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Abstract
A new class of very potent inhibitors of the Na,K-ATPase from herbal sources
was first prepared from the plant Helleborus purpurascens. As the mechanism by
which the Na,K-ATPase translocates cations across biological membranes by
hydrolyzation of ATP is not yet fully understood, any new inhibitor of the protein
has the potential to promote the understanding of this process. By locking the
protein in a certain state, unknown intermediate steps in the reaction cycle as
well as structure-function relationships might be uncovered. In contrast to the well
known cardiac glycoside inhibitors of the Na,K-ATPase (like digitalis of the
foxglove plant), the new inhibitors not only inhibited rabbit Na,K-ATPase but also
inhibited with a similar potency rat Na,K-ATPase which has a much lower affinity
for cardiac glycosides. Even more surprisingly, MCS factors also inhibited SR
Ca-ATPase, and gastric H,K-ATPase with similarly strong binding affinities. The
chemical structure of the new inhibitors is described as being derived from the
simple inorganic gas carbon suboxide (C3O2). Hexamers, and octamers of this
substance are supposed to form macrocyclic rings called macrocyclic carbon
suboxide derivatives (MCS).
The binding site for cardiac glycosides on Na,K-ATPase is strongly conserved
and is being discussed for decades as the possible binding site of an
endogenous digitalis like factor (EDLF) in animals. A comparison of the chemical
properties of MCS factors and previously reported EDLFs isolated from
mammals, showed that they share many properties. These similarities made
MCS factors a candidate EDLF and thus prompted further investigations on its
mechanism of action.
The highly conserved cardiac glycoside binding site is known to be on the
extracellular side of the Na,K-ATPase, therefore, one of the main requirements
for the MCS factors to be a candidate EDLF is to bind to the extracellular side of
the Na,K-ATPase. Experiments with Na,K-ATPase containing lipid vesicles and
competition experiments with other known inhibitors indicate that MCS factors - in
contrast to ouabain - rather act from the intracellular side on the Na,K-ATPase
and thus do not qualify as a typical EDLF.

5

Regarding the mechanism of action, MCS factor binding to the Na,K-ATPase was
investigated with the fluorescent styryl dye RH421. The styryl dye is known to
report changes in membrane capacitance induced e.g. by ions transported
through the membrane by transmembrane proteins. First, saturating
concentrations of MCS factors were added to Na,K-ATPase in so-called
‘standard experiments’ where the enzyme can be accumulated predominantly in
states H2E1, Na3E1, E2P, and (K2)E2. This led to the observation that only the
conformation E1 is affected by the inhibitor. Subsequent titrations of MCS factors
to states E1 of the pump cycle showed increases in fluorescence of the size
expected when one cation was released from the protein. This fluorescence
increase was also observed in presence of Na+ and K+ ions, and its size was
dependent on buffer pH. Starting out from a simple reaction sequence for proton
binding to the Na,K-ATPase and the introduction of inhibitor bound states it was
possible to assemble a model reaction sequence that was able to simulate the
experimentally obtained data. The model includes four states where MCS factors
are bound to the Na,K-ATPase and where always one cation is bound to the
enzyme as well. The dependency on buffer pH was attributed to the MCS factors
being protonated and thereby transformed into a more active form. A similar
though much smaller effect was also observed at increased Na+ and K+
concentrations. These changes of inhibitor activity were also indicated by the
activation procedure and enzyme-activity tests where changes in activity where
observed in dependence of cation concentrations in the buffer.
In conclusion, a new class of P-type ATPase inhibitors was characterized that
strongly inhibits several type II P-type ATPases. Most probably the MCS factors
bind to the Na,K-ATPase at a specific binding site on the intracellular side of the
protein thereby inducing a conformational rearrangement that causes a change
of the equilibrium dissociation constant for one of the first two intracellular cation
binding sites. Based on this study alone, the MCS factors cannot be assigned a
physiological role. The intriguing chemical similarities of MCS factors with
previously published properties of EDLFs were joined by further characteristics
that EDLFs share with MCS factors, yet one substantial requirement for EDLFs,
namely, binding to the conserved extracellular cardiac glycoside binding site,
could not be met by MCS factors. Nonetheless, the fact remains that these
compounds are present in edible plants and thus are to be incorporated into
animal bodies. This study shows clearly that an interaction of MCS factors with
6

type II P-type ATPases is principally possible. Whether any interaction of this
kind truly occurs to a significant extent will have to be investigated in future
physiological surveys
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Zusammenfassung
Eine neue Klasse sehr starker Inhibitoren der Na,K-ATPase wurde von uns
zuerst aus Helleborus purpurascens isoliert. Da der Mechanismus, mit dem die
Na,K-ATPase unter ATP-Verbrauch Kationen durch biologische Membranen
transportiert, nicht vollständig bekannt ist, kann jeder neue Inhibitor des Proteins
das Verständnis dieses Vorgangs verbessern. Indem das Protein in einem
bestimmten Zustand blockiert wird, können unbekannte Zwischenzustände des
Reaktionszyklus sowie Struktur-Funktionsbeziehungen aufgedeckt werden. Im
Gegensatz zu den wohlbekannten Herzglykosid-Inhibitoren der Na,K-ATPase
(Digitalis aus dem Fingerhut), inhibieren diese neuen Inhibitoren nicht nur
Kaninchen-Na,K-ATPase, sondern mit ähnlicher Wirksamkeit auch Na,K-ATPase
aus der Rattenniere, die eine viel niedrigere Affinität für Herzglykoside hat. Noch
erstaunlicher war, dass sogar SR-Ca-ATPase und H,K-ATPase aus dem Magen
mit ähnlich starker Bindungsaffinität inhibiert wurden. Es wird beschrieben, dass
die chemische Struktur der neuen Inhibitoren vom einfachen anorganischen Gas
Kohlensuboxid (C3O2) abgeleitet werden kann. Es wird angenommen, dass
Hexamere und Oktamere dieser Substanz makrozyklische Ringe bilden, die als
makrozyklische Kohlenstoffsuboxid-Derivate (MCS) bezeichnet werden.
Die Bindestelle der Na,K-ATPase für Herzglykoside ist stark konserviert, und es
wird seit Jahrzehnten vermutet, dass dies eine mögliche Bindestelle für
endogene, digitalisartige Faktoren (EDLF auf Englisch) in Tieren sein könnte. Ein
Vergleich der chemischen Eigenschaften von MCS-Faktoren und früher
beschriebenen EDLFs aus Tieren zeigt, dass sie viele Eigenschaften gemeinsam
haben. Diese Ähnlichkeiten machten MCS-Faktoren zu einem EDLF-Kandidaten
und haben somit weitere Untersuchungen des Aktionsmechanismus angeregt.
Es ist bekannt, dass die stark konservierte Herzglykosidbindestelle auf der
extrazellulären Seite der Na,K-ATPase liegt. Deshalb war eine der
Hauptanforderungen an die MCS-Faktoren, um als EDLF in Betracht zu
kommen, dass sie an die extrazelluläre Seite der Na,K-ATPase binden.
Experimente
mit
Na,K-ATPase
enthaltenden
Lipidvesikeln
und
Kompetitionsexperimente mit anderen bekannten Inhibitoren weisen darauf hin,
dass MCS-Faktoren – im Gegensatz zu Ouabain – eher von der intrazellulären
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Seite auf die Na,K-ATPase wirken und somit nicht als typischer EDLF in Frage
kommen.
Bezüglich des Aktionsmechanismus wurde die Bindung von MCS-Faktoren an
die Na,K-ATPase mit dem fluoreszierenden Styrylfarbstoff RH421 untersucht.
Der Styrylfarbstoff detektiert Veränderungen in der Membrankapazität, die z.B.
durch Ionen verursacht werden, die von Proteinen durch die Membranen
transportiert werden. Zunächst wurden in sogenannten ´Standardexperimenten´
sättigende Konzentrationen von MCS-Faktoren zur Na,K-ATPase hinzugegeben.
In diesen Experimenten kann das Protein vornehmlich in den Zuständen H2E1,
Na3E1, E2P und (K2)E2 vorliegen. Bei diesen Experimenten wurde beobachtet,
dass nur die Konformation E1 von dem Inhibitor beeinflusst wird. Nachfolgende
Titrationen der MCS-Faktoren zum Zustand E1, zeigten eine Zunahme der
Fluoreszenz in der Größe wie sie erwartet würde, wenn ein Kation aus dem
Enzym freigegeben wird. Diese Fluoreszenzzunahme wurde auch in
Anwesenheit von Na+- und K+-Ionen beobachtet. Die Größe der
Fluoreszenzänderung war abhängig vom pH der Lösung. Ausgehend von einer
einfachen Reaktionsgleichung für die Bindung von Protonen an die Na,K-ATPase
konnte ein Modell einer Reaktionsgleichung erstellt werden, das in der Lage war,
alle experimentell erlangten Daten zu simulieren. Das Modell beinhaltet vier
Zustände in denen MCS-Faktoren an die Na,K-ATPase gebunden sind und in
denen ebenfalls immer ein Kation an das Enzym gebunden ist. Die Abhängigkeit
vom pH wurde darauf zurückgeführt, dass MCS-Faktoren bei niedrigem pH
protoniert werden und dadurch in eine aktivere Form überführt werden. Ein
ähnlicher, aber viel kleinerer Effekt wurde auch bei höheren Na+- und K+Konzentrationen beobachtet. Auf diese Veränderungen der Inhibitoraktivität
weisen auch die Aktivierungsprozedur und die Enzymaktivitätstests hin, bei
denen Veränderungen der Aktivität in Abhängigkeit von Kationenkonzentrationen
im Puffer registriert wurden.
Abschließend kann man sagen, dass eine neue Klasse von Inhibitoren der P-Typ
ATPasen charakterisiert wurde, die mehrere Typ II P-Typ ATPasen stark
inhibiert. Die MCS-Faktoren binden bei der Na,K-ATPase an einer spezifischen
Bindestelle auf der zytoplasmatischen Seite des Proteins. Dadurch wird eine
Konformationsänderung induziert, die eine Veränderung in der Gleichgewichtsdissoziationskonstante für eine der ersten beiden intrazellulären Kationen10

bindestellen bewirkt. Nur auf diese Studie basierend, kann den MCS-Faktoren
keine physiologische Rolle zugesprochen werden. Die verblüffenden chemischen
Ähnlichkeiten der MCS-Faktoren mit vorausgegangenen publizierten
Eigenschaften von EDLFs, wurden durch weitere, gemeinsame Eigenschaften
bestärkt. Die grundlegende Erwartung an EDLFs an die konservierte
extrazelluläre Herzglykosidbindestelle zu binden, konnte von MCS-Faktoren nicht
erfüllt werden. Trotzdem bleibt die Tatsache bestehen, dass diese Verbindung in
essbaren Pflanzen vorkommt und somit in tierische Körper aufgenommen wird.
Diese Studie zeigt eindeutig, dass eine Interaktion zwischen MCS-Faktoren und
Typ II P-Typ-ATPasen prinzipiell möglich ist. Ob eine signifikante Interaktion
dieser Art tatsächlich stattfindet, wird in physiologischen Studien untersucht
werden müssen.
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Introduction

The Na,K-ATPase (EC number: 3.6.3.9) is a house-keeping protein that is
expressed in virtually all animal cells. It is a member of the family of P-type
ATPases which actively relocate charged substrates across biological
membranes, in case of the Na,K-ATPase those are three Na+ ions that are
transported out of the cell and two K+ ions that are transported into the cell per
ATP hydrolyzed. Cells invest an average of one third of their metabolic energy for
running the Na,K-ATPase, nerve cells spend even up to 70% to maintain the
electrochemical potential gradients for Na+ and K+ ions (Hansen, 1985; Lechene,
1988). In total, the Na,K-ATPase consumes around 20% of the total metabolic
energy produced by an animal (Glynn, 1985).

1.1. P-type ATPases
Some hundred different P-type ATPases from different species were identified so
far with their substrates being mainly Na+, K+, Cu2+, H+, Mg2+, Cd2+, and phospholipids. P-type ATPases have been found in eukaryotic and prokaryotic
organisms. In eukaryotic cells, prominent members include the Ca-ATPase that
regulates Ca2+ concentrations throughout the cell and is located in both plasma
membranes and intracellular membranes. The Na,K-ATPase is only present in
animals and is involved in the generation of the gradients that are essential for
the electric membrane potential, it is involved in secretion and reabsorption of
solutes in the kidneys and in nutrient absorption in the intestines to name a few.
The H,K-ATPase is closely related to the Na,K-ATPase and is involved in the
acidification of the stomach. H-ATPases present in yeast- and plant cells allow H+
dependent nutrient uptake and other vital cellular functions. Prokaryotic P-type
ATPases are e.g. Kdp-ATPase in E. coli, that is involved in high affinity K+uptake. Mg2+-ATPase in S. typhimurium is needed for extrusion of Mg2+ ions in
this bacterium (Moller et al., 1996).
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Fig. 1: Phylogenetic tree based on core sequences of 159 P-type ATPases. Abbreviations are
HM: heavy metal; NAS: no assigned specificity; PL: phospholipids. From Axelsen and Palmgren,
1998.

One common feature of P-type ATPases is the formation of a phosphorylated
intermediate. Other than that, the P-type ATPases differ in substrate specificities,
their sequences differ significantly in length (from 692 to 1956 amino acids), and
some of their sequences show only as little as 15% identity to each other. Yet, it
was recently possible to compare over 200 sequences of P-type ATPases by
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partially aligning eight core regions that are quite conserved throughout the family
in order to distinguish and establish the presence of five major groups of P-type
ATPases (Axelsen and Palmgren, 1998). The Na,K-ATPase is thereby assigned
to form together with H,K-ATPase the group labeled ‘Type-IIC’-P-Type ATPases
which represents most likely a recent development in evolution (Fig. 1).
H-ATPases (Type IIIA) are specific for fungi and plants, whereas Na,K-ATPase is
a distinguishing feature of animal cells. These two P-type ATPases are also in
part complementary in function as in plants and fungi secondary transport
processes derive their energy from H+ gradients whereas in animals such
processes are driven by Na+ gradients.

1.2. Na,K-ATPase and Animal Evolution
Each cell contains many inpermeable, negatively charged intracellular components that constitute the osmotic load of the cell. This brings about a Donnan
effect, a force trying to remove mobile anions from the cell and to compensate
the osmotic load by importing mobile cations. Without countervailing forces, ions
will tend to reach equal electrochemical potentials in and outside of cells leaving
an osmotic burden within the cells that leads to an influx of water. Plant cells are
equipped with a polysaccharide cell wall that constrains their high internal
osmotic pressure brought about by this Donnan effect while animal cells are
more or less in an osmotic equilibrium with their environment, and are able to
quickly change their shape. A connection between the presence of the Na,KATPase and the absence of the cellulose wall has been suggested by August
Krogh in 1946 (Stein, 2002) and finds some support in recent evolutionary
studies. Although an unrooted phylogenetic tree cannot clarify the evolutionary
relationships, it certainly suggests that bacterial heavy metal P-type ATPases are
the simple ancestors from which type IIIA P-type ATPases, the plasma
membrane H-ATPases have evolved before the endoplasmic reticulum and
sarcoplasmic reticulum Ca-ATPase (mostly type IIA) and plasma membrane CaATPases (mostly type IIB) were developed. Na,K-ATPase and H,K-ATPase are
closely related to type IIB Ca-ATPases and most likely represent the most recent
evolutionary steps. By introducing the Na,K-ATPase to eukaryotic cells it was
possible to counteract the Donnan effect brought about through the osmotic load
17
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of the cells by building up gradients against the high extracellular Na+
concentration, i.e. sort of an excess of fixed cations outside the cell, hence also a
Donnan potential. The result of this ‘Double Donnan’ situation is, that the cell is
able to maintain an osmotic equilibrium as well as charge equality at the expense
of energy (Stein, 2002). It is quite possible that by the evolutionary event of the
development of Na,K-ATPase, cells became able to achieve better volume
regulation by carefully balancing leak/pump ratios, and thereby reducing the need
for a rigid polysaccharide wall and allowing the development of the animal
kingdom.

1.3. Structure and Function of the Na,K-ATPase
It was first suggested by Jens C. Skou in 1957 that coupled Na+ and K+ transport
across the plasma membrane was linked to a specific protein and induced by an
ATPase activity (Skou, 1998). Robert L. Post followed in 1960 with hard evidence
that an adenosine triphosphatase is participating in transportation of Na+ and K+
ions in human erythrocytes (Post et al., 1960) while Schatzmann had shown
already in 1953 that the activity can be inhibited by the cardiac glycoside ouabain
(Schatzmann, 1953). In the 1970’s methods to purify Na,K-ATPase to a
homogeneous state were developed (Jorgensen, 1974a; Jorgensen, 1974d;
Jorgensen, 1974c; Jorgensen et al., 1971; Jorgensen and Skou, 1971;
Jorgensen, 1974b), and ever since the Na,K-ATPase was available in this
purified state, experiments were conducted in order to understand where the
cations are binding to the enzyme, how they are transported through the
membrane, and how ATP hydrolyzation leads to the movement of the cations in
order to understand exactly how the enzyme works. Recently the structure of the
SR-Ca-ATPase, which is very closely related to Na,K-ATPase (Rice et al., 2001;
Ogawa and Toyoshima, 2002), was resolved by X-ray crystallography in state
E1⋅2Ca2+, a state E2(TG) inhibited by Thapsigargin, and a state E1⋅AMPPCP in
which a non-hydrolysable ATP analogue is bound (Fig. 2) (Toyoshima et al.,
2000; Toyoshima and Mizutani, 2004; Toyoshima et al., 2004; Toyoshima and
Nomura, 2002). These structures in combination with previously executed
physiological, biophysical, biochemical, genetical and other experiments are
starting to dramatically improve the understanding of active transport by P-type
ATPases, as a full understanding of the molecular mechanism of ion transport
18
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and energetics of P-type ATPases requires both structural and functional data
(Apell and Karlish, 2001).

Fig. 2: Front views (parallel to the membrane plane) of Ca-ATPase with and without AMPPCP, in
the presence of 10 mM Ca2+. Purple circles represent bound Ca2+. Dotted arrows in E1⋅2Ca2+
indicate the direction of movements in the cytoplasmic domains (A, N, and P) in the transition.
From (Toyoshima and Mizutani, 2004).

Both the Na,K-ATPase and gastric H,K-ATPase consist of two subunits, α and β,
whereas the Ca-ATPase is a monomer. The α subunit is called the catalytic
subunit and consists of about 1000 amino acids. It has 10 transmembrane
segments with N- and C-termini both located on the cytoplasmic side. The β
subunit is a glycoprotein with roughly 300 amino acids and has only one
transmembrane segment with the N-terminus located on the cytoplasmic side. It
has three conserved S-S bridges and three glycosylation sites on the
extracellular domain. The β subunit is required for stabilization of the α subunit
and acts as a molecular chaperone for trafficking of the protein from the
endoplasmic reticulum to the cell membrane (Geering et al., 1985; Noguchi et al.,
1990). Furthermore, in some tissues the Na,K-ATPase is regulated by a γ
19
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subunit, a single-span membrane protein of the FXYD family (Sweadner and
Rael, 2000). This regulation was first known only for renal α1-β1 Na,K-ATPase
isozymes, and only recently other members of the FXYD family were shown to
specifically associate with α1-β isozymes of Na,K-ATPase, thereby changing
transport properties of the Na,K-ATPase in dependence of the physiological
requirements of the tissues that they are expressed in (Geering et al., 2003).
Four isoforms of the α subunit of the Na,K-ATPase have been identified so far.
The α1 subunit was the first isoform to be characterized and is the isoform that is
predominant in kidney and heart cells and also present in most other tissues. In
most adult mammals, the α2 isoform is expressed most abundantly in skeletal
muscle, heart and brain, whereas the α3 isoform is expressed predominantly in
the brain (Urayama et al., 1989; Stahl, 1986; Sweadner, 1989). The α4 isoform is
expressed exclusively in testicle and sperm and its precursor cells.
The so-called Post-Albers cycle (Albers, 1967; Post et al., 1972) describes the
sequence of reaction steps of the Na,K-ATPase by which the charge
translocations take place (Fig. 3). Na+ and K+ ions are transported sequentially
through the membrane. Na+ ions are bound on the intracellular side, followed by
phosphorylation of the protein, the conformational transition from E1-P to E2-P
and a rapid release to the extracellular aqueous phase. On the extracellular side
K+ ions are bound quickly. That induces dephosphorylation of the protein,
followed by the conformational transition from E2(2K) to E1(2K), which is
promoted by ATP binding to the protein with low affinity. For each ATP
hydrolyzed, the Na,K-ATPase transports 3 Na+ ions out of the cell and 2 K+ ions
into the cell thereby producing an electrical current with an inside negative
potential.
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Fig. 3: Post-Albers cycle for the Na,K-ATPase. E1 and E2 are conformations with ion binding sites
facing the cytoplasm and extracellular medium, respectively. States with ions in brackets
represent ion occlusion where ions can not be exchanged with the aqueous phase. Protein
phosphorylation and dephosphorylation occurs on the cytoplasmic side of the protein.

1.4. Regulation of the Sodium Pump
The Na,K-ATPase is the major determinant of cytoplasmic Na+ concentration,
thereby regulating cell volume (Lang et al., 1998) as was already mentioned
above, regulating cytoplasmic pH and Ca2+ concentrations through e.g. the
Na+/H+- and Na+/Ca2+-exchangers, and driving a variety of secondary transport
processes.
Regulation of the pump is primarily necessary because of variations in dietary
uptake of Na+ and K+, and will mostly be necessary in tissues with high changes
of internal and external cation concentrations (e.g. signaling in neuronal tissue,
effects of exercise on muscle tissue). Hormones that regulate the ionic
composition of blood and urine often act directly on the Na,K-ATPase. Since
water and Na+ transport across epithelia are invariably linked, the Na,K-ATPase
21
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is critical to water absorption in the intestine and reabsorption in the kidneys as
illustrated by reports that modified Na,K-ATPase activity is associated with the
pathophysiology of hypertension (Hussain and Lokhandwala, 2003) and chronic
diarrhea (Fondacaro, 1986). Variations in the expression of isoforms may fulfill
some regulatory requirements but meanwhile an abundance of regulatory
mechanisms has been reported for the Na,K-ATPase ranging from changes in
substrate concentrations through membrane associated components, circulating
endogenous inhibitors, and hormonal regulation (Therien and Blostein, 2000).

1.4.1. Inhibitors of the Sodium Pump
The British physician William Withering published in 1785 an article describing
the medical use of the foxglove plant, thereby for the first time describing what is
now known as a cardiac glycoside. The leaves of the foxglove plant Digitalis
purpurea contain the cardiac glycoside that was named Digitalis after the plant.
The plant extract was used for treating swelling, or edema, associated with
congestive heart failure. The toxicity of the plant was well known and it took many
years of clinical trials before an adequate dose was established that would not
poison the patient but rather treat the congestive heart failure. In 1953 H.J.
Schatzmann reported that ouabain is inhibiting the Na,K-ATPase (Schatzmann,
1953). In the meantime it is generally accepted that cardiac glycosides inhibit the
enzyme through binding to an extracellular site on the α subunit of the protein.
Cardiac glycosides are specific and exclusive inhibitors of the Na,K-ATPase at
concentrations as low as 10-8 to 10-9 M. Besides digitalis from the foxglove, other
cardiotonic steroids were found in plants and animals. Ouabain was isolated from
Strophantus gratus, bufadienolide was isolated from toads like Bufo marinus and
Bufo bufo. Cardiotonic glycosides are characterized by a steroid moiety
(aglycone) and a sugar portion (glycoside). Depending on the group at the C17
position of the steroid moiety two classes of cardiac glycosides are defined: the
cardenolides with an unsaturated butyrolactone ring and the bufadienolides with
an a-pyrone ring (Fig. 4).
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Fig. 4: Chemical structure of Cardenolides and Bufadienolides with their differences in the group
at position C17 of the steroid moiety. (A) Bufadienolide Hellebrin. (B) Cardenolide k-Strophantin.

For a long time it was unclear how the positive cardiac inotropic effect is in fact
related from the cardiotonic steroids to the heart. The four α isoforms of Na,KATPase all differ in tissue distribution and developmental expression and also
exhibit different affinities for the heart glycosides. Since in rodents only α1 and
α2 isoforms are expressed in the heart while in humans besides α1, and α2, also
α3 is expressed in the heart, it was not clear which of these isoforms is mediating
the effect or whether all of the isoforms are involved in the cardiac inotropic
effect, or even if any of them are involved at all. Only recently it was possible to
show that in fact only the α2 isoform is responsible for the positive cardiac
inotropy by developing a homozygous knock-in mouse that is expressing an α2
isoform with reduced cardiac glycoside affinity (Dostanic et al., 2003). When
administering cardiac glycosides to these animals no increase in cardiac
contractility can be observed, thereby proving that the α1 isoform alone does not
mediate the positive cardiac inotropy, and that no other mechanisms are present
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which can mediate the effect of cardiac glycosides besides the α2 isoform of the
Na,K-ATPase. Using gene targeting it was also possible to develop animals
lacking one copy of the α1 or one copy of the α2 isoform which show different
skeletal muscle and cardiac contraction phenotypes. These studies indicate that,
maybe, the α2 isoform is involved in regulating Ca2+ levels related to muscle
contraction, while the α1 isoform plays a more general transport role (Lingrel et
al., 2003).
Because cardiac glycoside binding to Na,K-ATPase is very specific, the question
is raised whether there are endogenous compounds which interact with the
structure forming this binding site and thereby regulate the function of Na,KATPase in all tissues. In 1942, H. Rein suggested that the liver might be the
location where a digitalis-like substance is produced that improved heart
contraction (Labella, 1985). The suggestion that cardiac glycosides are not drugs
but a substitute for an endogenous compound that is a physiological regulator
(Szent-Gyorgyi, 1953) is analogous to that leading to the identification of the
opioid peptides (endorphins and enkephalins) as ligands of the opiate receptor
(Hughes et al., 1975). The observed high affinity of the binding site supports this
line of thoughts.
In search of an endogenous digitalis-like factor (EDLF), many different
approaches were used trying to isolate and identify such a regulator of Na,KATPase. A review by Goto laid out the requirements that a possible EDLF
candidate must fulfill (Goto et al., 1992). In recent years many studies with
immunoassay techniques using highly specific antibodies raised against ouabain
and its isoforms are indicating that in fact there is a ouabain-like immunoreactive
factor in adrenal cells, and hypothalamus that is most likely secreted as it is also
found in urine, plasma, and cerebrospinal fluid (Rodriguez de Lores, 2000; El
Masri et al., 2002). These factors are often shown to be associated with
hypertension, increased heart muscle contractility, and renal failure as
correlations of increased EDLF concentrations in urine or blood plasma of
patients with the mentioned diseases have been reported (Rose and Valdes, Jr.,
1994). Some recent reports suggest a role in signal transduction for the
endogenous inhibitors (Aizman et al., 2001; Haas et al., 2000; Liu et al., 2000;
Tian et al., 2001), as it was shown that ouabain is able to induce oscillations or
increases in intracellular Ca2+ concentrations in rat renal cells and ventricular
24

Introduction

myocytes. But this new role is also controversial as Otto Hansen reports
(Hansen, 2003). Nevertheless, the exact chemical nature of the identified
substances is mostly described as ouabain-like, corresponding to the
immunoassay detection method, and defies exact chemical characterization
because the substances are reported to be present in only pmol/L levels in the
blood of mammals (Qazzaz et al., 2000).

1.4.2. Macrocyclic Carbon Suboxide (MCS)
As reported by Franz Kerek in 2000, MCS factors are very strong inhibitors of the
Na,K-ATPase (Kerek, 2000). These substances were first isolated from
Helleborus purpurascens, a member of the Family of Ranunculaceae, most
common in southeastern Europe (Fig. 5).
The structure of the MCS factors was identified to be derived from the simple
inorganic gas carbon suboxide C3O2. A comparison of the chemical properties of
this new class of Na,K-ATPase inhibitors showed that they shared many
properties with previously reported chemical properties of isolated EDLFs from
mammals. EDLFs have been reported to elute from HPLC (high pressure liquid
chromatography) columns both in hydrophilic and in the lipophilic range and do
not show sharp elution peaks at defined retention times. They also do not show
significant UV (ultra violet) absorption or NMR (nuclear magnetic resonance)
spectra. Furthermore variations in biological activity of EDLFs were often
encountered and not understood (for a detailed comparison see Kerek, 2000). A
585 Da molar-mass ion like ouabain was found in many EDLF preparations, as
was the molar-mass ion of 408.2 Da that was in some cases assigned to be the
mammalian EDLF (Hilton et al., 1996; Weiler et al., 1999) and in some cases not
assigned at all. The hexameric form of carbon suboxide also results in a molar
mass of 408.2 Da.
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Fig. 5: Plate from Thomé, 1885. The drawing shows Helleborus niger L. a Ranunculaceae and
very close relative of H. purpurascens, that is taxonomically classified as follows: Kingdom:
Plantae, Domain: Eucarya, Subdomain: Cormobionta, Superdivision: Spermatophyta, Division:
Angiospermae (Magnoliophyta), Class: Dicotyledonae (Magnoliopsida), Subclass: Magnoliidae,
Order: Ranunculales, Family: Ranunculaceae, Genus: Helleborus L., Species: Helleborus niger L.
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Macrocyclic Carbon Suboxide can be considered both an organic or inorganic
compound. As can be seen in the suggested hypothetic structure (Fig. 6), the
compound can be described as a macrocycle of six condensed carbon suboxide
molecules (inorganic) or as a macrocycle of six head-to-tail condensed Pyran-4one molecules (organic).
Fig. 6: Chemical structure
of hexameric Macrocyclic
Carbon Suboxide (MCS)
with the carbon suboxide
component that it is derived from highlighted in
yellow.

Pyranone, the ketone of pyran, is widely distributed in animals and plants. This
class of molecules is mostly derived from 2H-Pyran, 4H-Pyran, and pyrylium
cations. Other well known members are e.g. chromone, isocoumarine, and
flavone which are derived from pyran by condensation of benzole.
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2.

Aim

Based on the apparent similarities of Na,K-ATPase inhibition properties, similar
molar mass values, and similar spectral and chemical properties between MCS
factors and previously isolated EDLFs of animal origin, it was believed that
EDLFs might in fact belong to the class of structured carbon suboxide
derivatives. This study was aimed at producing more evidence to clarify whether
these compounds in fact do represent the EDLFs, and to investigate their
mechanism of action on Na,K-ATPase in order to promote the understanding of
active charge translocations across biological membranes through this protein.

29

Aim

30

Materials and Methods

3.

Materials and Methods

Phosphoenolpyruvate (PEP), pyruvate kinase (PK), lactate dehydrogenase
(LDH), NADH and ATP (disodium salt) were from Boehringer (Mannheim). All
other reagents were purchased from Merck (Darmstadt) or Sigma-Aldrich
(Deisenhofen) at the highest quality available.
HPLC-MS (High Performance Liquid Chromatography coupled with Mass
Spectrometry) analysis of the substances was carried out at the Max-PlanckInstitute for Biochemistry in Martinsried (München, Germany). Analytical HPLC
was carried out on a Kontron-Instruments device using a 250/4 mm Nucleosil RP
100-5 column (Macherey-Nagel, Düren, Germany) with a linear gradient of 5 % to
95 % acetonitrile in water (both containing 0.05% trifluoracetate (TFA)) in 45 min
and at a flow rate of 1.0 ml/min and detection with DAD-440. For LC-MS the
microgradient system type 140c (Perkin-Elmer) coupled to PE SCIEX API 165
ESI detector was used with a Nucleosil 2/100 column and a linear gradient of 5%
to 95% acetonitrile in water (0.05% TFA) in 20 min. The ESI mass spectra were
recorded in both the positive and negative ion mode.

3.1. Isolation of Lipophilic MCS Precursor
1.0 kg of hexane-defatted roots of Helleborus purpurascens were stirred for 24 h
at 20 °C in 70% EtOH (8.0 L), and the resulting sol ution was concentrated under
reduced pressure to a volume of 1.5 L. The aqueous emulsion was then
extracted twice with a mixture of: hexane (1.2 L) + chloroform (0.3 L). The
aqueous phase was separated, acidified to pH 1.5, and extracted twice with tertbutyl methyl ether (1.2 L). The organic phase was washed to neutral pH with 0.2
M NaCl, dried over Na2SO4 and evaporated to dryness. The resulting brownish,
crude lipophilic product was purified roughly by solving it in acetone (50 mg/mL)
and mixing the acetone solution with 10-fold volume of n-hexane. The vacuumdried precipitate was further purified by semi-preparative HPLC on a SP 250/10
mm Nucleosil 100-5 C-18 HD column (Macherey-Nagel, Düren) at a flow rate of
3.0 ml/min with a linear gradient of 5% to 90% acetonitrile/water (both containing
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0.1% TFA) in 45 min. This chromatographic purification was repeated 3-5 times
until the broad symmetrical HPLC peak of the lipophilic product was free of any
impurity detectable spectroscopically in HPLC (at 205 nm) and of organic
impurities detectable by TLC (silica plates, Merck, Darmstadt) by visualizing with
the anisaldehyde/sulfuric acid reagent. The absence, even in trace amounts, of
so far isolated organic compounds from Helleborus species extracts, e.g. steroid
glycosides, saponines, ecdysones, lactones, etc. was verified separately by mass
spectrometry. The final yield of the highly purified lipophilic precursor was: 27-32
mg calculated for 1 kg dried Helleborus roots.

3.2. Preparation of Active MCS Factor
The purified and lyophilized lipophilic precursor (1 mg) was dissolved in 1 mL
50% Ethanol, diluted with 1.2 M NaOH (5 mL) to a final concentration of 0.167
mg/mL. The alkaline solution was boiled in a 10 mL round-bottom flask equipped
with a water-cooled condenser under slow stirring in an oil bath (116 °C, Fig. 7).
The optimal boiling time for activation of the lipophilic component was found to be
8 to 14 h (see below). After boiling, the alkaline solution was adjusted with 1 M
HCl to a pH value of 7.0 to 7.5. To remove the Na+ ions, the acidified solution
was treated with a strong cation-exchanger resin, e.g. 40 mg of Amberlyst 15
(Fluka) for 100 µl MCS solution (pH 6). This treatment further decreased the pH
to values of 3 or less. Several details in the preparation of the highly active MCS
factors are apparently of decisive importance, although the underlying chemical
processes are not yet understood. Thus, a too rapid acidification of the boiled
alkaline probe from pH > 13 to acidic pH values can lead to a gel-like and
inactive substance. Titration with diluted HCl (less than 1 M) produced very
potent inhibitors, but their activity decayed within a few days storage.

3.2.1. Cation Exchanger
After neutralization, the MCS factor samples were treated with cation exchanger
in order to remove excess Na+ ions. The dry cation exchanger resin Amberlyst 15
(Fluka) needed to be carefully washed before being applied to the solutions of
MCS factors because the granulate material contained smallest powder-like
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particles that were contaminating the sample and showed undesirable effects on
the fluorescence of the styryl dye when they were present in solutions of MCS
factors. Therefore, the amount of dry Amberlyst 15 resin that was needed was
prepared in an Eppendorf cup and then washed with at least 6 × 1 mL quartz
distilled H2O (dH2O) by applying each time 1 mL to the eppendorf cup, thoroughly
mixing the cation exchanger in solution for about 1 min and removing the access
dH2O containing the small particles as good as possible before applying another
1 mL of dH2O and so on. In a control experiment a 1 M solution of NaOH was
prepared then neutralized with the same amount of 1 M HCl as used in
neutralizations of MCS factors and then run over a thoroughly washed cation
exchanger resin before applying the control solution to a fluorescence
experiment. This control solution did not alter the fluorescence properties of the
experimental setup.

Fig. 7: Setup for boiling of lipophilic precursor.
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3.3. Enzyme Assays
Membrane preparations with a high concentration of Na,K-ATPase (about 5.000
pumps per µm 2) were prepared from the outer medulla of rabbit and rat kidneys
using the procedure C of Jørgensen (Jorgensen, 1974b). The specific ATPase
activity was in the range of 2.000 to 2.400 µmol Pi/h/mg protein at 37 °C for the
rabbit enzyme and 2000 µmol Pi/h/mg protein for the rat enzyme. The enzyme
activity of the Na,K-ATPase (Schwartz et al., 1971) was determined in a buffer
containing 25 mM imidazole (pH 7.2), 100 mM NaCl, 10 mM KCl, 5 mM MgCl2,
1.5 mM Na2ATP, 2 mM PEP, 450 units/mL of pyruvate kinase (PK) and lactate
dehydrogenase (LDH), and initially 80 µM NADH. All experiments were
performed at 37 °C. The enzyme activity in absence of inhibitor was used as
reference. Molar concentrations of the MCS solution were calculated with a molar
mass, Mr, of 408.2 Da. The pyruvate kinase/lactate dehydrogenase assay was
not affected by MCS as was proven by a control experiment with Na2-ADP (see
below). In the presence of excess ouabain the Na,K-ATPase preparation was
fully inhibited, a fact which confirmed the high degree of purity of the enzyme
preparation as additionally controlled by sodium dodecyl sulfate polyacrylamid
gel electrophoresis (SDS-PAGE). The normalized specific activity was calculated
as the ratio of the residual activity upon addition of increasing amounts of MCS,
and the reference activity.
Ca-ATPase was prepared from rabbit psoas muscle by a slight modification of
the method of (Heilmann et al., 1977). The whole procedure was performed at
temperatures below 4 °C. The protein content of the membrane preparation was
found to be 2-3 mg/mL for the most active fractions after the final density gradient
separation. The specific enzymatic activity was about 2 µmol Pi/h/mg protein at
20 °C. The enzyme activity was determined by the sa me coupled pyruvate
kinase/lactate dehydrogenase assay as in the case of the Na,K-ATPase using
buffer (pH 7.5) containing 25 mM HEPES, 1mM MgCl2, 50 mM KOH, and 0.2
mM CaCl2. Background enzyme activity of the isolated preparation was obtained
by addition of 1 M thapsigargin. The specific activity of the Ca-ATPase
preparation was ~1.8 units/mg at 20 °C and pH 7.5 ( which corresponds to 1.8
mol ATP hydrolyzed per mg protein per min).
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The gastric H,K-ATPase was placed at our disposal by Dr. Olga Vagin. It was
derived from hog gastric mucosa by previously published methods, which involve
differential and density gradient centrifugation (Rabon et al., 1988). The crude
gastric mucosal membrane is collected from the stomach and homogenized in a
solution of 0.25 M sucrose, 5 mM PIPES/Tris, pH 6.8, and 1 mM EGTA. The
homogenate is centrifuged at 11,000 rpm in a Sorvall GSA rotor for 45 min. The
supernatant is centrifuged at 30,000 rpm in a Beckman type 30 rotor for 1 hr. The
microsomal pellet is resuspended in a solution of 0.25 M sucrose, 5 mM
PIPES/Tris, pH 6.8, and 1 mM EGTA. Then, the microsomal suspension is
purified using a Z-60 zonal rotor.

3.3.1. Typical Enzyme activity test
Specific activities are calculated from the slopes of ‘absorption decrease / time
period’ for each addition to the enzyme assay (Fig. 8). The initial slope of
uninhibited Na,K-ATPase activity represents 100% activity and the subsequent
additions of inhibitors are normalized to this value. At the end of each experiment
Na2-ADP was added to make sure that indeed Na,K-ATPase was inhibited and
not one of the other two enzymes, LDH or PK.
As control measurement, the inhibition of Na,K-ATPase through MCS factors was
also measured with the ‘malachite green method’ for detection of inorganic
phosphate where the total amount of phosphate produced in a certain time frame
can be measured (Itaya and Ui, 1966). This method produced the same results
as the previously described LDH/PK enzyme assay (data not shown).
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Fig. 8: Typical activity test with rabbit Na,K-ATPase being inhibited with MCS factors at 37 °C.
Buffer contains: 25 mM imidazole (pH 7.2), 100 mM NaCl, 10 mM KCl, 5 mM MgCl2, 1.5 mM
Na2ATP, 2 mM PEP, 450 units/mL of PK and LDH, and initially 80 µM NADH. Addition of 0.45 µg
rabbit Na,K-ATPase leads to consumption of NADH and therefore a decrease in absorption. The
specific activity can be calculated from the slope of absorption due to NADH consumption over a
certain time period. Addition of Na2-ADP serves as control to verify that no inhibition of the
LDH/PK system occurs.

3.3.2. Enzyme Vesicle Preparation
Na,K-ATPase vesicles were prepared using the following procedure (for more
details see (Alpes et al., 1988; Apell et al., 1985): Purified rabbit Na,K-ATPase
(~150 µg) was solubilized in 74 µL sodium cholate (1%). Lipid / detergent
mixtures were prepared from stock solutions of dioleoylphosphatidylcholine
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(DOPC) in chloroform. The solvent was evaporated under vacuum in a roundbottom flask to yield a thin film on the glass wall. Then the lipid was solubilized by
addition of sodium cholate to yield a concentration of 20 mg / mL. 56 µL of this
DOPC solution was added to the Na,K-ATPase solution and dialyzed overnight
against 500 mL buffer (30mM imidazole, 1mM EDTA, 5mM MgCl2, pH7.2).
Protein concentration was determined with a Markwell test and typically resulted
in ~0.4 mg/mL.

3.4. Fluorescence Experiments with Styryl Dye RH421
RH421 is an amphiphilic styryl dye that dissolves in lipid membranes with a
partition coefficient of 2.5×105 (Buhler et al., 1991) with its negatively charged
sulfonyl residue directed towards the aqueous phase (Fig. 9). By absorption of a
photon of proper wavelength, the dye can be excited with its positive charge
shifted from the pyridine unit of the chromophore towards the more interior
placed aniline unit (Pedersen et al., 2002). The spectral changes of the styryl dye
are predominantly results from an electrochromic effect, i.e. a shift of the
absorption band occurs when the energy difference between ground state and
excited state depends on electric field strength. The electric field may also effect
the fluorescence quantum yield.

Fig. 9: Chemical structure of styryl dye RH421

Through charge translocations in the pump cycle of the Na,K-ATPase the local
electric field strength changes and thus the styryl dye responds with shifts of the
emission spectra to longer (red) or shorter (blue) wavelength corresponding to
shifts inside the membrane to more negative or more positive potentials,
respectively (see Fig. 10 for excitation and emission spectra of RH421).
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Fig. 10: Excitation and emission spectrum of RH421 with membrane patches containing Na,KATPase in a buffer containing 30 mM imidazole, 1 mM EDTA, 5 mM MgCl2, pH 7.2. Red dashed
lines indicate excitation and emission wavelengths respectively.

In conclusion, the reaction sequence leading to the observed fluorescence
changes in the experiments can be described as follows: the styryl dye RH421 is
always excited at the red edge of the absorption band at 594 nm and the emitted
fluorescence is detected at 660 nm. Movement of the positive charge within the
styryl dye towards the interior of the membrane in the presence of an insidenegative potential leads to a decrease of the energy difference between excited
and ground states, hence a redshift of the absorption spectrum occurs, resulting
in an increase of fluorescence. An inside-positive membrane potential leads to an
increase of the energy difference between excited and ground states, hence a
blueshift of the absorption spectrum occurs, resulting in a decrease of
fluorescence (Fig. 11).
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Fig. 11: Standard fluorescence experiment with styryl dye RH421 and rabbit Na,K-ATPase
showing the fluorescence changes in correlation to the corresponding states in the Post-Albers
cycle. Buffer: 0.1 µM RH421, 30 mM imidazole, 1 mM EDTA, pH 7.2.
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Fluorescence experiments were carried out in an experimental setup as shown in

Fig. 12

Fig. 12: Experimental setup for fluorescence experiments with styryl dye RH421. The laser is
emitting at 594 nm. The light the styryl dye RH421 is emitting is filtered so only a wavelength of
660 nm can pass through to the photomultiplier. The signal of the photomultiplier is amplified and
recorded in a timedrive by computer software. (Scheme by courtesy of Christine Peinelt.)

3.4.1. RH421 Buffer
The buffer in which RH421 experiments were carried out consists of 30 mM
Imidazole, 1 mM EDTA, 10 mM MgCl2×7H2O. The buffer is adjusted to the
required pH with 1M HCl. When preparing the buffer it is important to note that
when checking the pH, the electrode must not be introduced into the solution (K+
contamination), instead small aliquots of buffer are to be removed to check the
pH.
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3.4.2. Typical Fluorescence Experiment
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Fig. 13: Typical fluorescence experiment showing a titration of MCS factors to rabbit Na,KATPase in state E1. Red labels indicate fluorescence levels F0 and ∆F that were used
subsequently to calculate relative fluorescence levels. 2 ml buffer (30 mM imidazole, 1 mM
EDTA, pH 7.0). Additions: 1 µl RH421 0.2 mM, 3 µl rabbit Na,K-ATPase 1.5 mg / mL, 1 µl MCS
(0.08 mg / mL), 3 × 2 µl MCS (0.08 mg / mL), 5 × 4 µl MCS (0.08 mg / mL).

The raw data obtained from a fluorescence experiment in arbitrary units (Fig. 13)
was transformed to display ∆F/F0 = (F-F0)/F0 on the vertical axis thereby
normalizing the fluorescence values to the initial fluorescence level, F0, so that
different experiments became easily comparable. Furthermore, in typical titration
experiments as shown above the fluorescence levels after each addition of MCS
factors were calculated by averaging the values of a larger time period (at least
30 seconds). These values were also corrected for dilution effects.
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3.5. Mathematical Simulation of Experimental Results
In order to determine the reaction mechanism of MCS factors it was tried to
simulate the data obtained from equilibrium-titration experiments with models that
would fit the actual data. These calculations were performed with Mathematica 4
that provided the analytical solution of the linear-equation systems of a proposed
reaction scheme, and Mathcad 11.0b that allowed the visualization of the
simulated reactions and their comparison with experimental data.
The first step in this procedure was to note down all equations for the reaction
kinetics of a hypothetical model. By application of the conservation condition that
the sum of all states is constant, i.e. one, this system of equations can be solved,
and constitutive equations for each of the defined states of the reaction scheme
are obtained. With these constitutive equations it is possible to calculate the
distribution of enzymes through the possible states depending on the
experimental conditions set and the equilibrium constants chosen (Appendix B).
Since relative fluorescence levels were measured in the experiments, it was
necessary to assign relative fluorescence levels to each state introduced in the
hypothetical model. E.g., a state E1H with one cation bound to the enzyme would
be assigned a fluorescence level of ~0.2, a state E1K2 would be assigned a
fluorescence level of ~0.0 and a state E1Na3 would be assigned a fluorescence
level of ~-0.2, corresponding to the fact that the maximal fluorescence change
occurs in the transition from Na3E1 to E2P and this fluorescence change is
measured at ~60% (resulting in one third of 60% for each ion released).
Finally, to calculate the theoretical fluorescence level under given experimental
conditions the fractions of enzymes in their respective states were multiplied with
the corresponding fluorescence levels resulting in shares of fluorescence for
each state and then summed up resulting in the total fluorescence level under
given theoretical conditions
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4.

Results and Discussion

The aim of this study was to elucidate the mechanism of action of the novel MCS
factors on the Na,K-ATPase similar to previous fluorescence studies on cardiac
glycoside binding to the Na,K-ATPase (Sturmer and Apell, 1992; Schwappach et
al., 1994). MCS factors have been first isolated from the plant Helleborus

purpurascens (Ranunculaceae). In the meantime many other plants were tested
and several of them identified to be an at least equally good source as
Helleborus purpurascens for isolation of the carbon suboxide lipophilic precursor,
which can be transformed in the very strong inhibitor of Na,K-ATPase as
described here. The plants that were identified up to now as containing the
lipophilic MCS precursor, belong to very different herbal families such as
Boraginaceae, Liliaceae, Oenotheraceae, Ranunculaceae, Rosaceae, Vitaceae,
etc. This wide distribution of the MCS precursors in herbal sources indicates a
possibly more extended biological role for the novel class of MCS derivatives.
Isolation of the MCS precursors, preparation of the active inhibitors and their
chemical and spectroscopic and enzymatical characterization was performed in a
joint work of the Biology Department of the University of Konstanz and of the
Max-Planck-Institute for Biochemistry in Martinsried (München, Germany). First
results of this joint work were published early on (Kerek et al., 2002).
Dr. Franz Kerek’s mass-spectrometric analyses are not part of this thesis and,
therefore, only a short summary and examples of the experiments will be given
here. HPLC studies showed a distinct elution pattern of lipophilic precursors and
of the highly active hydrophilic MCS factor (Fig. 14). An explanation of the
chemical nature of the MCS factors will be presented and an explanation given
regarding the molecular weight of the substances that will be used in later
experiments to calculate the concentration of MCS factors applied in the
experiments. For more details on the studies refer to Kerek et al., 2002. In ESIMS spectra of the highly active MCS factors recorded in positive ion mode (Fig.

15), all principal mass ions correspond to the complexes between Na+ ions and
carbon suboxide units. Thus the mass-ion peak at 431.2 Da was assigned as
corresponding to the complex between one Na+ ion and six mol carbon suboxide
(hexamer) [Na+ + (C3O2)6]. Similarly the mass ion peak at 567.2 Da was assigned
to the complex between one Na+ ion with eight mol carbon suboxide (octamer)
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[Na+ + (C3O2)8]. Assuming multiple-charge mass-ion complexes, the peaks with
m/z = 295.2 Da and 159.0 Da correspond to the [2(C3O2)6+3Na+]/3 and
[(C3O2)6+3Na+]/3 ions.
When recording the ESI MS spectra in negative ion mode (Fig. 16) all the mass
ion peaks (m/z) correspond to the negatively charged complexes of six or eight
carbon suboxide units respectively, with the trifluoracetate anion in various ratios.
Thus, e.g. the predominant
[(C3O2)6+CF3COO-] ion.

521.0

Da

peak

corresponds

to

the

Fig. 14: HPLC elution of the lipophilic precursor and of the highly active hydrophilic MCS factor
prepared by the base / acid treatment, compared with standard cardiac glycosides (from Kerek et
al., 2002).
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Fig. 15: ESI mass spectrum of MCS factors measured in positive ion mode (from Kerek et al.,
2002).

Fig. 16: ESI mass spectrum of MCS factors measured in negative ion mode (from Kerek et al.,
2002).
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In conclusion, all mass-ion peaks in positive ion mode may be assigned as
charged complexes of the formula [n⋅C3O2+s⋅Na+]/s while those recorded in negative ion mode can be assigned with [n⋅C3O2+m ⋅CF3COO-]/m. In these general
formulas ‘s’ and ‘m’ represent the number of Na+ and TFA ions, respectively,
which are complexed with ‘n’ carbon suboxide units, preferably n = 6 or n = 8.
Since analysis of the mass spectral data suggests that the predominant
component of the MCS factor preparations is the cyclohexamer (C3O2)6 with a
molar mass of 408.2 Da and since this smaller component also leads to a more
conservative estimate of the concentration of active substance in the following
experiments, the concentrations calculated in the following paragraphs are all
based on the molar mass of 408.2 Da.
In a first step, the activity of many different isolates was tested on Na,K-ATPase
preparations until a batch with satisfactory activity was identified (Appendix A).
The action of some of these highly active batches was then further investigated in
experiments with the styryl dye RH421.

4.1. Fluorescence Interference Controls
As described in ‘Materials and Methods’, experiments with the styryl dye RH421
require excitation at a wavelength of 580 nm and measurement of emission at
660 nm. MCS preparations themselves should therefore not interfere with the
measured fluorescence at these specific wavelengths when added to the
‘membrane/protein/styryl dye’ mixture. Emission and excitation spectra at these
wavelengths were taken in corresponding buffers with the styryl dye RH421 and
with membrane patches containing Na,K-ATPase after addition of NaCl and ATP.
The enzyme is accumulated in state E2P after NaCl and ATP addition, a state
that was shown not to interact with MCS factors (vide infra). After addition of
MCS factors to this state, the fluorescence properties at the wavelengths used in
the experiments did not change. If MCS factors would change the properties of
the dye, they would do so most probably independent of the states the Na,KATPase is in (Fig. 17)
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As described in Sturmer et al., 1991, a possible origin of the fluorescence-signal
changes is the alteration of local field strength resulting from an ionic interaction
at the surface of the protein/membrane. Increasing the ionic strength of the
medium should affect the amplitude of the signals. As controls, experiments with
the styryl dye, Na,K-ATPase, and MCS factors were done in various choline
chloride concentrations, and the fluorescence properties of the styryl dye did not
change (data not shown).
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Fig. 17: Excitation and emission spectra of the styryl dye RH421 in a standard experiment with
rabbit Na,K-ATPase in state E2P with and without MCS factors. Excitation spectra were recorded
detecting emission at 660 nm while emission spectra were recorded exciting the dye at 594 nm.
Blue dashed lines represent excitation and emission wavelengths at 594 nm and 660 nm
respectively. 2 ml buffer (30 mM imidazole, 1 mM EDTA, 5mM MgCl2, pH 7.2). Black lines: 0.1
µM RH421, 4.5 µg Na,K-ATPase, 25 mM NaCl, 0.5mM Na2-ATP. Red lines same content plus
2.9 µM MCS.
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4.2. Activation
It turned out that the highest inhibitory activity was obtained after the lipophilic
MCS precursor was boiled in 1M NaOH and subsequently neutralized and
acidified. At first, a very high and stable inhibitory activity was achieved in only a
few selected samples. In most samples the capability to inhibit Na,K-ATPase
preparations decreased and disappeared within hours or days. Repeated
activation experiments finally gave a first hint of the crucial role protons play
during activation.
Strong inhibition did not depend too much on the boiling conditions with 1M
NaOH. Boiling times of 8-12 hours were sufficient. Longer boiling times up to 20
hours did not affect the resulting MCS factors very much. Shorter boiling times
produced a solution with lower inhibitory activity. On the other hand, subsequent
neutralization and acidification with 1 M HCl had a profound effect on the
inhibitory activity of the samples. As can be seen in Fig. 18-21, using the same
total amount of HCl but adding it in two differently sized steps - roughly 30
seconds apart - to the boiled MCS solution produced different inhibitory activities.
All the solutions administered in these experiments contained finally the same
concentrations of ingredients (the total amount of HCl added was always the
same). Since obviously the concentration of the active component changed with
time in these solutions, the MCS concentrations were not calculated in molar
concentrations but are rather recorded in µg of total substance that was worked
with.
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Fig. 18: Inhibition of
rabbit Na,K-ATPase with
a
MCS
preparation
(sample
PBNA-M31)
that was activated by
two additions of HCl 1M.
The first addition decreased the pH value in
the MCS solution to pH
10, the second addition
to pH 1. Na,K-ATPase
inhibition was measured
right after the activation
procedure (), and one
(), three (), and six
days () after activation.
Buffer
composition and calculation
of inhibition as described in ‘materials and
methods’ for enzyme
assays.

Fig. 19: Inhibition of rabbit Na,K-ATPase with a
MCS
preparation
(sample
PBNA-M38)
that was activated by
two additions of HCl 1M.
The first addition decreased the pH value in
the MCS solution to pH
7, the second addition to
pH 1. Na,K-ATPase
inhibition was measured
right after the activation
procedure (), and one
(), three (), and six
days () after activation. Buffer composition and calculation of
inhibition as described in
‘materials and methods’
for enzyme assays.
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Fig. 20: Inhibition of rabbit Na,K-ATPase with a
MCS
preparation
(sample
PBNA-M39)
that was activated by
two additions of HCl 1M.
The
first
addition
decreased the pH value
in the MCS solution to
pH 6.5, the second
addition to pH 1. Na,KATPase inhibition was
measured right after the
activation
procedure
(), and one (), three
(), and six days ()
after activation. Buffer
composition and calculation of inhibition as described in ‘materials and
methods’ for enzyme
assays.

Fig. 21: Inhibition of
rabbit Na,K-ATPase with
a
MCS
preparation
(sample
PBNA-M40)
that was activated by
two additions of HCl 1M.
The
first
addition
decreased the pH value
in the MCS solution to
pH 5, the second
addition to pH 1. Na,KATPase inhibition was
measured right after the
activation
procedure
(), and one (), three
(), and six days ()
after activation. Buffer
composition and calculation of inhibition as described in ‘materials and
methods’ for enzyme
assays.
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The inhibitory activity of the samples was also subject to change in the days
following the activation procedure if maximal inhibitory activity was not achieved
right after the neutralization/acidification procedure. It turned out to be crucial to
add HCl in at least two steps. With one addition of HCl the strongly basic MCS
solution needs to be decreased from pH 13 to roughly pH 8. Then in one or more
subsequent HCl additions the solution is acidified. This acidification can also be
carried out with a cation exchanger (exchanging Na+ ions with H+) as it turned out
that the inhibitor was only able to inhibit the enzyme completely when Na+ ions
where removed from the solution (see next chapter).
The inhibitors produced by this boiling procedure and subsequent neutralization/acidification were highly active, but could at first not inhibit the sodium
pump completely (Fig. 22). Maximal inhibition was ~82%. Since Na+ ions were
not desired in fluorescence experiments in which also the enzyme state E1
without Na+ or K+ ions would have to be examined, Na+ ions needed to be
removed from the solution with a cation exchanger. Also mass spectrometry
showed (Kerek et al., 2002) that MCS factors are somehow associated with Na+
ions. Removal of the Na+ ions by washing the MCS solution with the cation
exchanger Amberlyst 15 produced an inhibitor that was highly active and
completely inhibited the Na,K-ATPase (Fig. 22).
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Fig. 22: Rabbit Na,K-ATPase inhibition by MCS factors in presence of ~1 M Na+ ions and by
MCS factors that were cation exchanger treated thereby removing most of the Na+ ions from the
solution. Buffer composition and calculation of inhibition as described in ‘materials and methods’
for enzyme assays.

4.3. Activity and Specificity
The inhibitory activity of an active MCS factor preparation was examined with the
LDH/PK enzyme assay and compared to Na,K-ATPase inhibition by ouabain.
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Fig. 23: Comparison of rabbit Na,K-ATPase inhibition by ouabain and MCS factors. () K1/2 =
0.038 µM ± 0.0017. () K1/2 = 1.043 µM ± 0.031. Buffer composition and calculation of inhibition
as described in ‘materials and methods’ for enzyme assays.

As can be seen in Fig. 23, inhibition by MCS factors occurs at a concentration
that is almost by a factor of 100 lower than that of ouabain. The same enzyme
assay was performed with a Na,K-ATPase preparation from rat kidneys. It is
known that in rats and some other rodents the α1 isoform has a much lower
binding affinity for ouabain than in most other mammals. In fact, when comparing
ouabain inhibition on rat and rabbit Na,K-ATPase preparations, the rat Na,KATPase seems almost ouabain insensitive (not shown). Contrary to ouabain,
MCS factors inhibit Na,K-ATPase from both species, rabbit and rat, with almost
the same efficiency (Fig. 24).

53

Results and Discussion

Na,K-ATPase inhibition norm.

1.0

0.8

0.6

0.4

0.2

Rabbit Na,K-ATPase
Rat Na,K-ATPase

0.0
0.01

0.1

1

MCS / µM

10
wbna rat rabbit ca-aptase_new.opj

Fig. 24: Comparison of MCS factor inhibition of rabbit and rat Na,K-ATPase. () K1/2 = 0.07 µM ±
0.004. () K1/2 = 0.068 µM ± 0.0064. Buffer composition and calculation of inhibition as described
in ‘materials and methods’ for enzyme assays.

To gather more information on the specificity of MCS factors, inhibitory activity
was also measured on rabbit Ca-ATPase (Fig. 25) and on H,K-ATPase where
they also proved to be active (Fig. 26).
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Fig. 25: MCS factor
inhibition of rabbit SR
Ca-ATPase. K1/2 =
0.097 µM ± 0.0022.
Buffer
composition
and calculation of
inhibition
as
described in ‘materials
and methods’ for
enzyme assays.
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Fig. 26: Comparison
of
gastric
H,KATPase inhibition by
ouabain and MCS
factors. () K1/2 =
0.224 µM ± 0.031.
() Ouabain inhibits
only with a much
higher K1/2. Buffer
composition and calculation of inhibition
as
described
in
‘materials and methods’ for enzyme
assays.
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It was rather surprising that this new inhibitor would inhibit all sorts of P-type
ATPases with almost the same efficiency. Hence, another control was necessary
in order to make sure that this was not a generic effect that was brought about,
maybe, through interactions with the lipid bilayer and would effect all membrane
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proteins. Therefore, an inhibition assay was measured this time with a crude
microsomal fraction from rabbit kidneys which is obtained as an intermediate step
during the Na,K-ATPase purification procedure and contains not only Na,KATPase but also other ATPases, such as F- and V-type ATPases and further Ptype ATPases. In case that MCS factors do not specifically inhibit Na,K-ATPase
or P-type ATPases, and the previous observations were merely generic interactions of MCS factors with the membrane system that inhibited all membrane
proteins, in this experiment with crude microsomes all ATPase activity should be
inhibited. F- and V-type ATPases can be inhibited by sodium azide (Na3N).
Therefore, by inhibiting the remaining activity after application of MCS factors
with Na3N, it can be proven that MCS factors do indeed act specifically on some
P-type ATPases and the observed inhibition is not a secondary effect due to
interactions with e.g. membrane lipids (Fig. 27).
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Fig. 27: Inhibition of a crude microsomal preparation containing many types of ATPases. () K1/2
= 1.04 mM ± 0.18. () K1/2 = 3.12 mM ± 0.24. Buffer composition and calculation of inhibition as
described in ‘materials and methods’ for enzyme assays.
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4.4. Intra- or Extracellular Action?
In order to determine from which side the MCS factors are acting on the enzyme,
experiments with the protein reconstituted in DOPC vesicles were carried out. By
the nature of vesicle preparation, Na,K-ATPase is incorporated into the vesicles
in both ways inside-out and right-side out with equal shares (Anner et al., 1984).
Since the reconstituted vesicles are not completely tight against diffusion of
hydrophilic solutes in the buffer, a tiny inward diffusion of ATP may be expected
which could be hydrolyzed within the vesicles. But experimental work has proven
that the right-side out population does not contribute to the detected enzyme
activity. Correspondingly, a small diffusion of the inhibitor through the leaky
membranes may occur and affect the “extracellular” side of the inside-out
oriented ion pumps. This contribution can be distinguished, however, from an
action on the “intracellular” sides of the ion pumps which are providing
unhindered access. Therefore, effects on the enzyme activity are much faster
compared to the inhibition from the “extracellular” side of the pumps.
A delayed inhibition is observed for example in the case of ouabain, an inhibitor
acting on the extracellular side of the protein. It was shown that the activity
decreased only slowly when administered in an amount that would instantly block
all enzyme activity in a normal enzyme preparation because it takes a longer time
to diffuse into the vesicles and block all sodium pumps (Fig. 28-Fig. 29).
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Fig. 28: Inhibition of
regular rabbit Na,KATPase preparation
by 100 µM ouabain
at 37 °C. Buffer
contains: 25 mM
imidazole (pH 7.2),
100 mM NaCl, 10
mM KCl, 5 mM
MgCl2,
1.5
mM
Na2ATP, 2 mM PEP,
450 units / ml of
pyruvate kinase and
lactate
dehydrogenase, and initially 80
µM
NADH.
Red
arrows indicate addition of 0.45 µg
rabbit Na,K-ATPase
and 100 µM ouabain.

Fig. 29: Inhibition of
enzyme-vesicle preparation of rabbit
Na,K-ATPase by 100
µM ouabain at 37 °C.
Buffer contains: 25
mM imidazole (pH
7.2), 100 mM NaCl,
10 mM KCl, 5 mM
MgCl2,
1.5
mM
Na2ATP, 2 mM PEP,
450 units / ml of
pyruvate kinase and
lactate
dehydrogenase, and initially 80
µM NADH. Red arrows indicate addition of 0.44 µg rabbit
Na,K-ATPase
and
100 µM ouabain.
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Fig. 30: Inhibition of
regular rabbit Na,KATPase preparation
by 7.35 µM MCS at
37 °C. Buffer contains: 25 mM imidazole (pH 7.2), 100
mM NaCl, 10 mM
KCl, 5 mM MgCl2,
1.5 mM Na2ATP, 2
mM PEP, 450 units /
ml of pyruvate kinase
and lactate dehydrogenase, and initially
80 µM NADH. Red
arrows indicate addition of 0.45 µg rabbit
Na,K-ATPase
and
7.35 µM MCS.

Fig. 31: Inhibition of
enzyme-vesicle preparation of rabbit
Na,K-ATPase
by
7.35 µM MCS at 37
°C. Buffer contains:
25 mM imidazole (pH
7.2), 100 mM NaCl,
10 mM KCl, 5 mM
MgCl2,
1.5
mM
Na2ATP, 2 mM PEP,
450 units / ml of
pyruvate kinase and
lactate
dehydrogenase, and initially 80
µM NADH. Red arrows indicate addition of 0.44 µg rabbit
Na,K-ATPase
and
100 µM ouabain.

When applied to reconstituted vesicles as in this experiment, MCS factors
instantly block all enzyme activity just as they do in experiments with Na,KATPase in open membrane patches (Fig. 30-Fig. 31). This suggests that MCS
factors act from the intracellular side.
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4.5. Competition with known Inhibitors
Since binding to the cardiac glycoside binding site was postulated for an endogenous regulator of the sodium pump and this binding site is located on the
extracellular face of the protein, competition experiments were carried out with
ouabain and MCS factors in order to further determine the site of action for MCS
factors. Na,K-ATPase preparations were inhibited by ouabain to various degrees
and subsequently the remaining activity was inhibited with MCS factors and vice
versa (Fig. 32-Fig. 33). In case of competition at the same binding site, KM
values of the inhibitor that was titrated should be shifted to higher values in the
presence of another inhibitor. As this was not the case, it can be concluded that
ouabain and MCS factors do not compete for the same binding site. These
experiments are in agreement with binding of MCS factors to an intracellular
binding site. Access to possible binding sites of MCS factors on the extracellular
surface would be restricted or even blocked sterically by ouabain bound to the
Na,K-ATPase.
The same experiment was performed with vanadate, another known inhibitor of
the Na,K-ATPase (Fig. 34-Fig. 35). Vanadate binds to the phosphorylation site of
the Na,K-ATPase and thus to the intracellular side of the enzyme. Na-Vanadate
was simply solved in quartz distilled water for these experiments. It is known that
mono- and decavanadate bind to different sites on the Ca-ATPase (Hua et al.,
2000) which might be possible with Na,K-ATPase as well. In control experiments
with styryl dye RH421 vanadate binding was compared to ‘backdoor
phosphorylation’ of Na,K-ATPase with inorganic phosphate and resulted in the
same increase in fluorescence. Thus it can be concluded, that this aqueous
solution of vanadate is at least binding to the phosphorylation site of the Na,KATPase. Further measures regarding the meta-vanadate composition of this
solution were not undertaken as these experiments did not change the KM values
for inhibitor binding. Thus it can be concluded that MCS factors do not interact
with the phosphorylation site of the Na,K-ATPase.
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Fig. 32: Rabbit
Na,K-ATPase inhibition by competition of ouabain and MCS
factors. () K1/2
= 1 ± 0.022 µM.
() K1/2 = 1.1 ±
0.038 µM. ()
K1/2 = 1.5 ±
0.008 µM. Lines
represent curve
fits with a Hill
equation. Buffer
composition and
calculation of inhibition as described in ‘materials and methods’ for enzyme assays.

Fig. 33: Rabbit
Na,K-ATPase inhibition by competition of ouabain and MCS
factors. () K1/2
= 70 ± 6 nM. ()
K1/2 = 70 ± 7 nM.
() K1/2 = 70 ± 7
nM. Lines represent curve fits
with a Hill equation. Buffer composition and calculation of inhibition as described
in ‘materials and
methods’ for enzyme assays.
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Fig. 34: Rabbit Na,KATPase inhibition by
competition of vanadate and MCS factors.
Lines represent curve
fits with a Hill equation.
K1/2 for the corresponding curves are for
(): K = 52.39 ± 1.92
µM. For (): K = 54.18
± 1.65 µM. For (): K
= 58.89 ± 2.07 µM.
Buffer composition and
calculation of inhibition
as described in ‘materials and methods’
for enzyme assays.
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Fig. 35: Rabbit Na,KATPase inhibition by
competition of vanadate and MCS factors.
Lines represent curve
fits with a Hill equation.
K1/2 for the corresponding curves are for
(): K = 35.96 ± 2.02
nM. For (): K = 36.46
± 2.33 nM. For (): K
= 36.0 ± 2.05 nM.
Buffer composition and
calculation of inhibition
as described in ‘materials and methods’ for
enzyme assays.
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4.6. Determination of Reaction Mechanism
Standard experiments with the styryl dye RH421 included NaCl, ATP, and KCl
additions and resulted in changes in fluorescence levels as seen in Fig. 36.
The resulting fluorescence levels always represent a mixture of different protein
states because the population of proteins in the cuvette is in a steady state
equilibrium. Dependent on the kinetic constants of the reaction steps in the PostAlbers Scheme and the presence of ions and ATP, the majority of proteins
accumulate in a certain state of the cycle thus resulting in different fluorescence
levels.
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Fig. 36: Standard experiment with styryl dye RH421 (0.1 µM). Fluorescence changes were
triggered by additions of 25 mM NaCl, 0.5 mM Na2-ATP, and 10 mM KCl. The steady state levels
represent preferentially the states E1Na3, P-E2, and (K2)E2. The initial buffer contains 30 mM
imidazole, 1 mM EDTA, 5 mM MgCl2, pH 7.2. The temperature was 21 °C.
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To start with, MCS was added to each of the well defined enzyme states of the
basic standard experiment (Fig. 37).
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Fig. 37: Standard experiments with RH421 (0.1 µM) with addition of 1.96 µM MCS factors to each
of the standard enzyme states (K2)E2, P-E2, E1Na3, and E1. Buffer: 30 mM imidazole, 1 mM
EDTA, 5 mM MgCl2, pH 7.2. Standard additions of 25 mM NaCl, 0.5 mM Na2-ATP, 10 mM KCl.
Temperature 21 °C.
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One dominant property of the MCS factors was the fluorescence increase when
added to the enzyme in state E1 without any Na+, K+, or ATP present. Adding
MCS factors to the states Na3E1 or E2(K2) also increased the fluorescence level.
Only when inhibitor was added to state E2P the fluorescence level decreased.
These specific fluorescence changes have to be contributed to a component of
the MCS-factor solution that forms only after proper administration of the activation procedure described above. As control a sample of hydrolyzed MCS
precursor was neutralized/acidified with the same amount of HCl 1M, the only
difference being that the whole volume of HCl was added at once (in one quick
step). The resulting sample had exactly the same concentrations of ions and
carbon suboxide derived factors but did not inhibit the Na,K-ATPase. As can be
seen in Fig. 38, this sample also did not alter fluorescence levels in experiments
with RH421.
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Fig. 38: Fluorescence experiment with RH421 (0.1 µM). Addition of 0.6 µM MCS as in previous
standard experiments followed by addition of 25 mM NaCl, 0.5 mM Na2-ATP, and 10 mM KCl.
Buffer: 30 mM imidazole, 1 mM EDTA, 5 mM MgCl2, pH 7.2. Temperature 21 °C.
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A fluorescence increase was observed, even when the MCS factors were added
to the enzyme in its basic state E1 when neither cations to be transported nor
ATP were present. Under this condition, the experimental system had the least
parameters to be modified, namely only the proton binding and release, and
therefore, this pathway was the first leg of the Post-Albers-cycle to be examined
and simulated.

4.6.1. H+ Pathway
Addition of MCS factors to Na,K-ATPase without Na+ or K+ ions present, resulted
in increases in fluorescence (Fig. 39). The size of the fluorescence changes
showed a dependency on the buffer pH.
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Fig. 39: Results from fluorescence experiments with RH421. Titration experiments where MCS
was added to Na,K-ATPase in state E1 were performed at various buffer pH. Normalized
fluorescence changes were plotted against MCS concentration. Experimental conditions as
described in ‘Materials and Methods’.
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As the fluorescence increase suggests, the increase of negative charges in the
membrane dielectric could be the result of protons being released from the
binding sites of the sodium pump. In the absence of monovalent metal ions,
Na,K-ATPase can bind up to two protons depending on the proton concentration
in the buffer (Apell and Diller, 2002). Binding of two protons also promotes the
transition from state E1 to E2P when inorganic phosphate is added to the enzyme
in the absence of K+ ions (Apell et al., 1996). At low buffer pH the fluorescence
increase was maximal and the relative fluorescence change also correlated to
what would be expected if one proton was released from the enzyme. The
fluorescence increase was about 20%, one third of the fluorescence change of
60% that is observed when Na,K-ATPase is phosphorylated and goes from
E1Na3 to E2P.
A model as described in Fig. 40 is the simplest way to explain these
experimental observations.

Fig. 40: Model of reaction sequence proposed to explain the increase in fluorescence upon MCS
factor binding to Na,K-ATPase in state E1 with only H+ present.

This model suggests that at high proton concentrations the sodium pumps have
two protons bound and that by interaction with MCS factors most of the enzyme
is locked in a state HE1I (where “I” indicates the MCS-inhibited state). The
release of the proton leads to a fluorescence increase. The validity of this model
may be checked by comparing the experimentally observed changes in
fluorescence with theoretical fluorescence levels predicted by the model. The
fluorescence levels assigned to the states in this model are: f(E1) = 40%, f(HE1) =
20%, f(H2E1) = 0%, and f(HE1I) = 20%. The binding constants for each of the two
protons binding to the enzyme were fixed at pK1 = 6.9 for the first proton and
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pK2 = 9.9 for the second proton according to Apell and Diller, 2002. The only
variable left for adjustments is the binding constant for binding of the MCS factor
to the enzyme. By varying this constant it is not possible to fit the model to the
experimental data. As can be seen in Fig. 41, the pH dependence of the fits
exhibits an order contrary to the observed experimental data. At high pH values
at which the enzyme has less protons bound, addition of MCS factors shifts the
enzyme in the simulation more easily right into the inhibited state (Fig. 42) and
does not account for the observed small fluorescence increases of the
experimental data at high pH values.
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Fig. 41: Results from fluorescence experiment with RH421 as shown in Fig. 39. Lines represent
fits with the total fluorescence calculated with the model shown in Fig. 40. Binding constant KHI1
= 0.02 M. Fluorescence levels are assigned as follows: f(E1) = 40%, f(HE1) = 20%, f(H2E1) = 0%,
and f(HE1I) = 20%.
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Fig. 42: Distribution of
Na,K-ATPase in states
E1, HE1, H2E1, and HE1I
in dependence of MCS
factors, as calculated
with the model shown
in Fig. 40 for pH 7.2
and a binding constant
of KHI1 = 0.02 M as in
the previous figure.
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In Fig. 43 the experimentally observed fluorescence change upon addition of
2.78 µM MCS factor is compared with the prediction of the inhibition mechanism
of the scheme discussed above. The contradictory behavior is obvious.
Therefore, processes have to be accounted that are able to explain the
significantly higher inhibitory potential of the same amount of MCS factor at lower
pH values.
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fluorescence levels that
result from 2.78 µM
MCS at different pH
values of the buffer: 30
mM imidazole, 1 mM
EDTA. Temperature 21
°C. The red line shows
the fluorescence level in
dependence of buffer pH
calculated
with
the
model shown in Fig. 40
for 2.78 µM MCS factors
and a binding constant
KHI1 = 0.02 M as in the
previous two figures.
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Since inhibitor activation already was shown to be dependent on protonation it
had to be considered that addition of MCS factors to buffers with different proton
concentrations also would change the protonation of the inhibitor, and in
consequence its activity.

Na,K-ATPase Inhibition norm.
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Fig. 44: Rabbit Na,K-ATPase is inhibited with MCS factors at varying buffer pH (21 °C). Lines
represent fits to the corresponding data points with a Hill equation. The Hill coefficient as
calculated for the corresponding curves were for (): nH = 1.16 ± 0.135. For (): nH = 1.43 ±
0.111. For (): nH = 1.6 ± 0.109. Buffer composition and calculation of inhibition as described in
‘materials and methods’ for enzyme assays.

Enzyme-activity tests confirmed this assumption (Fig. 44). The maximal inhibition
decreased in higher buffer pH and the Hill coefficient as calculated with the Hill
equation to fit the experimental data is decreasing with higher buffer pH. Such a
behavior can be interpreted by the concept that at high buffer pH only one
protonation site is effective. Rather then adding additional states to the simple
model in Fig. 40 - for which there was no indication - the reaction scheme was
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expanded by adjusting the simulation with the introduction of a pH- dependent
term for the activation of the inhibitor:
A(I, H ) =

I ⋅ H nh
KI nh + H nh

This Hill equation describes binding of protons to the inhibitor, i.e. transformation
of the inactive inhibitor into its active form, ‘A’. ‘KI’ is the concentration of protons
for which the relation holds

A =

1
⋅I .
2

‘I’ is the total inhibitor concentration. The parameter ‘nh’, the Hill coefficient, can
be viewed functionally as a shape factor determining the slope of the curve. A Hill
coefficient > 1 indicates the contribution of more than one proton to reach the
activated state of the MCS factors. An example of the activation of inhibitor is
shown in Fig. 45, where it was computed with a total amount of 2.78 µM of MCS
factors present in solution.
Fig. 45: Calculation of
the fraction of active
MCS in dependence of
buffer pH when a total
of 2.78 µM MCS
factors are in solution
with the term introduced for inhibitor activation through protonation. Constant ‘KI’ from
the inhibitor activation
term is set to pH 6.67
and nh = 4.2.
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Through this additional correction of inhibition-control in the model a reasonable
fit to the acquired data is possible. Setting ‘KI’ to pH 6.67 and ‘nh’ to 4.2 a pH
dependence of the active inhibitor is achieved that allows a description of the
data by setting the equilibrium constant of inhibitor binding to enzyme to KHI1 =
3.981×10-4 M (Fig. 46). Up to now the state HE1I was assigned a fluorescence
level of +20%. As the Na,K-ATPase is in a steady state equilibrium and the
distribution shows that it is rather not probable that the whole protein population
will accumulate in this state, it has to be assumed that in fact the fluorescence
level with which this state is contributing to the total fluorescence is probably
higher than the final fluorescence level that is observed in these experiments.
Adjusting this fluorescence level to f(HE1I) = 28%, results in the following
simulation:
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Fig. 46: Results from fluorescence experiment with RH421 and rabbit Na,K-ATPase as shown in
Fig. 39. Lines represent fits of the total fluorescence calculated on the basis of the model shown
in Fig. 40 and including the inhibitor activation term. Constant KI from the inhibitor activation term
is set to pH 6.67 and nh = 4.2. Binding constant KHI1 = 3.981×10-4 M. Fluorescence levels are
assigned as follows: f(E1) = 40%, f(HE1) = 28%, f(H2E1) = 0%, and f(HE1I) = 28%.
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In conclusion, the previously reported, linear H+ pathway (Apell and Diller, 2002)
has to be extended by one step, namely, MCS inhibitor binding to the sodium
pump in a state with one proton bound, and a pH-dependent inhibitor activity has
to be introduced into the model to account for the experimentally observed
fluorescence changes in a simple and reasonable way. Since H+ are present at
any time in the buffers of all experiments that were carried out, the following
analysis of the K+ pathway and the Na+ pathway would reveal whether the
assumption made so far would hold ground in experiments with additional cations
present.

4.6.2. K+ Pathway
Similar to the H+ pathway, fluorescence increases are observed upon addition of
MCS factors in presence of K+ ions (Fig. 47).
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Fig. 47: Fluorescence experiment with RH421 and rabbit Na,K-ATPase in presence of 10mM
KCl. Titration of MCS to state K2E1 at varying buffer pH. Experimental conditions as described in
‘Materials and Methods’.
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In order to understand the underlying reaction steps in a first approach, the
previously described H+-pathway (Fig. 40) was extended with the well
established K+-bound states KE1, (K2)E2, and KHE1 (Fig. 48). Equilibrium
dissociation constants for the two K+ ions are known to be K1 = 0.08 mM for the
first K+ ion and K2 = 0.12 mM for the second K+ ion at pH 7.2 (Schulz and Apell,
1995).

Fig. 48: Model of reaction sequence proposed to explain the increase in fluorescence upon MCS
factor binding to Na,K-ATPase in state E1 in presence of H+ and K+ ions.

Binding constants for the reaction through state KHE1 were not yet
experimentally determined, but in a circular reaction sequence like:
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only three of the four equilibrium constants may be chosen freely, the fourth is
determined by the principle of detailed balance (Hill, 1977), since the sum of all
states is one. Any one single reaction constant will be fixed as long as three
reaction constants are defined. Consequently, the model in Fig. 48 leaves two
equilibrium constants for variation and adjustment in order to fit the model to the
experimental data when the constant for the first H+ binding is taken for granted.
For the whole reaction scheme (Fig. 48) a third equilibrium constant (for the
second K+ ion binding) has to be fitted. The fluorescence levels for the additional
states were set as: f(KE1) = 20%, f[(K2)E2] = -5%, and f(KHE1) = 0%.
After adjustments of these equilibrium constants it becomes clear, that this
simple model is not able to explain the experimentally obtained data. Because K+
concentrations are much higher than H+ concentrations and the binding affinity
for K+ quite high, most of the enzyme already accumulates in state (K2)E2 upon
addition of KCl in the millimolar range. In order to shift the equilibrium back to
state HE1I the binding constant for the inhibitor in state HE1I (KHI1) would have
to be chosen much higher which in turn is contradictive to the results of the
previously established fit of the H+ pathway.
Therefore, it is required to define a new state in order to explain the behavior in
presence of K+ ions. It seems appropriate to assume a similar behavior as
described in the H+ pathway and to amend to the already established K+ pathway
an additional state with a MCS factor bound to the sodium pump in the state with
one K+ ion bound (Fig. 49). This state is assigned a fluorescence level of f(KE1I)
= 23%.
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Fig. 49: Model of K+ pathway extended by another inhibitor bound state KE1I.

That means, the previously introduced H+-pathway and its inhibitor-activation
term, are extended with the well known states KE1, (K2)E2, KHE1, and
additionally, a new inhibited state, KE1I, is introduced. With this expansion it is
possible to simulate the observed findings in experiments with K+ ions with a
somewhat reasonable fit, although the simulated fluorescence at pH 7.7 does not
yet fit satisfactorily to the data (Fig. 50). This indicates, that there might be yet
another parameter at work, that is not yet accounted for in this model.
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Fig. 50: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. Titration of MCS to state
E1 at varying buffer pH and in presence of 10 mM KCl. Experimental conditions as described in
‘Materials and Methods’. Lines represent fits with the total fluorescence calculated based upon
the model shown in Fig. 49 and including the inhibitor activation term. Constant KI of the inhibitor
activation term is set to pH 6.67 and nh = 4.2. Equilibrium constant KHI1 = 398.1 µM. Equilibrium
constants KKI1 = 0.3 mM and KKH = 0.3 nM. Fluorescence levels: f(KE1) = 20%, f[(K2)E2] = -5%,
f(KHE1) = 0%, and f(KE1I) = 23%.

In order to obtain these fits, the enzyme is distributed through the different states
in dependence of MCS factors as shown in Fig. 51.
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Fig. 51: Distribution of
rabbit Na,K-ATPase in
states K2E1, KHE1, and
KE1I in dependence of
MCS factors, as calculated with the model
shown in Fig. 49 for pH
7.2 and binding constants set to KHI1 =
398.1 µM, KKI1 = 0.3
mM, and KKH = 30 nM.
Concentration of K+ = 10
mM. Fluorescence levels: f(KE1) = 20%,
f[(K2)E2] = -5%, f(KHE1)
= 0, and f(KE1I) = 23%.
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How the total fluorescence is tuned in dependence of pH and how the distribution
of enzyme in states (K2)E2, KHE1, and KE1I changes with pH can be seen in Fig.
52.
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Fig. 52: Distribution of
rabbit Na,K-ATPase in
states K2E1, KHE1, and
KE1I in dependence of
buffer pH, and change
of total fluorescence in
dependence of buffer
pH, as calculated with
the model shown in
Fig. 49 for 3.09 µM
MCS and 10mM KCl.
Binding constants are
set to KHI1 = 398.1
µM, KKI1 = 0.3 mM,
and KKH = 30 nM.
Fluorescence
levels:
f(KE1) = 20%, f[(K2)E2]
= -5%, f(KHE1) = 0%,
and f(KE1I) = 23%.
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Two more data sets at different pH values and KCl concentrations with the
corresponding fits are displayed in Fig. 53.
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Fig. 53: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. Titration of MCS to state
E1 at varying buffer pH and KCl concentrations. Experimental conditions as described in
‘Materials and Methods’. Lines represent fits with the total fluorescence calculated based upon
the model shown in Fig. 49 and including the inhibitor activation term. Constant KI of the inhibitor
activation term is set to pH 6.67 and nh = 4.2. Equilibrium constant KHI1 = 398.1 µM. Equilibrium
constants KKI1 = 0.3 mM and KKH = 30 nM. Fluorescence levels: f(KE1) = 20%, f[(K2)E2] = -5%,
f(KHE1) = 0%, and f(KE1I) = 23%.

Except for the discrepancies at pH 7.7 (10 mM KCl) and at pH 7.2 (0.5 mM KCl),
this preliminary model is able to explain the fluorescence changes upon MCSfactor addition in presence of K+ ions. As will be seen in the following chapter, the
analysis of the Na+ pathway will help understand another property of the inhibitor
that will serve to further complete the model in order to fit the simulated
fluorescence data even better.
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4.6.3. Na+ Pathway
In the presence of Na+ ions, again a fluorescence increase is observed upon
MCS factor addition (Fig. 54-Fig. 56). But with Na+ ions the situation is more
complex. Due to the stoichiometry of the Na,K-ATPase, up to 3 Na+ ions bind to
the cation binding sites. Two of them bind to the same site as (and in competition
to) K+ ions, while the third Na+ ion binds to an exclusively selective site. All three
ions are bound electrogenically, although in the case of the first two ions this
effect is (partially) obscured by the counter-movement of two protons. Therefore,
the addition of a high concentration of Na+ ions leads to a stronger fluorescence
decrease as the addition of a saturating concentration of K+ ions. That means,
depending on the pH and the concentration of Na+ ions, the fluorescence settles
somewhere between 0% and roughly -25%.
Fig. 54: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase
in presence of 0.5 mM
NaCl. Titration of MCS
to state E1Na3 at varying
buffer pH. Experimental
conditions as described
in
‘Materials
and
Methods’.
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Fig. 55: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase
in presence of 2 mM
NaCl. Titration of MCS
to state E1Na3 at varying
buffer pH. Experimental
conditions as described
in
‘Materials
and
Methods’.

0.20

pH6.8
pH7.0
pH7.2
pH7.7

0.15
0.10

∆F/F0

0.05
0.00
-0.05
-0.10
-0.15
-0.20
0.0

0.5

1.0

1.5

2.0

MCS / µM

0.10

2.5

3.0

fluo. incr. with NaCl 2mM.opj

Fig. 56: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase
in presence of 25 mM
NaCl. Titration of MCS
to state E1Na3 at varying
buffer pH. Experimental
conditions as described
in
‘Materials
and
Methods’.
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At 0.5 mM NaCl and pH 7.7 a decrease in fluorescence is observed first upon
MCS factor addition, before the fluorescence starts to increase. This happens
because, after the treatment with cation exchanger, there is still a small amount
of Na+ ions present in the MCS factor solution. At higher Na+ concentrations or
lower buffer pH values this effect can be neglected.
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The same approach that was used for the analysis of the effects of MCS factors
on the K+ pathway is applied to the Na+ pathway. First the H+ pathway (Fig. 40) is
extended with the well known Na+-bound states NaE1, Na2E1, Na3E1 as well as
the mixed state NaHE1 and no further MCS-inhibited state is added (Fig. 57).
The results obtained from this model are unable to match the experimental data
(not shown), similar to the respective approach described above for the K+
pathway. Binding constants for the Na+ ions in absence of MCS factors and at pH
7.0 – 7.2 were already established in Schulz and Apell, 1995, and Schneeberger
and Apell, 2001, and were adopted for this simulation as KNa1 = 1 µM, KNa2 =
0.8 mM, and KNa3 = 0.9 µM. The fluorescence levels assigned to the newly
introduced states were: f(NaE1) = 20%, f(Na2E1) = 0%, f(Na3E1) = -20%, and
f(NaHE1) = 0%. Just as in the case of the K+ pathway, from the two equilibrium
constants connected to state NaHE1, only one could be chosen freely, the other
one was calculated according to the principle of detailed balance. It cannot be
determined directly from experiments and had to be adjusted properly in order to
fit the Na+ titration curves obtained from experiments at various buffer pH.
It turned out that this model is not sufficient to describe the observed
fluorescence changes for similar reasons as already presented in the case of the
K+ pathway. The Na+ binding affinity is too high compared to the H+ binding
affinity so that the equilibrium constant for state HE1I (KHI1) would have to be
much higher in order to shift the equilibrium away from the Na+-bound states.
Again, such a setting would be in conflict with the simulation of observed
fluorescence changes when only protons are present. Therefore, this simple
model has to be dismissed.
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Fig. 57: Model of reaction sequence proposed to explain the increase in fluorescence upon MCS
factor binding to Na,K-ATPase in state E1 in presence of Na+.

Thus at least one additional inhibitor-bound state needs to be introduced to the
Na+ pathway corresponding to the proceedings in the K+ pathway. Since a state
with one cation bound had proven to be successful in the previous simulations, it
was reasonable to assume a corresponding state in which a MCS factor binds to
Na,K-ATPase with one Na+ ion bound. According to the model that fit the data of
the K+ pathway the most simple solution would be to introduce a state NaE1I that
forms by the following reaction

→ NaE1I
NaE1 + I ←

and results in the model shown in Fig. 58.
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Fig. 58: Model of reaction sequence proposed to explain the increase in fluorescence upon MCS
factor binding to Na,K-ATPase in state E1 in presence of Na+.

This new state was assigned a fluorescence of f(NaE1I) = 20%. When trying to fit
the simulated fluorescence levels to the data points with this model, it becomes
obvious that the model has its limitations (Fig. 59). A particular difficulty appears
in the experimental fact that at high Na+ concentrations when the enzyme is
predominantly in state Na3E1 the fluorescence is observed to shift towards –20%.
This is also true for low Na+ concentrations and at higher buffer pH (say, pH 7.7)
when the equilibrium state is more easily shifted towards Na3E1 because the
proton concentration that would shift the equilibrium towards H2E1 is very small.
In the proposed model the only state, that is accounting for a fluorescence level
of –20%, is state Na3E1. The two states for which the equilibrium constants can
be varied in this model are NaE1I and NaHE1. Enzyme in state NaE1I is
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contributing with a fluorescence level of +20% and enzyme in state NaHE1 with a
fluorescence level of 0%.
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Fig. 59: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. MCS titration in
presence of varying NaCl concentrations and varying buffer pH. Experimental conditions as
described in ‘Materials and Methods’. Lines represent fits with the total fluorescence calculated by
means of the model shown in Fig. 58 and including the inhibitor activation term. Constant KI of
the inhibitor activation term is set to pH 6.67 and nh = 4.2. Binding constants are set to KHI1 =
398.1 µM, KNaI1 = 0.5 mM, and KNaH = 0.7 nM. Fluorescence levels: f(NaE1) = 20%, f(Na2E1) =
0%, f(Na3E1) = -20%, f(NaHE1) = 0%, and f(NaE1I) = 20%.

Since only the parameter KNaH is dependent on pH, this variable needs to be
adjusted in order to affect the equilibrium between states Na3E1 and NaHE1.
When the enzyme is set at low Na+ concentrations and high buffer pH the
equilibrium determines a fluorescence level between –20% and 0.0%. When
looking at the distribution of pump molecules in some of the possible states in
this model (Fig. 60) it can be seen that at low Na+ concentrations and high buffer
pH a considerable amount of Na,K-ATPases is in state NaHE1. This causes the
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fluorescence not to drop entirely to a level of –20% because enzyme in state
NaHE1 represents a fluorescence level of 0.0%.
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Fig. 60: Distribution of rabbit Na,K-ATPase in states Na3E1, NaHE1, and NaE1I in dependence of
buffer pH, as calculated with the model shown in Fig. 58 for 3.09 µM MCS and NaCl
concentrations as shown in the figure. Binding constants are set to KHI1 = 398.1 µM, KNaI1 = 0.
5 mM, and KNaH = 0.7 nM.

After KNaH was defined by experiments in the absence of MCS factors, only
KNaI1 is left to be adjusted in order to fit the simulated curves to the observed
data points. With only a single parameter left, it is impossible to obtain a fit to the
observed data points for all Na+ concentrations measured. Because the rate of
the reaction by which the new inhibited state is formed depends not only on the
equilibrium constant KNaI1 but also on the Na+ concentration and the latter is
varied by a factor of 50 in the three experiments presented, the simulated
fluorescence changes were found to differ dramatically. With a low equilibrium
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constant, KNaI1, the simulations of the fluorescence signals fit roughly the
experimental data at low concentrations, but it is not possible to shift the
equilibrium towards NaE1I at high Na+ concentrations. If the equilibrium constant
is high so that the equilibrium is shifted towards state NaE1I at high MCS factor
concentrations the fluorescence increases much too steep as function of the
MCS concentration at low Na+ concentrations and does not fit the data either (not
shown).
To sum up these findings, this model restricts the possible variations of the
binding constant KNaH to a level at which the simulation accounts for the low
MCS-concentration dependence of the fluorescence increase at low Na+
concentrations and high pH, thereby leaving only the parameter KNaI1 for
variation. However, adjusting only the parameter KNaI1 it is not possible to
simulate the observed fluorescence increase at all different Na+ concentrations.
Therefore, the amendment of state NaE1I to the Na+ pathway is not enough to
describe reasonably the observed fluorescence changes seen in the experiments.
Besides the inhibited state, NaE1I, already introduced to the model, in the Na+branch of the Post-Albers-Cycle there are other possibilities for the Na,K-ATPase
to form a state with only one Na+ ion bound (Fig. 61).
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Fig. 61: Model of reaction sequence proposed to explain the increase in fluorescence upon MCS
factor binding to Na,K-ATPase in state E1 in presence of Na+.

The equilibrium constants of Na+-binding to the Na,K-ATPase are quite low, i.e.
the Na+ ions already bind at concentrations below 1 mM. When simulating the
effect of the MCS factor on the fluorescence with the reaction

→ NaE1I
NaE1 + I ←


the equilibrium constant KNaI1 needs to be very high because at high Na+
concentrations the equilibrium has to be shifted against the strong Na+ binding
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→ NaE1I with one of the following two
constants. By replacing NaE1 + I ←


reaction steps

→ NaE1I + Na+
Na2E1 + I ←


or


→ NaE1I + 2 Na+
Na3E1 + I ←


the equilibrium constant of inhibitor binding does not have to be as high because
the equilibrium has to be shifted only against one of the Na+ equilibrium
dissociation constants. Besides the fact that the equilibrium constants increase
monotonically KNaI1 < KNaI2 < KNaI3 when the fluorescence increases are
simulated with one of these reactions, the quality of the curve fits is not
significantly improved (Fig. 62).

0.30

0.5 mM NaCl

2 mM NaCl

25 mM NaCl

0.25

pH6.8
pH7.0
pH7.2
pH7.7

0.20
0.15

∆F/F0

0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20
0

1

2

3

0

1

2

MCS / µM

3

0

1

2

3

fluorescence increases with NaCl sum, x12 model.opj

Fig. 62: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. MCS titration in
presence of varying NaCl concentrations and varying buffer pH. Experimental conditions as
described in ‘Materials and Methods’. Lines represent fits with the total fluorescence calculated
based upon the model shown in Fig. 61 and including the inhibitor activation term. Constant KI of
the inhibitor activation term is set to pH 6.67 and nh = 4.2. Binding constants are set to KHI1 =
398.1 µM, KNaI1 = 0. 5 mM, KNaI3 = 100000 M, and KNaH = 0.7 nM.
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The principal concentration dependence of the fits is not changed when compared with the simple model discussed above, the strong Na+ dependence in any
of these reactions remains.
It is known for a long time that the fluorescence decrease of –20% which is
observed in Na+ titrations is caused exclusively by binding of the third Na+ ion
and that the three Na+ ions are differently treated in terms of their binding sites
(Domaszewicz et al., 1997; Schulz and Apell, 1995). No other ion but Na+ can
bind to the third ion binding site (Schneeberger and Apell, 2001), and the affinity
for Na+ binding to the third ion binding site is higher than for the second. All this
leads to the suggestion that the third ion binding site becomes available only after
the first two sites are occupied as reported in Schneeberger and Apell, 2001.
Since this third ion-binding site is exclusive for Na+ ions, and it does most
probably not contribute to the effects observed in presence of protons or K+ ions
only, chances are high that the inhibitor affects the (non-specific) binding sites for
the first two ions.
Combining two facts, (1) another state with a fluorescence level lower than +20%
would be helpful in adjusting the model and (2) the fact that the MCS factors
most probably affect the first two cytoplasmic ion binding sites, results in the
introduction of another inhibitor-bound state to the model:

→ (Na)NaE1I + Na+
Na3E1 + I ←


The parentheses shall indicate that the third, specific Na+ site remains occupied
while the displaced Na+ ion comes from the (same) site that was affected by
MCS factors in state NaE1I. This state has two Na+ ions bound. Therefore a
fluorescence level of 0 has to be assigned to it. An inhibited state with this
fluorescence assigned to it is not sufficient to account for fluorescence levels > 0
which were observed at high concentrations of MCS factors in the experiments
with low Na+ concentrations. This state requires a combination with a second
inhibitor-bound state that is assigned a higher fluorescence level, NaE1I (Fig. 63).
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The advantage of introducing state (Na)NaE1I is that it allows the adjustment of
the fluorescence level at high Na+ concentrations at a level between –20% and 0
by establishing an equilibrium between only the two states Na3E1 and (Na)NaE1I.
On the other hand, at low Na+ concentrations the Na,K-ATPase will accumulate
in the second inhibitor bound state with a Na+ ion bound, NaE1I, which
contributes with a specific fluorescence level of +20% and, therefore, accounts
for the observed higher fluorescence changes between 0.0% and +20%. At very
low concentrations or in the absence of Na+ the third MCS-inhibited state will also
contribute with a positive fluorescence.
Fitting the data with simulated fluorescence curves from the model in Fig. 63
results in the curve fits presented in Fig. 64.
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Fig. 63: Model of reaction sequence proposed to explain the increase in fluorescence upon MCS
factor binding to Na,K-ATPase in state E1 in presence of Na+.
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Fig. 64: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. MCS titration in
presence of varying NaCl concentrations and varying buffer pH. Experimental conditions as
described in ‘Materials and Methods’. Lines represent fits with the total fluorescence calculated
based upon the model shown in Fig. 63 and including the inhibitor activation term. Constant KI of
the inhibitor activation term is set to pH 6.67 and nh = 4.2. Binding constants are set to KHI1 =
398.1 µM, KNaI1 = 1 mM, KNaI3 = 1000 M, and KNaH = 0.7 nM.

As can be seen, assuming these two inhibited states the resulting curves fit
better, although they still do not describe the experiments acceptably.
When the distribution of Na,K-ATPase between significantly populated states is
analyzed (Fig. 65), the following properties are found: At low Na+ concentrations
the enzyme accumulates now predominantly in state NaE1I whereas at high Na+
concentrations more enzyme is shifted towards (Na)NaE1I.
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Fig. 65: Distribution of rabbit Na,K-ATPase in states Na3E1, NaHE1, NaE1I, and (Na)NaE1I in
dependence of buffer pH, as calculated with the model shown in Fig. 63 for 3.09 µM MCS and
NaCl concentrations as shown in the figure. Binding constants are set to KHI1 = 398.1 µM, KNaI1
= 1 mM, KNaI3 = 1000 M, and KNaH = 0.7 nM.

The simulations carried out so far never managed to increase the fluorescence at
high Na+ concentrations satisfactorily. Taking a close look at the experimental
data, it can be seen that the relative fluorescence change in dependence of pH is
not constant throughout the different Na+ concentrations. Instead, the steps by
which the fluorescence increased at lower pH were bigger at high Na+
concentrations. Since the equilibrium constants of the inhibitor do not allow an
adjustment of these different increases in fluorescence at different pH values,
there must be another factor, that was not considered up to now.
In the H+ pathway a term for the activation of inhibitor depending on H+
concentration was introduced to the model. Since it was shown that Na+ ions
effect the activity of the inhibitor (see chapter on activation) and the inhibitor in
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some way associates with Na+ ions (see mass spectrometry), the term for
inhibitor activation was modified to reflect an additional effect of Na+ ions:
A(I, H ) =

I ⋅ [H + (Na ⋅ 4 ⋅ 10−6 )]nh
(Na+ is now included as argument).
−6 nh
nh
KI + [H + (Na ⋅ 4 ⋅ 10 )]

With this adjustment, MCS factor activation curves for the various Na+ concentrations appear as shown in Fig. 66.
Fig. 66: Calculation of
the fraction of active
MCS in dependence of
buffer pH and Na+
concentration, when a
total of 2.78 µM MCS
factors are in solution
with the term introduced for inhibitor activation by H+ and Na+.
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Applying the new model to the experimental data results in the fits shown in Fig.
67.
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Fig. 67: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. MCS titration in
presence of varying NaCl concentrations and varying buffer pH. Experimental conditions as
described in ‘Materials and Methods’. Lines represent fits with the total fluorescence calculated
based upon the model shown in Fig. 63 and including the inhibitor activation term. The constant
KI of the inhibitor activation term is set to pH 6.67 and nh = 4.2. Binding constants are set to KHI1
= 398.1 µM, KNaI1 = 0.2 mM, KNaI3 = 130 M, and KNaH = 0.8 nM. The fluorescence levels for
the inhibitor bound states were assigned as follows: F(NaE1I) = 23%, F[(Na)NaE1I] = 0%.

This modification in the model indeed increases the simulated fluorescence
levels at higher Na+ concentrations, although the levels are not yet high enough
to fit the acquired data satisfactorily.
Looking at the distribution of enzyme in the different states it becomes clear that
the different fluorescence levels are the result of a delicate equilibrium (Fig. 68).
At low Na+ concentrations and high buffer pH, the Na,K-ATPase is distributed
more or less equally between states Na3E1 and NaHE1 because hardly any
inhibitor is active. Decreasing the pH activates the inhibitor and shifts the enzyme
mainly towards state NaE1I and to a smaller degree into state (Na)NaE1I. With
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higher Na+ concentrations the Na,K-ATPase is rather populating state Na3E1 at
high buffer pH and with decreasing buffer pH and activation of inhibitor it can be
seen that the enzyme is shifted rather into state (Na)NaE1I instead of NaE1I.
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Fig. 68: Distribution of rabbit Na,K-ATPase in states NaHE1, Na3E1, NaE1I, and (Na)NaE1I in
dependence of buffer pH, as calculated with the model shown in Fig. 63 for 3.09 µM MCS and
NaCl concentrations as shown in the figure. Binding constants are set to KHI1 = 398.1 µM,
KNaI1 = 0.2 mM, KNaI3 = 130 M, and KNaH = 0.8 nM. The fluorescence levels for the inhibitor
bound states were assigned as follows: F(NaE1I) = 23%, F[(Na)NaE1I] = 0%.

Up to now the states (Na)NaE1I and NaE1I were assigned fluorescence levels of
0 and +20%, respectively, based on the idealized assumption that each ion
bound in the sites should contribute with a fluorescence change of 20%. No
experiments were performed and analyzed so far to specify the actual levels of
the states (Na)NaE1I and NaE1I. Therefore, the experimental data were fit with
the final model shown above (Fig. 63), to assign appropriate fluorescence levels
and to adjust the equilibrium constants of the two inhibited Na+-bound states. A
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curve fit could be achieved with an acceptable approach to the experimentally
observed data (Fig. 69).
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Fig. 69: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. MCS titration in
presence of varying NaCl concentrations and varying buffer pH. Experimental conditions as
described in ‘Materials and Methods’. Lines represent fits with the total fluorescence calculated
based upon the model shown in Fig. 63 and including the inhibitor activation term. Constant KI of
the inhibitor activation term is set to pH 6.67 and nh = 4.2. Binding constants are set to KHI1 =
398.1 µM, KNaI1 = 1.8 mM, KNaI3 = 140 M, and KNaH = 0.7 nM. The fluorescence levels for the
inhibitor bound states were assigned as follows: F(NaE1I) = 30%, F[(Na)NaE1I] = 10%.

In the case of low Na+ concentrations (0.5 mM NaCl) the curve at pH 7.0 is more
or less the only one that does not very well fit to the observed data. Little
variations in the H+ level show that the resulting total fluorescence is very H+
sensitive in this region. Increasing the H+ concentration from pH 7.0 to pH 7.08
already decreases the fluorescence level significantly and leads almost to a fit of
the data (Fig. 70). Since the proton concentration in the buffer can only be
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correctly adjusted up to +/- 0.05 pH units, this deviation would easily be within the
margins of error.
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Fig. 70: Same fluorescence experiment with RH421 and rabbit Na,K-ATPase as in previous
figure. The panel showing titrations in presence of 0.5mM NaCl was modified to display the
simulation at pH 7.08 instead of pH 7.0 (cyan, dashed line). All remaining parameters are as
described in the previous figure.

The enzyme distribution through the different states of the reaction sequence
after these fits is displayed in Fig. 71.
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Fig. 71: Distribution of rabbit Na,K-ATPase in states NaHE1, Na3E1, NaE1I, and (Na)NaE1I in
dependence of buffer pH, as calculated with the model shown in Fig. 63 for 3.09 µM MCS and
NaCl concentrations as shown in the figure. Binding constants are set to KHI1 = 398.1 µM,
KNaI1 = 1.8 mM, KNaI3 = 140 M, and KNaH = 0.7 nM. The fluorescence levels for the inhibitor
bound states were assigned as follows: F(NaE1I) = 23%, F[(Na)NaE1I] = 0%.

In conclusion, the Na+ branch of the Post-Albers-Cycle had to be extended by
two inhibited states NaE1I, and (Na)NaE1I in order to explain the observed
fluorescence changes upon addition of MCS factors. Furthermore, the previously
introduced inhibitor activation term needed to be extended by introducing the Na+
dependent activation of the inhibitor as a further term.

4.6.4. K+ Pathway Improvement
Since Na+ ions showed to associate with MCS factors (MS data) and a Na+dependent inhibitor activation term was necessary to fit the simulated
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fluorescence to the observed data points, it seemed reasonable to assume a
similar property for K+ ions.
When introducing the K+ concentration as argument to the inhibitor activation
term
A(I, H ) =

I ⋅ [H + (K ⋅ 3 ⋅ 10 −6 )]nh
,
KI nh + [H + (K ⋅ 3 ⋅ 10 −6 )]nh

the K+ pathway can be fit much better with the model shown in Fig. 49 (Fig. 72).
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Fig. 72: Fluorescence experiment with RH421 and rabbit Na,K-ATPase. Titration of MCS to state
E1 at varying buffer pH. Experimental conditions as described in ‘Materials and Methods’. Lines
represent curve fits based upon the model shown in Fig. 49 and including the inhibitor activation
term extended with the K+ ion concentration as argument. Constant KI of the inhibitor activation
term is set to pH 6.67 and nh = 4.2. Binding constant KHI1 = 398.1 µM. Equilibrium constants
KKI1 = 0.5 mM and KKH = 0.1 nM. Fluorescence levels: f(KE1) = 20%, f[(K2)E2] = -5%, f(KHE1) =
0%, and f(KE1I) = 23%.
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4.7. Complete Reaction Mechanism
Taken together the simulations carried out so far result in the reaction sequence
for MCS factor binding shown in Fig. 73.

Fig. 73: Complete reaction sequence put together from the pathways presented above.

Combining all of the previous results into one reaction sequence also requires
updating the inhibitor activation term to incorporate terms for activation through
H+, Na+, and K+ ions:
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A(H , I, K , Na ) =

I ⋅ [H + (Na ⋅ 4 ⋅ 10 −6 ) + (K ⋅ 3.5 ⋅ 10 −6 )]nh
.
KI nh + [H + (Na ⋅ 4 ⋅ 10 −6 ) + (K ⋅ 3.5 ⋅ 10 −6 )]nh

Up until now, the Na+ and K+ equilibrium binding constants were imported from
earlier publications and were not varied in the simulations. The fluorescence
levels that were assigned to the different states also were very simply deducted
from the known correlation of fluorescence levels and ions imported into the
membrane. Since the Na+ and K+ equilibrium binding constants reported in
previous publications were not measured in dependence of buffer pH and they
also differ slightly in different protein preparations, they should be available for
fine tuning in this model. The same is true for the fluorescence levels assigned to
all the states in the model.
By variation of all equilibrium binding constants and fluorescence levels, and
error estimation by calculation of a ‘least chi square’ all the parameters of the
final model can be adjusted to fit best all experimental data simultaneously. For
each data point a chi square of the fluorescence signal (Fexp-Fsim)2 is calculated,
all chi squares are summed up, the square root calculated and divided by the
number of data points. The best fit resulted in a chi square value of 2.82×10-03
thereby producing the simulated fluorescence levels shown in Fig. 74.
Fig. 74: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase.
Titration of MCS to state
E1 at varying buffer pH
without Na+ or K+ ions.
Experimental conditions as
described in ‘Materials and
Methods’. Lines represent
fits
with
the
total
fluorescence
calculated
based upon the model
shown in Fig. 40 and the
parameters from Table 1.

0.30

pH6.8
pH7.0
pH7.2
pH7.7

0.25

∆F/F0

0.20

0.15

0.10

0.05

0.00
0.0

0.5

1.0

1.5

MCS / µl

2.0

2.5

3.0

fluorescence increases without ions, final fits.opj

103

Results and Discussion

Fig. 75: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase.
Titration of MCS to state
E1 at varying buffer pH in
presence of 10 mM KCl.
Experimental conditions as
described in ‘Materials and
Methods’. Lines represent
fits
with
the
total
fluorescence
calculated
based upon the model
shown in Fig. 49 and
parameters from Table 1.
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Fig. 76: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase.
Titration of MCS to state
E1 at varying buffer pH
and KCl concentrations.
Experimental conditions as
described in ‘Materials and
Methods’. Lines represent
fits
with
the
total
fluorescence
calculated
based upon the model
shown in Fig. 49 and
parameters from Table 1.
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Fig. 77: Fluorescence
experiment with RH421
and rabbit Na,K-ATPase.
MCS titration in presence
of varying NaCl concentrations and varying buffer
pH. Experimental conditions as described in ‘Materials and Methods’. Lines
represent fits with the total
fluorescence
calculated
based upon the model
shown in Fig. 63 and
parameters in Table 1.
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The fits result in the equilibrium binding constants and fluorescence levels
presented in Table 1.

Enzyme state Fluorescence Kinetic Parameter

M

E1

0.22

pK1

6.76

HE1

0.20

pK2

9.9

H2E1

0.00

KHI1

3.388e-4

HE1I

0.25

KNa1

1e-6

KE1

0.25

KNa2

9.28e-3

K2E2

-0.03

KNa3

0.9e-6

KHE1

0.02

KNaH

0.677e-9

KE1I

0.22

KNaI1

2.76e-3

NaE1

0.03

KNaI3
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Na2E1

0.12

KK1

4.5e-5

Na3E1

-0.18

KK2

1.06e-4

NaHE1

-0.05

KKH

0.267e-8

NaE1I

0.36

KKI1

3.55e-3

(Na)NaE1I

0.10

Table 1: Equilibrium dissociation constants and fluorescence levels assigned to the final reaction
scheme (Fig. 73) that best fit the experimental data.
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Fig. 78 visualizes the deviation of the simulation from the experimental data. It
shows that most of the data points can be represented within the experimental
margins of error with the above reaction sequence (Fig. 73). The biggest
discrepancy occurs in the data set at 0.5 mM NaCl and pH 6.8 and the data sets
at high buffer pH and low cation concentrations. In general, the model has a
weakness at low Na+ and K+ concentrations and high buffer pH. This might be
caused by minor Na+ contaminations that are left in the MCS factor solution after
cation exchanger treatment or due to a more complex inhibitor activation
behavior through cations that was not taken into account in the above model. The
data cluster at 0.5 mM NaCl and pH 6.8 might also be brought back within the
margins of error if the pH value is slightly modified as already discussed above
(Fig. 70). Since the other three series of experiments at this Na+ concentration
can be fit with this model, it can be assumed that in principle the model is correct.
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Fig. 78: Visualization of differences between experimental and simulated data. The grey circle
marks data points at pH 7.7 and 2 mM NaCl, and the blue circle marks a cluster of data points
from experiments at pH 6.8 and 0.5 mM NaCl (see Fig. 69). The red dashed lines represent the
margins of error in fluorescence experiments with styryl dye RH421.
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5.

Final Discussion and Conclusion

In this study a new class of potential inhibitors of the Na,K-ATPase, the so-called
MCS factors, were characterized with respect to their function. Two principally
different tasks had to be solved to gain access to the open question of the role
and interaction of these plant-derived substances: (1) Stable activation of the
lipophilic and inactive precursor that is isolated from Helleborus purpurascens
and (2) investigation and analysis of the mechanism of inactivation of the Na,KATPase.
As already shown in the previous section of this thesis, the first task had to be
performed mainly by extensive series of chemical work. The resulting compounds
were tested with respect to their effect on the enzymatic activity of purified
preparations of the Na,K-ATPase. Eventually, a prescription was established that
allowed the reproducible activation of MCS factors. On the basis of preliminary
experiments with earlier preparations of MCS factors, in the second part of this
thesis biophysical experiments were conceived in which the electrochromic styryl
dye RH421 was applied to detect electrogenic partial reactions of the Na,KATPase, to analyze the movements of ions in the membrane domain of the ion
pump, and to determine the effect of the MCS factors thereon.
The chemical nature of MCS factors seems to be very complex. From the
chemical analysis performed by our collaboration partner at the Max-PlanckInstitute of Biochemistry (München, Germany) in order to characterize the
chemical compounds, and from the data presented here, it can be concluded that
the MCS factors are no stable uniform chemical molecules but rather differently
assembled carbon suboxide molecules in a complex chemical equilibrium. This
fact is in contrast to the well characterized heart glycosides which are the
classical inhibitors of the Na,K-ATPase. The equilibrium between the different
states of MCS factors can easily be shifted by changes of their concentration,
changes of H+, Na+, and K+ concentrations in the buffer and, maybe, by other
parameters, such as temperature. These changes become visible in the enzymeactivity experiments under varying conditions and are well documented in various
activation experiments that lead to differently active compounds.
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5.1. Inhibitor Activation
The compound that is isolated from Helleborus purpurascens is of lipophilic
nature and a precursor of the compounds that inhibit the Na,K-ATPase. One
suggestion made for the chemical nature of the activation procedure and the
transformation of this lipophilic precursor to the hydrophilic, active Na,K-ATPase
inhibitors is shown in Fig. 79.

Fig. 79: Scheme for the preparation of the active MCS factors through base/acid treatment of the
lipophilic precursor form with the presumed intermediates (Kerek et al., 2002).

The alkaline treatment is supposed to transform the lipophilic precursor into the
sodium salt of some open chain keto-enolic forms. Neutralization then transforms
the open chains into reactive intermediates that run through a condensation
process in the weakly basic pH range generating the highly active MCS factors.
Once the macrocycles have developed they seem to be moderately stable. They
can be stored at room temperature for weeks and hardly change with respect to
their inhibitory activity. But the equilibrium that they are stored at is nonetheless a
very fragile one. If e.g. the pH of the solution that the MCS factors are stored in is
shifted a couple of times to pH 8-9 and back to pH 4-5 (with NaOH and HCl
respectively) the inhibitory component can be completely abolished from the
sample. Activation experiments demonstrated also that no active forms of MCS
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factors could be formed if in the hydrolyzed solutions the pH was shifted from
basic to acidic without stopping intermediately at ~pH 7.5 Even if the contents
and concentrations of two samples were completely identical the sample with the
two-step acidification was a very active inhibitor of the Na,K-ATPase while the
other sample was not.
At the beginning of this study all that was known was that a compound isolated
from Helleborus purpurascens was inhibiting the Na,K-ATPase. As the
mechanism by which the Na,K-ATPase translocates cations across biological
membranes by hydrolyzation of ATP is not fully understood, any inhibitor of the
protein has the potential to promote the understanding of this process. By locking
the protein in a certain state, unknown intermediate steps in the reaction cycle as
well as structure-function relationships might be uncovered. The association of
Na,K-ATPase with heart glycosides and the discussion about an endogenous
regulator were well known for a long time and the astonishing chemical
similarities in molecular mass, HPLC elution patterns, and UV absorption or NMR
spectra, between the new compounds and EDLF’s, made it extremely interesting
to investigate further similarities and a possible physiological role.

5.2. Specificity
The experiments with different ATPases (Fig. 23-Fig. 26) and the control
experiments regarding the undisturbed function of the styryl dye RH421 (Fig. 17)
showed that the inhibition of P-type ATPases is indeed a specific property of
MCS factors. Rabbit and rat Na,K-ATPase, SR Ca-ATPase and gastric H,KATPase, all could be inhibited by MCS factors with high affinities (Table 2).
The experiments with crude microsomal preparations of rabbit Na,K-ATPase
(Fig. 27) showed that F- and/or V-type ATPases are not inhibited by MCS factors
as an sodium azide sensitive ATPase activity remained (~30%) after inhibition
with MCS factors. Therefore, an unspecific effect or an interaction with lipids can
be excluded. In this work only the ATPases available at the time in our lab could
be tested for interaction with MCS factors. Since MCS factors not only inhibit the
Na,K-ATPase but also the SR Ca-ATPase and the H,K-ATPase, further P-type
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ATPases should be checked in future experiments to elucidate the whole range
of activity.

P-type ATPase

K1/2 / nM

Rabbit Na,K-ATPase

38 ± 1.7

Rat Na,K-ATPase

68 ± 6.4

SR Ca-ATPase

97 ± 2.2

Gastric H,K-ATPase

224 ± 31

Table 2: K1/2 values for
MCS factor inhibition of
different P-type ATPases.

5.3. Binding Location of MCS Factors on Na,K-ATPase
One major argument for the existence of an EDLF is the conserved binding site
on the extracellular surface of the Na,K-ATPase. Therefore, in order to examine if
MCS factors are a candidate EDLF, it was necessary to identify the binding site
of the MCS factors. The precise binding location of MCS factors to the Na,KATPase could not be determined with the available experimental methods. By
competition experiments (Fig. 32-Fig. 35) and enzyme vesicle experiments alone
(Fig. 28-Fig. 31), it could only be shown that the site of interaction is most
probably on the intracellular side and not on the extracellular side. It will take a
different experimental approach to identify this site of interaction more precisely.

5.4. Are MCS Factors a Candidate Endogenous Regulator?
One aim of this study was to determine whether these new inhibitors of the Na,KATPase can possibly be the long discussed endogenous regulators. Besides the
fact that they inhibit the Na,K-ATPase, MCS factors do share some chemical
properties with supposed endogenous regulators of the sodium pump as
described above. Also, the lability of an endogenous Na,K-ATPase inhibitor in
man that was previously reported (Graves et al., 1994; Graves et al., 2000) could
be seen in MCS factor preparations as well: if MCS factors were activated with a
suboptimal activation procedure that would result in labile activities, the activity
could not be prevented from decreasing by storage at -70°C. Since our study
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rather suggests an interaction of MCS factors on the intracellular side of the
Na,K-ATPase, MCS factors do not meet one of the main requirements for an
endogenous regulator, namely interaction with the conserved binding site for
cardiac glycosides. An interaction on the intracellular side of the Na,K-ATPase
brings up many new questions regarding the physiological relevance of this
compound, as it would require either a metabolic pathway that produces the MCS
factors or a mechanism that transfers MCS factors taken up by dietary means
through the cell membranes into the cytoplasm. Considering the lipophilic nature
of the plant-derived precursor the latter suggestion might be even more probable.
Nonetheless, as this was a biophysical study concerned with the interaction of
MCS factors with the Na,K-ATPase itself and not a physiological study, further
investigations in regard to the physiological relevance of this compound will be
necessary. As these days immunological techniques for identification of EDLFs
prevail, it should be pointed out that the easiest way to exclude that MCS factors
and EDLFs are identical, is a test of the interaction of antibodies used for EDLF
screening with MCS factors. One antibody cross-reaction was already tested by
Frank Freudenmann (Freudenmann, 2003) who performed an ELISA α-ouabain
test which did not cross-react with MCS factors (performed as described in Di
Bartolo et al., 1995).

5.5. Dependence on Cations as Regulatory Mechanism?
An intriguing property of MCS factors is its activation by Na+, K+, and H+ ions. As
already shown by a chemical characterization of the MCS factors using mass
spectrometry, these compounds are able to associate with Na+ and K+ ions.
Activity tests showed that MCS factors in a Na+ containing solution inhibit Na,KATPase only to about 82% (Fig. 22). In this study it was shown that the
interaction of MCS factors with Na+ and K+ also affects the inhibitory capabilities
of MCS factors. Both ions activate the MCS factors although not as strong as
protons do. The inhibitor-activation term suggested above
A(H , I, K , Na ) =

I ⋅ [H + (Na ⋅ 4 ⋅ 10 −6 ) + (K ⋅ 3.5 ⋅ 10 −6 )]nh
KI nh + [H + (Na ⋅ 4 ⋅ 10 −6 ) + (K ⋅ 3.5 ⋅ 10 −6 )]nh
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results in an activation ratio of H+/Na+ = 2.5×105, and H+/K+ = 2.86×105. The
nature of the interaction of Na,K-ATPase with Na+ and K+ ions is not yet clear.
The dependence on protons was explained with the protonation of the carboxyl
groups (Fig. 79). The dependence of the Na,K-ATPase on K+ and Na+ ions could
be involved in fine tuning the activity of the protein as some sort of feedback
mechanism. But as K+ ion concentrations inside of cells are easily in the +100
mM range, with the inhibitor activation term as included in the model above this
would translate into a fully activated MCS factor. Therefore, the dependence on
cations can be taken into account for physiological regulatory mechanisms only if
reasonably low (total) cation concentrations are found (less than 40 mM).

5.6. Principal Inhibitory Mechanism
The enzyme-activity tests only revealed that different P-type ATPases were
inhibited, they could not provide any information about the mechanism of
inhibition. In order to determine this mechanism, standard experiments with the
styryl dye RH421 were performed in which saturating MCS factor concentrations
were added to the enzyme in various states (Fig. 37). They resulted in the finding
that Na,K-ATPase is locked exclusively in a non-phosphorylated state E1 that has
a specific fluorescence level of +0.23 ± 0.09. This fluorescence level is
compatible with one positive elementary charge in the membrane domain, such
as e.g. in state HE1. Based on these findings further experiments with the
enzyme in the E1 conformation led to the reaction sequence proposed in the
previous chapters in which MCS factors basically bind and lock the Na,K-ATPase
in a state with a single H+, Na+, or K+ ion bound. This reaction sequence models
the experimental data sufficiently well and is also in agreement with previously
reported behavior on H+ binding to the cytoplasmic ion binding sites. As reported
in Apell and Diller, 2002, protons bind to the cation binding sites when no other
cations are present. The observed fluorescence increases upon MCS-factor
addition (and binding) to Na,K-ATPase in absence of Na+ and K+ ions are very
likely due to the shift from the partly populated state H2E1 to HE1I. As already
shown above, MCS-factor binding and inhibition of different P-type ATPases is a
specific interaction, and thus, the most probable remaining explanation for the
increases in fluorescence upon MCS-factor addition is the release of a proton
from within the membrane dielectric which is very likely one of the cytoplasmic
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ion-binding sites as the same behavior is observed as well in presence of Na+
and K+ ions.

5.7. Detailed Inhibitory Mechanism
In Schneeberger and Apell, 2001, it was documented what kind of ions can bind
to the cytoplasmic ion binding sites of the Na,K-ATPase and that the third
cytoplasmic binding site binds only Na+ ions while it was shown in Domaszewicz
and Apell, 1999, that only Na+ binding to the third Na+ ion-binding site is
electrogenic. In Na+ titration experiments to state E1 it was shown that half
saturating concentrations K1/2 are dependent on pH, i.e. that Na+ ions compete
with protons for the same binding sites. Since the maximal fluorescence changes
were not affected by changes in pH it has to be assumed that Na+ binding to the
third ion-binding site does not compete with H+ (Apell and Diller, 2002). pH
titrations in states E1 and P-E2 in absence of other monovalent cations show
different fluorescence increases. One possible explanation of this observation is
a change in the pK of one (or more) amino acid side groups to which the protons
bind in state E1 and P-E2 (Apell, 2003) that is brought about by the
conformational rearrangement. The half saturating concentration for binding of
the third Na+ ion is smaller than for the binding of the second Na+ ion
(Schneeberger and Apell, 2001), therefore, the third ion binding site becomes
available only after the first two sites are occupied or else the third binding site
would be occupied before the second.
The model for MCS interaction with Na,K-ATPase in presence of Na+ ions fits the
data best when a state Na(Na)E1I is assumed to contribute with a fluorescence
level lower than +20%. I.e., when three Na+ ions are bound to the protein and
MCS factors bind to the protein, presumably one of the first two Na+ ions is
released while the third specific Na+ ion binding site still remains occupied with a
Na+ ion. Since at somewhat higher Na+ concentrations most of the enzyme
quickly accumulates in state Na3E1 and the proton-bound states become less
relevant, the equilibrium dissociation constant for a (third) Na+ ion to state
(Na)NaE1I is the highest (KNaI3 = 115 M) of the inhibitor bound states. This
number demonstrates that at physiological Na+ concentrations binding of a MCS
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factor quantitatively forces the dissociation of a Na+ ion from one of the first two
bound ions.

5.7.1. Equilibrium binding constants
The equilibrium dissociation constants for the cations in the inhibitor bound states
are for protons KHI1 = 0.339 mM, for K+ ions KKI1 = 3.55 mM, for Na+ ions
KNaI1 = 2.76 mM, and KNaI3 = 115 M. The three equilibrium dissociation
constants of inhibited states with only one cation bound are all more or less close
together. Binding constants for K+ and Na+ bound inhibited states are more
similar than the proton-bound inhibited state. The differences in the equilibrium
dissociation constants might result from the differences of the cation properties
while MCS factors always interact with the same (binding) site on the Na,KATPase. Looking at it this way may also explain why SR Ca-ATPase and gastric
H,K-ATPase are also inhibited by MCS factors. In these two pumps the
cytoplasmic ion-binding sites correspond with the first two Na+ ion-binding sites of
the Na,K-ATPase, a proposal that is at least in agreement with recent
considerations on the structure of the ion-binding sites on the basis of the crystal
structure of the SR Ca-ATPase (Rice et al., 2001; Ogawa and Toyoshima, 2002).

5.8. Conclusion
It was shown that MCS factors indeed inhibit the Na,K-ATPase, the SR CaATPase, and the gastric H,K-ATPase. A method was established by which the
lipophilic precursor that is isolated from plants can be hydrolyzed and thus be
transformed in a strong and stable inhibitor of several P-type ATPases. MCS
factors bind to the enzyme in a state with either one proton, one Na+ ion or one
K+ ion bound. In presence of high Na+ concentrations the Na,K-ATPase can also
be inhibited in a state with two Na+ ions bound where one ion resides in the third
and exclusively Na+-specific ion-binding site. Most probably the MCS factors bind
to the Na,K-ATPase at a specific binding site on the intracellular side of the
protein thereby inducing a conformational rearrangement that causes a change
of the equilibrium dissociation constant for one of the first two intracellular cation
binding sites. Based on this study, the MCS factors cannot be assigned a
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physiological role. The intriguing chemical similarities of MCS factors with
previously published properties of EDLFs were joined by further characteristics
that EDLFs share with MCS factors, yet one substantial requirement for EDLFs,
namely binding to the well conserved extracellular cardiac glycoside binding site,
could not be met by MCS factors. Nonetheless, the fact remains that these
compounds occur in edible plants and thus must be incorporated into animal
bodies. This study shows clearly that an interaction of MCS factors with type II Ptype ATPases is principally possible. Whether any interaction of this kind truly
occurs will have to be investigated in future physiological surveys.
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Appendix A

In order to improve the isolation procedure at the beginning of this study more
than 250 different isolates were tested with the ATPase assay for inhibitory
activity. Fig. 80 provides an impression of how diverse the activities of these
samples were. The next step was to identify the strongest inhibitors of Na,KATPase and establish a procedure by which it was possible to produce larger
amounts of a stable inhibitor. Some hundred experiments to activate the MCS
factors under varying conditions were necessary to gain understanding of the
activation procedure. A few of the boiling experiments are summarized in Table 3
to give an impression of the diversity of activities and stabilities of the samples
encountered.

Inhibition of Na,K-ATPase

ATPase inhibition norm.

1

AVH-413 rabbit

HPG-390 rabbit

XZH-431 rabbit
XZB-341 rabbit
CSP-030 rabbit

CSN-132 rabbit
CSN-222 rabbit (120ug/ml)

0.8

ASN-122 rabbit

0.6

0.4

0.2

0
0

20

40

60

µg

80

100
08apr99.fpw

Fig. 80: Sample of the inhibition of Na,K-ATPase through different isolates of Helleborus species.
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Table 3: Different boiling experiments and their results concerning inhibitor activity and stability.
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Appendix B

The Mathematica 4 notebook file with the enzyme states being assigned with the
following abbreviations:
E1:
HE1:
H2E1:
HE1I:
KE1:
K2E2:
KHE1:
KE1I:
NaE1:
Na2E1:
Na3E1:
NaHE1:
NaE1I:
(Na)NaE1I:

x1, f1
x5, f4, KH1
x6, f10, KH2
x7, f5, KHI1
x13, f2, KK1
x14, f3, KK2
x15, f6, KKH
x16, f8, KKI1
x2, f7, KNa1
x3, f14, KNa2
x4, f15, KNa3
x22, f13, KNaH
x10, f20, KNaI1
x12, f17, KNaI3

Solve@8x1 + x2 + x22 + x3 + x4 + x5 + x6 + x7 + x10 + x12 + x13 + x14 + x15 + x16  1,
x1 H  x5 KH1, x5 H  x6 KH2, x1 Na  x2 KNa1, x2 H  x22 KNaH, x2 Na  x3 KNa2,
x3 Na  x4 KNa3, x5 In  x7 KHI1, x2 In  x10 KNaI1, x4 In  x12 Na KNaI3,
x1 K  x13 KK1, x13 K  x14 KK2, x13 H  x15 KKH, x13 In  x16 KKI1<,
8x1, x2, x5, x6, x22, x3, x4, x7, x10, x12, x13, x14, x15, x16<D
88x6 → HH2 KHI1 KK1 KK2 KKH KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ë HKNa1 H− K KH1 KHI1 KNa2 KNa3
H−K KH2 KKH KKI1 KNaH + KK2 H− H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL KNaI1 KNaI3 Na −
KK1 H−KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL +
KH1 KK1 Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH
KKI1 KNaHL KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,

x16 → HIn K KH1 KH2 KHI1 KK2 KKH KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ê HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
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x15 → HH K KH1 KH2 KHI1 KK2 KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ê HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x22 → HH KH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNa2 KNa3 KNaI1 KNaI3 Na2L ë HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL

KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x14 → HK2 KH1 KH2 KHI1 KKH KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ë HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL

KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,

x7 → HH In KH2 KK1 KK2 KKH KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ê HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x10 → HIn KH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI3 Na2L ë HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
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x12 → HIn KH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNaH KNaI1 Na3L ë HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL

KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x4 → HKH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 Na4L ë HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x3 → HKH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na3L ë HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x5 → HH KH2 KHI1 KK1 KK2 KKH KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ê HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x13 → HK KH1 KH2 KHI1 KK2 KKH KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ê HKNa1
H−K KH1 KHI1 KNa2 KNa3 H− K KH2 KKH KKI1 KNaH + KK2 H−H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL
KNaI1 KNaI3 Na − KK1 H− KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
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x1 →
HKH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNa1 KNa2 KNa3 KNaH KNaI1 KNaI3 NaL ê HKNa1 H−K KH1 KHI1 KNa2 KNa3
H−K KH2 KKH KKI1 KNaH + KK2 H− H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL KNaI1 KNaI3 Na −
KK1 H−KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL + KH1 KK1
Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2 HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL
KNaI1L KNaI3 Na − Na H− KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na −
Na HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL,
x2 → HKH1 KH2 KHI1 KK1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na2L ë HKNa1 H− K KH1 KHI1 KNa2 KNa3
H−K KH2 KKH KKI1 KNaH + KK2 H− H KH2 KKI1 − KKH HIn KH2 + KH2 KKI1LL KNaHL KNaI1 KNaI3 Na −
KK1 H−KH1 KH2 KHI1 KK2 KKH KKI1 KNa2 KNa3 KNaH KNaI1 KNaI3 Na − H KNa2 KNa3
HIn KH2 KK2 KKH KKI1 KNaH − H− H − KH2L KHI1 KK2 KKH KKI1 KNaHL KNaI1 KNaI3 NaLL +
KH1 KK1 Na H−KNa2 KNa3 H− In KH2 KHI1 KK2 KKH KKI1 KNaH − KHI1 KK2
HH KH2 KKH KKI1 + KH2 KKH KKI1 KNaHL KNaI1L KNaI3 Na −
Na H−KH2 KHI1 KK2 KKH KKI1 KNa3 KNaH KNaI1 KNaI3 Na − Na
HIn KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 + KH2 KHI1 KK2 KKH KKI1 KNaH KNaI1 KNaI3 NaLLLL<<
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