KdpFABC. Another

observation is that increased H* concentrations obviously reduce the turnover number of the
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KdpFABC complex even at saturating K* concentration. To include both effects of H* on
the enzyme activity two possible explanations are suggested. On the one hand, numerous
amino-acid side chains are prone to protonation/deprotonation and may affect the enzyme
and/or transport function in an unspecific manner. On the other hand, since in the absence of
K" a small but significant enzyme activity was detected (Figure 27B, open circles and
dashed line), H" could bind also to specific sites, thereby generating either an allosteric
effects on the KdpB subunit or direct competition in the K*-binding sites of the KdpA.

The ATP-dependent enzyme activity (Figure 28) demonstrated a complex behavior. The
activity increase was observed at ATP concentrations lower than 500 uM, with a Ky, 1 of 65
UM, which is in agreement with already reported ATP affinities (99;115). At ATP
concentrations higher than 500 pM, the enzyme activity showed a decrease and the
concentration dependence was fitted by a Hill function with a Ky,, of 1.54 mM and a Hill
coefficient of 2.1. Although a Hill coefficient higher than 2 indicates that this inhibitory
effect of ATP depends on a cooperative action of at least two ATP molecules, a mechanistic
explanation for this observation cannot be given so far. An almost identical behavior was
found for both Na,-ATP and Mg-ATP, confirming that effect is indeed produced by ATP. A
recent analysis of the ATP binding mechanism of KdpFABC does not reflect the potential
involvement of two ATP molecules, but rather include formation of a transient
KdpBN/KdpCso/ATP ternary complex at a 1:1:1 stoichiometry (117).

lon-binding titrations

Results of the RH421 titration experiments performed in both E; and E, state, achieved
by addition of either ATP or Tris-P; (Figures 31-33), provide information on the ion-binding
and release reactions of KdpFABC. The ion-binding affinity for both ions, K* and H*, was
found to differ in the unphosphorylated and phosphorylated conformation. Furthermore, the
results revealed an asymmetric mutual interference between K* and H*, with partially
dependent half-saturating concentrations on the phosphorylation mechanism (Table 3).
According to the presented experimental data, several important conclusions can be drawn.
Since the amplitude of the fluorescence decrease induced by K* is basically unaffected by
H* and vice versa, K" and H* bind preferentially to different sites in the membrane domain,
and an electroneutral exchange of K* for H" contributes only to a small fraction to this

process. In the unphosphorylated state, an increase of the H* concentration by a factor of

104



100 decreased the amount of K* bound electrogenically only by ~20 % (Figure 31).
Similarly, an increase in K concentration from 0 to 500 uM decreased the amount of
electrogenically bound H* only by ~15 % (Figure 33C). This observation indicates that at
least ~80 % of K" and H* binding occurs independently, i.e. at different binding sites. The
phosphorylation of KdpFABC by either ATP or P;, in the presence of saturating K,
produced no significant fluorescence changes. Therefore, it can be concluded that the
location of the binding site(s) inside the KdpA subunit is not significantly displaced during
the phosphorylation and dephosphorylation reaction step of the KdpFABC complex, and in
the P-E, conformation the binding sites remain occupied by K" ions. According to the
Figure 32, it can be observed that the binding of K* and H" in both the phosphorylated
(produced by both ATP and P;) and the unphosphorylated state resulted in a maximal
fluorescence decrease of ~4 %. This implies that in both partial reactions the amount of
positive charge in the binding sites is constant when the same pH and saturating K*
concentration are present on both sides of the membrane.

The half-saturating K* concentration, Ky, increased by a factor of ~2.2 - 2.6 when
phosphorylated at pH 7.8, whereas at pH 6.1 this effect was even more pronounced, with a
respective factor of ~4.0 - 4.9 (Table 3). There was no significant difference whether the
phosphorylation was performed by ATP or P;. The Lineweaver-Burk plot (Figure 34)
demonstrated a mixed inhibition for K* binding with the respect to the H" in the E;
conformation. As already mentioned above, the direct competition between H* and K*
contributes only with a minor fraction to the observed inhibitory effect. A possible
mechanism of the major non-competitive fraction of inhibition could be an electrostatic
Coulomb interaction, in a way that the presence of the positively charged H*, bound to
independent sites within the KdpA subunit, generates a Debye-Hiickel type repulsion of K*
which is reflected by the apparently lower affinity of the K*-binding sites at low pH.

In the absence of K*, the half-saturating proton binding concentration, pK, of ~7.55 in
the unphosphorylated state of the enzyme was reduced to ~7.34 when the enzyme was
phosphorylated by P;, and to ~6.78 when phosphorylated by ATP. The difference with
respect to the origin of the phosphate is remarkable, since it implies that higher H*
concentrations are necessary to stabilize H* binding in the phosphorylated state under
turnover conditions (i.e. when the enzyme is phosphorylated by ATP). This dependence is
even more pronounced at saturating K* concentration (Table 3). Under this condition, the

pK value did not significantly change in the E; state (~7.65) and upon backdoor

105



phosphorylation (~7.20). When the enzyme was phosphorylated by ATP, however, a pK of
~5.70 was determined. A straightforward interpretation of this finding is that H" ions are
able to bind in the phosphorylated state but that this state is short-lived under turnover
conditions when the H*-binding sites are less protonated or even deprotonated, and the
enzyme can be dephosphorylated after K* binding from the extracellular side. Therefore,
higher H" concentrations stabilize the phosphorylated state in which H" ions are bound.
Furthermore, this behavior provides the additional evidence that H™ is not released from
these sites since their presence is required for stabilization of the phosphorylated state of the
enzyme.

Similar to what has been found for the Na*,K*-ATPase, the Ky, of K binding showed
an increase with increasing Mg®* concentrations (Figure 36). The apparent reduction of the
K*-binding affinity may be assigned, as in case of the Na*,K*-ATPase, to a Gouy-Chapman
effect induced by a Mg®* ion bound in the vicinity of the entrance of the access channel to
the ion binding site located in the KdpA subunit. Since the amplitude of the maximal
fluorescence change, AF, reflects the amount of charge taken up within the membrane
domain, the observation that AF increased upon K* binding by more than a factor of 2 with
increasing Mg?* concentration (Figure 36B), implies that the presence of Mg®" leads to a
higher amount of bound positive charge. It is unlikely that the presence of Mg®* increases
the number of ion-binding sites. Addition of Mg?" in the absence of K* leads to an increase
of the fluorescence (Figure 37), which can be explained by a displacement of positive
charge from the binding site(s). An obvious explanation would be that the binding site(s) are
at least partially occupied by H* in the absence of K* and Mg?*, and that the Gouy-Chapman
effect induced by the presence of Mg?‘induces the H* displacement. This effect allows
subsequently a larger net charge uptake when the K™ titration is performed, as has been

observed in Figure 36B.

DiSC;3(V) measurements with the KdpFABC reconstituted in E. coli lipid vesicles

The size distribution of the KdpFABC-containing vesicles determined by dynamic light
scattering was found to be (117 £ 21) nm, and with approximately 50 % of the incorporated
enzyme with inside-out orientation. The observation that activity of the reconstituted
enzyme was the same in the absence and presence of valinomycin could mean that the

decrease of the intravesicular K* concentration, as a result of the pump activity, is not
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significant, thereby has no effect on the pump activity during the experiment. Knowing the
vesicle’s diameter and the total K* concentration present in the electrolyte (140 mM), the
corresponding K* concentration in a single vesicle can be calculated to be ~1 - 10™ mol.
Assuming five pumps per vesicle (and a molecular mass of 150 kDa), according to the
transport rate of 150 pmol g™ min™ and 30 min duration of the malachite green experiment,
total amount of the exported K* from the vesicles is ~1 - 10?° mol. Comparing the values of
the initial and exported K* suggests that depletion of K* during the activity measurement is
not the limiting factor, thus, the pump works independently of valinomycin presence.

The calibration experiments performed with plain lipid vesicles and various rates of K*
concentrations present inside and outside of the vesicles, showed that DiSC3(V) dye is
suitable to monitor inside-negative potentials (Figure 39). Furthermore, a linear relationship
between Nernst potential for K™ and the produced fluorescence signal of the dye was found
to exist in the voltage range between -120 mV and -40 mV. The initial experiment with
KdpFABC-containing vesicles (Figure 40A) confirmed that KdpFABC pump is electrogenic
and produces a net extrusion of positive charge from the vesicles, as has been published
before (99;100). From the corresponding experiment with o-vanadate (Figure 40B), the time
constant was determined to be 47.8 s, which corresponds to a specific membrane
conductance of 21 pS/cm?, and it was found to be constant over a pH range between 6.2 and
8.2.

According to the ATP-dependent K export (Figure 41), the half-saturating ATP
concentration was determined to be ~59 uM, and it is in good agreement with one obtained
from the enzyme activity measurements of the detergent-solubilized KdpFABC (Figure 28).
The observed activity inhibition at ATP concentrations higher than 500 uM, however, was
not detected in experiments performed with the reconstituted enzyme. The reason for this
difference is not clear so far. The difference between both experimental conditions was that
in the vesicle experiments ATP was present only on the cytoplasmic side, whereas in the
experiments with detergent-solubilized KdpFABC the protein was not embedded in a lipid
bilayer but surrounded by an annulus consisting preferentially of detergent molecules.
Reasonable is to assume that the unphysiological condition of the detergent environment

provides sites on the protein surface that allow binding of additional ATP molecules.
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Investigation of the pH-dependent K™ transport across the vesicle membrane revealed
that cooperative binding of more than one proton controls the pump current (Figure 42). The
maximal fluorescence amplitude, AFax, Which is reached as steady state after addition of
ATP can be used as measure of the pump current : lpymp = Aieak'U = C-4Fmax, Where C is a
constant within the same vesicle preparation. An inhibition of the pump activity at high H*
concentration, which is reflected as reduced fluorescence in Figure 42, could be explained
by the competitive binding of protons, which are shown to be weak congeners of the
transported K*. At low H" concentrations (pH > 7.4) also a reduction of the pump activity
was detected (Figure 42). This may be explained by a release of protons from allosteric
binding sites with a pK of 7.5 (for detailed discussion see text below). The pump current
was found to be maximal in the pH range of 7.3-7.4. These findings confirm the previously
mentioned mixed inhibition between K" and H* (Figure 34), and the proposal that the
presence of protons is necessary for the reaction cycle of KdpFABC, although they are not
being transported. The results obtained in experiments with KdpFABC-containing vesicles
in the absence of K*, suggest that the KdpFABC complex is able to transport protons in
opposite direction from the K™ translocation, although with low efficiency (Figure 43). The
existence of this unphysiological transport mode is in good agreement with the results of the
H*-induced enzyme activity in the absence of K* (Figure 27B, dashed line).

Pump activity was investigated with respect to different substrates present in the
cytoplasmic medium that could affect the K transport of the KdpFABC complex. To study
these effects the initial slope of the fluorescence decrease was analyzed. This approach
provides a measure of the pump current at zero transmembrane voltage (Eqg. 11). According
to the analysis of the initial pump activity as a function of extravesicular K* concentration
(Figure 44), an inhibitory effect of K* ions was observed with a corresponding K; of 23 mM.
Under physiological conditions this would indicate that cytoplasmic K* concentration has an
inhibitory effect on import of K* ions, and that the pump never reaches a maximal turnover
rate. According to Figure 44 the pump rate at a physiologic K* concentration of 140 mM
would be only 25 % of the maximal value. A similar effect of extravesicular K* was
reported also for the Na’,K'-ATPase (177). Magnesium ions are required for enzyme
phosphorylation by ATP, and in case of the KdpFABC the half-saturating Mg**
concentration was found to be 1.73 mM (Figure 45). In the absence of Mg®" no pump
activity was detected (Figure 43B). On the other hand, it has been shown that Mg®*

produces a shift of an apparently lower K* binding affinity because of a Gouy-Chapman
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effect. With respect to the cytoplasmic side of KdpFABC this effect will reduce the local K*
concentration at the exit channel for the K™ ions. An estimate of the actual K* concentration
at 5 mM Mg?* would be, according to Figure 36, about half of the bulk concentration which
would in turn increase the pump rate.

In case of the Na",K*-ATPase both products of ATP hydrolysis, ADP and inorganic
phosphate, have an inhibitory effect on the pumping rate (178). For ADP a strong non-
competitive inhibitory effect was demonstrated, and the inhibitory constant K; of ~0.1 mM
was independent of ATP concentration. Considering the Post-Albers reaction scheme, a
mechanism of ADP inhibition is the reversal of the phosphorylation reaction. On the other
hand, only a weak effect of inorganic phosphate on the pump activity was detected, with a
half-maximal inhibition constant of ~14 mM. The effect of both ADP and inorganic
phosphate was investigated also for the KdpFABC, and a similar behavior was observed
(Figures 46 and 47). The determined inhibition constants were found to be 0.13 mM and
0.27 mM for ADP and P;, respectively. The obtained result for ADP inhibition is in the same
range as one found in case of the Na*,K*-ATPase, and it is also in the range of physiological
ADP concentrations (185). This finding suggest that mechanism of ADP inhibition should
be similar for both the Na*,K*-ATPase and KdpFABC complex. The weak inhibition by
inorganic phosphate for the Na*,K*-ATPase is, however, in contrast to the much stronger
effect observed for the KdpFABC complex with a ~50 times lower inhibition constant. This
indicates that the inhibition mechanism by inorganic phosphate must be different for both
enzymes. For the Na*,K*-ATPase a non-competitive inhibition of inorganic phosphate with
respect to ATP was proposed. The presence of inorganic phosphate shifts the
dephosphorylation reaction in the Post-Albers cycle, P-E»(K3) < E3(K>) to the left side, thus
slowing down the turnover rate. Additional experiments regarding the inhibition mechanism
by inorganic phosphate are necessary to explain the significantly stronger inhibition
observed in case of the KdpFABC than that revealed for the Na*,K*-ATPase.

The P-type ATPase inhibitor o-vanadate is known to bind to E, state (186), thereby
inhibiting the transition reaction E; — E;, as schematically shown in Figure 48. Inhibition
by o-vanadate was investigated with both detergent-solubilized and reconstituted
KdpFABC. The first set of experiments was carried out with detergent-solubilized
KdpFABC and vyielded an o-vanadate inhibition constant, K;j, of ~1 uM, which is in
agreement with previously reported concentration (54). The inhibition kinetics of o-vanadate

with respect to ATP hydrolysis revealed a complex inhibition mechanism (Figure 49). At
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ATP concentrations higher than 200 puM, a double-reciprocal plot revealed “partial”
uncompetitive inhibition kinetics. This means that o-vanadate is able to bind to both
KdpFABC and KdpFABC-ATP complex with the same affinity. Since the linear regression
lines are not perfectly parallel, a true uncompetitive kinetics cannot be proposed. At ATP
concentrations lower than 200 uM, the interception of linear regression lines suggests a
competitive inhibition Kinetics, which means that o-vanadate and ATP compete for the same
binding sites. At lower ATP concentrations, ATP is known to predominantly bind to high-
affinity binding site in the E; state, with a half-binding concentration of 60-80 puM. This
indicates that o-vanadate most likely binds competitively to the low-affinity ATP binding
sites accessible in the E, state. The second set of o-vanadate inhibition experiments was
performed with KdpFABC-containing vesicles and provided an inhibition constant of ~60
MM for the ATPase activity, while the double-reciprocal plot indicated true uncompetitive
inhibition Kinetics over the whole range of tested ATP concentrations (Figure 50A and B).
The inhibition constant of ~40uM was determined from the fluorescence measurements
(Figure 50C). The explanation for higher inhibition constant and the absence of the biphasic
behavior (as observed in case of the detergent-solubilized KdpFABC complex) for the
reconstituted KdpFABC at the moment cannot be given, and additional measurements are
certainly required.

The investigation of the energetics revealed that the activation energy of the B-DDM-
solubilized KdpFABC was ~55 kJ/mol determined in ATP hydrolysis experiments (Figure
51). The activation energy of K" transport by reconstituted KdpFABC, determined with the
DiSC3(V) fluorescence measurements, was found to be ~111 kJ/mol (Figure 52). The
activation energy of KdpFABC under turnover conditions is controlled by the rate-limiting
conformational change, and the observed difference by a factor of 2 between both values
may be assigned to the effect of the different hydrophobic environments surrounding the

KdpFABC complex in the solubilized form and after reconstitution.

Time-resolved experiments with detergent-solubilized KdpFABC

Additional kinetics properties of the KdpFABC reaction cycle were obtained from the
time-resolved experiments. At saturating ATP concentration the rate-determining step is

supposed to be located in the conformation transition E;-P — P-E,. The fluorescence

decrease observed upon photorelease of ATP is a result of binding of a positive charge to a
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membrane domain of KdpFABC (Figure 23). This confirms that the ATP-induced
phosphorylation step and the conformation transition have to occur before the ion-binding
step. Furthermore, it was found that the time constant of the conformation transition is
independent of the potassium concentration (Figure 53), with the average value of ~600 ms.

The rate constant derived from the enzyme activity is k;=2.2 s* at T;=37 °C
(considering the molar mass of the enzyme of 150 000 g/mol and the maximal activity of
0.86 umol P; mg™ min™ (Table 2)). On the other hand, the estimated average time constant
of the conformation transition was found to be 600 ms (Figure 53), corresponding to the rate
constant k,=1.67 s at T,=25 °C. Assuming the activation energy of E,=55 kJ/mol (Figure
51) and using the Arrhenius equation In(ki/k;) = - Eo/R (1/T1 — 1/T,), the calculated ratio
between two rate constants ki/ks is 2.4. Multiplying k; with the derived ratio yields ~4 s,
which further compared to the estimated value of ~2.2 s™ gives a possible stoichiometry of
two K" transported per one ATP hydrolyzed molecule. The minor difference between the
calculated values can be reconciled by fact that the k; reflects the rate constant under
turnover conditions, whereas k; is derived from the partial reaction.

The finding that t is independent on K* further implies that the time constant of the K*-
binding step has to be significantly smaller than that of the conformation transition and that
the presence of K* ions is not required for the phosphorylation step and the conformation
transition. The detected fluorescence decrease in the absence of K*, which was by factor ~3
lower than one observed in the presence of saturating 100 uM K, indicates H" binding and
confirms the previously mentioned conclusion that H" acts as a congener of K* and can be
transported when no K* is present. The ratio of the amplitude of fluorescence decrease and
time constant, A/z, reflects the initial slope of the fluorescence signal and, as derived above,
the fraction of the pumps activated by the ATP release. This fraction increased with the
increasing K" concentrations. The half-saturating concentration was found to be ~5 uM
(Figure 54), and it is in good agreement with Ky, values obtained with other techniques
shown above. This indicates that in the absence of K* the major fraction of the pump is
trapped in the E, conformation and not readily available for enzyme phosphorylation upon
the photorelease of ATP. At saturating K* concentrations the distribution between both
conformations, E; and E, is shifted towards E; and a threefold higher number of pumps
contribute to the phosphorylation reaction. The Hill coefficient of 2.3 supports the proposed

stoichiometry of 2 K* transported per pump cycle.
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The effect of H” on the rate constant, 1 / 7, in the absence and presence of saturating K,
revealed a complex behavior, and the observed pH dependence suggest that H* plays a
significant role in the ATP-driven half cycle.

In the presence of saturating 100 uM K*, the rate constant increased from ~1.6 s™* at pH
>7.5 about threefold at pH 6.2. This observation indicates on the one hand that under
physiological conditions at a pH > 7 the pump seems to work off its optimized conditions.
On the other hand, binding of protons in the E; conformation accelerates the rate-limiting
ATP-induced phosphorylation rate. Binding of H* to the E; conformation can occur to an
allosteric site or a transport site. The experiments on equilibrium proton binding (Figure 31)
showed that the binding sites are inside the membrane domain and mostly different from
K*-binding sites. Assuming binding from the cytoplasmic side in Ej, binding to a site that
allows transport is rather unlikely since the study of H* transport from the cytoplasmic side
plays only a minor role and could be detected only in the absence of K* (Figure 43A).

In the absence of K* (Figure 55, black data and line), a biphasic behavior was observed.
Below pH 6.5 and above 7.8 low rate constants were observed, comparable to those in the
presence of K* at high pH. Between pH 6.8 and 7.8 higher rate constants were found with a
maximum at pH 7.2 — 7.3. The highest rate constant was found at pH 7.2 — 7.3 with values
similar to that of maximal pump activity discussed at pH 6.2 in the presence of K*. The high
Hill coefficients (> 4) suggest that the cooperative action of several protons is involved in
the observed process. The decrease of the observed rate constant with increasing H”
concentration indicates that protons may bind from the cytoplasmic side to sites that prevent
enzyme phosphorylation. One possibility would be the protonation of negatively charged
amino-acid side chains, e.g. those within the K'-binding sites that kinetically inhibit
reaching the state in the pump cycle that is phosphorylated by ATP.

At non-saturating ATP concentrations, ATP-binding become rate-limiting step, and the
observed time constant determined from the fluorescence decrease is controlled by the ATP
concentration. An apparent ATP-binding concentration was found to be ~60 uM (Figure
56), and it is in good agreement with obtained values with both ATPase activity and
fluorescence experiments, discussed above. It has to be mentioned, however, that the Hill
coefficient of the fitted concentration dependence is only 0.66 + 0.05, and this low value
indicates that the effect of the conformation transition and ATP binding are intermingled
even at the lowest ATP concentration used in the experiment.
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Mechanistic implications and proposed Post-Albers reaction cycles

According to the results presented in this work, three different Post-Albers cycles may
be proposed as shown in Figure 57 that allow us to analyze the underlying reaction
mechanism of the KdpFABC. In its general form (Figure 57A) it describes the Ping-Pong
mechanism that has been accepted for all type Il P-type ATPases. It includes the
translocation of two different ion species contrariwise across the membrane (92). According
to this model, the entire ion-transport process can be divided into two half cycles. The ATP-
induced partial reaction starts with ion binding from the cytoplasm, followed by enzyme
phosphorylation, accompanied by ion occlusion, the conformational transition, E; — E;, and
subsequent deocclusion of the ion-binding sites on the opposite side of the membrane,
followed by ion release to the extracellular side. The KdpFABC pump, a member of type la
P-type ATPase, translocates K* ions into the cytoplasm and no counter transport of a second
ion species has been detected so far. Two different scenarios, taking this information into
account, could be applied to represent this behavior. Firstly, inward transport of K* takes
place during the dephosphorylation half cycle, whereas in the ATP-driven half cycle no ions
are transported (Figure 57B). This would correspond to the pump cycle of the type Il P-type
ATPases, such as the Na*,K*-ATPase and H",K*-ATPase, and has already been suggested
many years ago (79;99). An alternative proposal to this would be K* transport in the ATP-
hydrolyzing half cycle, while no ions are translocated in the dephosphorylation half cycle
(Figure 57C). This implies, however, that the ion-transport direction in the ATP-induced
half cycle is reversed with respect to the pump mode of type Il P-type ATPases. This
proposal has been introduced by Bramkamp and Altendorf (98), and a detailed description is
given in the theoretical introduction. Such a fundamental modification of the generally
accepted Post-Albers model can be accepted because in the KdpFABC complex enzyme
activity and ion transport are located on two different protein subunits which are coupled to
perform the ATP-driven ion transport. This division of function provides an additional
degree of freedom in comparison to other type Il P-type ATPases, in which enzyme and
transport function are located in the same subunit. Neither of these models, however,
accounts for the role of protons in the reaction cycle of the KdpFABC, which has been

revealed by the results presented in this work.
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Figure 57. Post-Albers pump cycles of P-type ATPases and proposals of modifications for the KdpFABC
pump. A: General scheme of the pump cycle, valid for type 11 P-type ATPases such as Na*,K*-ATPase, SR
Ca?*-ATPase, H" K*-ATPase (50), and a general template for the function of type | pumps. B — D: Proposed
models for the KApFABC pump. For discussion see text.
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As already discussed, protons perform at least two different functions. The first one is
the action as a congener of K" which can be transported to the cytoplasm with low
efficiency in the absence of K*, as has been reported before for Rb*, Na’, and Li*
(84;89;90). In this transport mode the ions are bound from the extracellular side to the
“transporting” binding sites, where competition occurs when K" is also present. At low pH
on the cytoplasmic side proton may bind to these sites after the release of K*. This “back-
binding” of protons kinetically blocks the pump from continuing through the pump cycle
which requires empty or deprotonated binding sites. This would explain the observed
reduced enzyme activity at low pH in the presence of saturating K* concentration (Figure
27B), the reduced K" transport (Figure 42) and the reduced rate constant (Figure 55) at
decreasing pH. In the absence of K*, however, a low transport capacity of H" into the
vesicles was observed (Figure 43A). This finding may be interpreted as a low-rate counter
transport with respect to the physiological relevant K* transport. So far it is not clear
whether this mode only occurs in the absence of K™ or whether it is a kind of undesired
effect that cannot be prevented completely by the pump.

The second function of H" is the non-competitive or allosteric binding. It was found that
H* binding is an electrogenic process (Figure 31) and that the K'-transport activity
decreased above pH 7.5, with a Hill coefficient > 2 (Figure 42). The electrogenicity
indicates that H* bind to binding sites localized within the membrane domain. One proposal
to include this role of H* in the pump cycle is shown in Figure 57D. The Post-Albers cycle
represents the modified version of the more classical type (Figure 57B), in which K" is
translocated during the dephosphorylation half cycle. In addition, protons bind to sites that
have to be occupied to enable enzyme phosphorylation without being transported across the
membrane. The protons remain “occluded” in their sites throughout the whole cycle, and
their presence inside the membrane domain is a prerequisite for the ATP-driven half cycle.

On the basis of the quasi-steady state experiments, however, it cannot be discriminated
between two different possibilities to allocate the allosteric H* binding. The first is that the
binding sites are located in the KdpA subunit, where the H* would play the role of a
precursor of the ions that are translocated in the ATP-driven half cycle in type Il P-type
ATPases. In this case the occlusion of protons may not be perfect, at least in the absence of
K", since in experiments with reconstituted vesicles a small but significant H* transport has
been observed. This current is directed from the cytoplasmic to the extracellular side of the

KdpFABC complex and is assigned to the ATP-driven half cycle. Thus, H" may be lost in
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the phosphorylated state, P-E,, inadvertently to the extracellular side. Such a mechanism
was reported in case of the H-ATPase from Enterococcus hirae, where the diffusion of a
proton out of an occluded binding site was mediated by hydrogen bond without the need of
a specific access channel (187). The displacement of protons from their binding site may
cause a delayed transition to the dephosphorylation step and return to the E; conformation in
which the binding sites are accessible to the cytoplasmic side again. The alternative
possibility is that the H" binding site(s) are located in the KdpB subunit, where the protons
have an allosteric effect in a process of the energy transfer from KdpB to KdpA. A
supportive argument for this model would be the observed pH dependence of enzyme
activity, which exhibited no decrease at pH higher than 7.5 (Figure 27B). This behavior can
be explained by a less strict coupling of KdpA and KdpB subunits, allowing a dissipative
ATP hydrolysis. Such a behavior would be a rather unfavorable condition for the cell.
Opposing this proposal are the results obtained from the pH-dependent rate constant of the
conformational transition (Figure 55). If protons would have an effect on the coupling
between enzyme and transport activity, the rate constant should decrease at low pH
independently of presence of K*. This is not the case. Although the expected decrease was
observed in the absence of K, the rate constant increased with increasing H* in the presence
100 uM K™,

Further arguments supporting the model D in which the K* binding and transport occur
in the dephosphorylation half cycle are the results obtained in time-resolved experiments
(Figures 53 and 54). The ATP-induced half cycle (according to the Figure 57D) can be

divided into three reaction steps:

1. HE;-ATP — H,E;- P phosphorylation step
2.H,E1;-P — P - EsH, conformation transition
3.P-EH,—P-EHK, K* binding step

Only the third reaction step is electrogenic and detectable by the RH421 dye. The
fluorescence signal decreased upon photorelease of ATP, indicating that binding of positive
charge occurs after the enzyme phosphorylation and conformation transition. The time
constant was independent on K concentration, leading to a conclusion that K* binding is
not the rate-determining step of the ATP-induced partial reaction. This observation confirms

that the rate-determining step is the conformation transition, H,E;- P — P - E;H,, and also
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that only protons are required. If K would be already bound to the pump before the ATP-
induced phosphorylation step, no electrogenic response would occur at saturating K
concentrations. At low pH the conformational transition is inhibited, caused by back-binding
of H", as mentioned above. This reaction would be represented as HyE; + p H" — HyH,E;
according to the Figure 57D. In contrast, at high pH the rate of the forward reaction, E; +
vH" — H,E, is decreased due to the lack of protons. In the presence of saturating K,
however, no decrease in the rate constant was found, which could be explained by binding
of K" in the P-E,H, state, and a fast proceeding of the enzyme to the P-E;H,K,, state. At this
state, the effect of pH on the previous reaction steps is diminished, therefore, no inhibition
can be observed. This finding supports the functional role of H* as non-transported ion, and

that they become even more tightly occluded in the presence of saturating K.

Stoichiometry of K* transport

The analysis of the fluorescence decrease in the RH421 experiments obtained upon
binding of K™ and H* at more or less saturating concentrations (Figures 31-33) allows an
estimation of the maximum amount of charge bound to the binding sites. The maximum
fluorescence decrease obtained in the unphosphorylated state upon K* binding is in the order
of ~0.4, whereas upon H* binding is ~0.6. So far, in case of the KdpFABC there is no
absolute measure of the maximal number of ions bound. Since charge is quantized, the
normalized fluorescence changes of 0.4 and 0.6 could account for 2 K* and 3 H" in the
binding sites. While K* ions have to be bound in sites in which they are coordinated by
oxygen atoms from amino-acid side chains, H" may bind directly to single charged amino-
acid side chains. According to Becker et al. Arg493 located in the KdpA may play here a
key role (175). A stoichiometry of 2 K" transported per one ATP hydrolyzed is feasible
according to a simple estimate. Assuming a membrane potential in E. coli of -140 mV (188)
and a cytoplasmic K* concentration of 180 mM (189), a Gibbs free enthalpy of -50 kJ/mol
for the ATP hydrolysis, and a low extracellular K* concentration of 2 uM (a condition under
which KdpFABC will be expressed and active), the electrochemical potential gradient for
K" is 14.9 kJ/mol. Compared to the energy provided by ATP hydrolysis, up to 3 K* could be
transferred across the membrane under physiological conditions. Protons, however, are
considered in this calculation of the transmembrane electrochemical potential gradient since

they are assumed to remain occluded and not transported.
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Finally, taking into account the results and estimates presented in this project, it is
justified to propose that the pump mechanism of the KdpFABC complex can be represented
by the model D of the Post-Albers pump cycles shown in Figure 57, with the stoichiometric
factorsv=3and p = 2:

ATP ADP
M»(Hs)ap—«

3H
E1L HsE- P-E2Hs
2Kcyl\ (- 2Kext
KzHsE+ P-E2H:K:
; Ez(Hus)‘TJ
P
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