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Zusammenfassung

Die ubiquitär vorkommende Na,K-ATPase und die gastrische H,K-ATPase sind primär aktive
Transporter, welche die freiwerdende Energie der katalysierten ATP-Hydrolyse nutzen, um Ka-
tionen gegen elektrochemische Gradienten zu transportieren. Diese beiden Ionenpumpen
gehören zu den wenigen Mitgliedern der P-typ-ATPase-Superfamilie, die neben einer ka-
talytischen a-Untereinheit eine weitere (die sogenannte “b-Untereinheit”) für ihre korrekte Fal-
tung, Reifung und Plasmamembran-Expression benötigen. Darüber hinaus sind diese akzes-
sorischen b-Untereinheiten auch von essentieller Bedeutung für die Transportaktivität der bei-
den ATPasen. Bisher ist jedoch insbesonders für die gastrische H,K-ATPase noch relativ un-
klar, welche Regionen der b-Untereinheit die Transporteigenschaften der Protonenpumpe be-
einflussen. Demzufolge ist auch derzeit noch unbekannt, ob für die beiden eng verwandten
ATPasen eventuell konservierte molekulare Mechanismen existieren, die für den modula-
torischen Einfluss der b-Untereinheiten auf die jeweilige katalytische a-Untereinheit verant-
wortlich sind.

Zur Klärung dieser Frage wurden in der vorliegenden Arbeit gezielt Mutationen in allen
drei topogenen Domänen der Na,K- und H,K-ATPase b-Untereinheiten eingeführt und
die daraus resultierenden Konsequenzen für die Ionentransport-Eigenschaften elektro-
physiologisch in Xenopus Oozyten untersucht. Aufgrund der elektroneutralen Transport-
Stöchiometrie der gastrischen H,K-ATPase erforderte die Charakterisierung der H,K-ATPase b-
Mutanten außerdem zwei weitere biophysikalische Methoden: die sogenannte Voltage-Clamp-
Fluorometrie, die eine Bestimmung der Verteilung des E1P/E2P Konformations-Gleichgewichts
an fluoreszenzmarkierten H,K-ATPase-Molekülen erlaubt, sowie die Atom-Absorptions-
Spektroskopie zur Quantifizierung der ATPase-vermittelten Rubidium-Aufnahme.

Da die extrazellulären Domänen der Na,K- und H,K-ATPase b-Untereinheiten mehrere kon-
servierte N-Glykosylierungsstellen aufweisen, deren angeheftete Zuckerreste zu einer erheb-
lichen Erhöhung des Molekulargewichts führen, wurde ihre funktionelle Bedeutung für die
Transportaktivitäten der ATPasen untersucht. Bemerkenswerterweise hatte jedoch eine durch
Mutation der Erkennungssequenzen herbeigeführte Entfernung des Oligosaccharidanteils auf
den b-Untereinheiten keinen Einfluss auf die maximalen Pumpraten, die apparenten Ionen-
Affinitäten oder das E1P/E2P Konformations-Gleichgewicht der beiden ATPasen. Darüber
hinaus zeigten die glykosylierungsdefizienten b-Untereinheiten keinerlei Abweichungen vom
Wildtyp-Verhalten hinsichtlich ihrer Fähigkeit, mit der jeweiligen a-Untereinheit zu assoziieren
und diese dadurch in der Plasmamembran zu stabilisieren. Diese Resultate legen nahe, dass
die ausgeprägte b-Glykosylierung nicht essentiell für die eigentliche Transportaktivität der Io-
nenpumpen ist. Im Falle der gastrischen H,K-ATPase ist eine protektive Funktion der Zucker-
reste denkbar, welche die extrazellulären Domänen der ATPase vor Denaturierung und prote-
olytischem Verdau unter den harschen Bedingungen des Magenlumens schützt.

Im Gegensatz dazu führte die Mutation zweier einzelner, jedoch hochkonservierter Tyrosin-
reste in den Transmembran-Domänen der Na,K- und H,K-ATPase b-Untereinheit zu einer
deutlichen Beeinflussung der Transporteigenschaften der beiden ATPasen: Insbesondere
der Austausch gegen sperrige, hydrophobe Tryptophanreste resultierte in einer erheblichen
Beeinträchtigumg der Ionenaffinitäten. Zudem konnte gezeigt werden, dass die Affinitätsän-
derungen bei beiden Enzymen von signifikanten Verschiebungen im E1P/E2P Konformations-
gleichgewicht zu Gunsten des E1P-Zustands begleitet wurden. Die veränderte Spannungsab-
hängigkeit der reziproken Zeitkonstanten der transienten Ströme bzw. der Fluoreszenzän-
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derungen deuteten außerdem darauf hin, dass diese Verschiebung durch eine Vergrößerung
der apparenten Geschwindigkeitskonstanten für die Rückwärtsreaktion (ohne eine Beeinflus-
sung der Geschwindigkeitskonstanten für die Vorwärtsreaktion) zustande kommt. Möglicher-
weise ist bei den Wildtyp-ATPasen eine E2P-spezifische Interaktion zwischen den zwei Tyrosi-
nen und Resten der a-Untereinheit für eine erhebliche Stabilisierung dieses Konformers ver-
antwortlich, welche im Falle der untersuchten Tryptophan-Mutanten deutlich abgeschwächt
ist.

Zur Überprüfung dieser Vermutung wurden anhand der Na,K-ATPase-Kristallstruktur gezielt
Aminosäuren in der Transmembran-Domäne 7 (TM7) der Na,K- und H,K-ATPase a-Unter-
einheiten ausgewählt, die ebenfalls gegen Tryptophan ausgetauscht wurden. Tatsächlich
zeichneten sich sowohl bei der Na,K- als auch der H,K-ATPase einige dieser a-TM7 Mutan-
ten durch ähnlich E1P-verschobene Phänotypen aus, was als eine Bekräftigung der obigen
Hypothese aufgefasst werden kann. Da die mutationsbedingte relative E1P-Verschiebung
insbesondere bei der gastrischen H,K-ATPase zu einer erheblichen Beeinträchtigung der
Protonen-Transportrate führte, scheint die durch den Kontakt zur b-Untereinheit vermittelte
E2P-Stabilisierung von entscheidender funktioneller Bedeutung für die Pumpaktivität der Pro-
tonenpumpe zu sein.

Interessanterweise deutet die kürzlich veröffentlichte kryoelektronenmikroskopische Struk-
tur der gastrischen H,K-ATPase darauf hin, dass ein möglicher Kontakt zwischen Phosphory-
lierungs-Domäne der a-Untereinheit und dem zytosolischen N-Terminus der b-Untereinheit
ebenfalls zu einer E2P-Stabilisierung beitragen könnte. In der Tat konnte in der vorliegen-
den Arbeit gezeigt werden, dass eine N-terminale Verkürzung der H,K-ATPase b-Untereinheit
zu einer deutlichen Verschiebung zu Gunsten des E1P-Zustandes führt und darüber hinaus
auch die Wechselzahl der Pumpe signifikant beeinträchtigt. Da außerdem eine vergleichbare
b-N-terminale Verkürzung bei der verwandten Na,K-ATPase weder Auswirkungen auf das Kon-
formationsgleichgewicht noch auf die Pumpströme hatte, scheint die E2P-Stabilisierung durch
den b-N-terminus eine Besonderheit der gastrischen H,K-ATPase zu sein.
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Chapter 1. General Introduction

1.1. P-Type ATPases

P-type ATPases make up a huge superfamily of ion pumps that use the energy of ATP hydrolysis
to fuel the transmembrane transport of charged substrates across biological membranes. The
“P” stands for phosporylation, since a hallmark of the more than 300 members of this family
is the reversible formation of an acyl-intermediate in which the g-phosphate of the enzymati-
cally hydrolysed ATP is covalently linked to a highly conserved Asp side-chain. This Asp residue
is part of the DKTGTLT-sequence motif which is located in the so-called “P-domain” and de-
fines the membership of the P-type ATPase family. Two additional conserved motifs related to
the phosphorylation and subsequent dephosphorylation reaction are the GDGXNDXP motif,
present immediately after the ATP binding domain (N-domain, for “nucleotide-binding do-
main”) and the TGES sequence located to the so-called actuator-domain (A-domain). P-type
ATPase-encoding genes are found throughout all five kingdoms of life, but they are more
widespread in eukaryotes than in bacteria and archea. Yet, the simplest and presumably most
ancient ion pumps (type-I) are mainly found in bacteria, e.g. the Kdp K+ pump from E.coli.

Based on sequence homology, the P-type ATPase family can be divided into 5 branches, re-
ferred to as types I-V (Axelsen and Palmgren, 1998) (see Table 1.1). Although the number of
transmembrane domains varies between 6 to 10, all P-type ATPases have an even number of
transmembrane domains with the N- and C-termini and the large catalytic (ATP-binding and
-hydrolyzing) domain facing the cytoplasmic side of the membrane. Table 1.1 gives a brief
summary of the various substrates that are transported by different members. Most of them
translocate small, “hard” cations (H+, Na+, K+, Ca2+ or Mg2+), but some are transporting “soft”
transition metal ions instead, including Cu+, Ag+, Zn+ , Cd+ , Hg+ and Pb+. Since these lat-
ter are heavy metal ions, the type-IB transporters have the physiologically important function
of removing these toxic ions from the cell. Mutations in the human Cu+ efflux pumps there-
fore cause the rare but lethal hereditary Menkes’ and Wilson’s diseases (Bull et al., 1993; Tanzi
et al., 1993). The most unconventional substrates are transported by type-IV ATPases that are
uniquely found in eukaryotes. They catalyze the movement of the aminophospholipids PS, PE
or PC from the extracellular to the cytoplasmic leaflet of the plasma membrane lipid bilayer
(Poulsen et al., 2008b). Since even these rather hydrophobic substrates all contain positively
charged head groups, the cationic nature seems to be the common denominator of all P-type
ATPase substrates. However, it should be noted that it is not proven yet that type-IV ATP-
ases are actually translocating the cationic phospholipids themselves - it has been proposed
instead that by transporting other cations they may possibly generate a concentration gradient
that subsequently drives phospholipid translocation through another unidentified symporter
(Kühlbrandt, 2004). Furthermore, the substrates that are transported by the type-V ATPases
still remain to be identified.

1.1.1. The Catalytic Cycle of P-Type ATPases

Ion transport of all P-type ATPases is probably mediated by a common mechanism, where the
reversible phosporylation of the conserved Asp plays a key role by facilitating the transition
between two principal conformations with inwardly- and outwardly-facing binding sites for
the respective transported cations. Consequently, P-type ATPases are also referred as “E1/E2-
ATPases”. It is assumed that the conformational transition between these two states is linked
to changes in the respective affinities for the translocated cations, thus enabling uptake of the
ions from one side and their subsequent release to the other side of the membrane. For P-type
ATPases that transport two different ion species, the transport is stricly consecutive and oc-
curs in opposite directions across the membrane (“ping-pong” or “alternating access” model).
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1.1. P-Type ATPases

Type Gene Name Iso- Organism Cation TM acessory
forms specifity subunits

I-A kdpB Kdp ATPase 1 E. coli K+ 6 KdpA,
(or 7) KdpC

KdpF

I-B copA CopA 1 E. coli Cu+ Ag+ 8 -

zntA ZntA 1 E. coli Zn+, Pb+ 8 -
Cd+, Hg+

cadA CadA 1 S. aureus Cd+ 8 -

ATP7A MDAP 1 H. sapiens Cu2+ 8 -

ATP7B WDAP 1 H. sapiens Cu2+ 8 -

II-A ATP2A SERCA 3 H. sapiens Ca2+ 10 phospho-
lamban

II-B ATP2B PMCA 4 H. sapiens Ca2+ 10 -

II-C ATP1A Na,K-ATPase 4 H. sapiens Na+/K+ 10 b-subunit
(1-4) g-subunit1

ATP4A gastric 1 H. sapiens H+/K+ 10 b -subunit
H,K-ATPase

ATP12A non-gastric 1 H. sapiens H+/K+ 10 b-subunit
H,K-ATPase Na+/K+

NH4
+/K+

II-D CA1 Ca2+ motive 1 L. donovani Na+, Ca2+ 10
P-type ATPase

III-A AHA1-11 plant H-ATPase 11 A. thaliana H+ 10 -

III-B mgtA Mg-ATPase 1 E. coli Mg2+ 10 -

IV APLT1 APLT1 1 L. donovani PS 10 cdc50

ATP8A1 APLT 14 H. sapiens PS 10 cdc50

Drs2 DRS2 1 S. cerevisiae PS,PE 10 cdc50p

Dnf1p DNF1 3 S. cerevisiae PS, PE, PC 10 Lem3p

V-A At5g23630 Probable cation- 1 A. thaliana unknown 10 ?
transporting ATPase

V-B ATP13A Probable cation- 4 H. sapiens unknown 10 ?
(1-4) transporting ATPase

Table 1.1.: Classification of P-Type ATPases. For each of the five classes, the most prominent
members (preferably human, if known) are listed.

Between their binding and release at different sides of the membrane, the ions undergo “oc-
cluded states”, in which the ions are trapped within the enzyme without access to either side of
the membrane.

For the Na,K-ATPase, a detailled reaction scheme that accounts for these properties has been
formulated (Albers, 1967; Post et al., 1972), the so-called “Post-Albers-Cycle” (see Figure 1.1).
Starting from the intracellular side of the membrane, low-affinity binding of cytosolic ATP in
the E2-state facilitates the transition to the E1-state (step 1 in Figure 1.1). The conformational
change is accompanied with a reduction of the K+ affinity, thus releasing the two bound K+

1or other members of the FXYD-family (see Table 1.2 on page 19)
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Figure 1.1.: Post-Albers reaction cycle of the Na,K-ATPase.

ions to the cytoplasmic space (step 2). The E2/E1 transition also converts the ATP binding site
into a “high affinity binding site”. Furthermore, as a consequence of the increased Na+ affinity
in the E1-state, three Na+ ions are bound intracellularly (step 3), followed by phosphorylation
of Asp369 (pig renal a1-isoform numbering) by ATP (step 4), yielding E1P with occluded Na+

ions. The phosphorylation of Asp369 favours a conformational change to the E2P-state (step
5). ADP dissociates from the N-Domain, Na+ ions are deoccluded and released (step 6). Two
extracellular K+ ions bind to the high affinity binding sites (step 7) which in turn accelerates the
dephosphorylation reaction (step 8), resulting in a K+ occluded E2-state of the enzyme.

Ion transport of other P-type ATPases most likely takes place according to similar reaction
schemes, since the domains involved in nucleotide binding and phosphorylation are highly
conserved.

1.1.2. Electrogenicity of P-Type ATPases

Since the substrates translocated by P-type ATPase are charged, their overall transport activ-
ity is electrogenic when one or more net charges (according to their respective stoichiometry)
are moved across the membrane during a full reaction cycle. Famous examples are the Na,K-
ATPase with a 3 Na+/2 K+/1 ATP stoichiometry, which moves one net charge per reaction cycle
and the SERCA with a 2 Ca2+/ 2 H+/1 ATP stoichiometry, thus moving two net charges per pump
cycle. As a consequence of these net charge movements, the pumps act as generators of elec-
tric current, thereby hypercharging the membrane capacitance which can be monitored by flu-
orescent styryl dyes of the RH family, such as RH-160, RH-237 or RH-421 (Klodos and Forbush,
1988). Due to their amphiphilic character, these compounds are inserted into lipid bilayers
where their fluorescence is influenced by changes in the local electric field (electrochromism).

Electrogenic steps of the H,K-ATPase reaction cycle
As a consequence of their charge-transporting activity, the turnover number of electrogenic P-
type ATPases may depend on the membrane potential. This happens if either a rate-limiting
step itself or a step controlling the level of an enzyme intermediate entering a rate-limiting
step is electrogenic. Therefore, the turnover number of an overall electroneutrally operating
ATPase may be potential-sensitive, provided that the rate-limiting step is accompanied by net
movement of charge across the transmembrane electric field. For example, the rate of H+ se-
cretion by the electroneutral gastric H,K-ATPase (pump stoichiometry of 2 H+/ 2 K+/ 1 ATP)
was shown to be voltage-dependent in situ (Rehm, 1965). Since positive membrane potentials
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1.1. P-Type ATPases

enhance the pump rate of the enzyme, an electrogenic step in the H+ outward transporting
limb appears to be rate-limiting under these conditions. Additional evidence for the presence
of an electrogenic step in the H+ limb was provided by black lipid membrane measurements
in which H,K-ATPase containing parietal cell membrane fragments were adsorbed to a planar
lipid membrane (van der Hijden et al., 1990; Stengelin et al., 1993). Upon light-induced release
of caged ATP, a transient current was observed that increased with higher ATP concentrations
but decreased and eventually disappeared with increasing K+ concentrations. The observed
transient charge movement was therefore assigned to the proton movement during the H+-
translocating branch of the catalytic cycle.

Interestingly, K+ inhibition experiments on inside-out gastric vesicles revealed that another
electrogenic step exists in the K+-branch of the H,K-ATPase reaction cycle (Lorentzon et al.,
1988). These studies showed that the inhibitory effect of high intracellular K+ concentrations
on ATPase activity is potential-sensitive: K+ inhibition was efficiently prevented at interior pos-
itive diffusion potentials in presence of the K+-specific ionophore valinomycin (corresponding
to negative intracellular potentials), but could be restored by adding a protonophore that dis-
sipated the K+ diffusion potential.

Electrogenic steps of the Na,K-ATPase reaction cycle
Numerous studies have revealed that also several steps in the sodium pump reaction cycle
are electrogenic. Information about the electrogenic steps can be obtained from the voltage-
dependence of steady-state pump currents under various ionic conditions where different
steps become rate-limiting for the overall process. For example, in Na+-containing extracellular
solutions with saturating concentrations of K+, the pump currents decrease at hyperpolarizing
potentials, which can be attributed to enhanced electrogenic reverse binding of extracellular
Na+. This competes with binding of extracellular K+ ions, thus lowering the forward pump-
ing rate. In contrast, the I-V relationship is relatively voltage-independent in the absence of
extracellular Na+ at saturating K+. Below K+ saturation in extracellular Na+-free solutions, the
pump currents are even slightly increased at hyperpolarizing potentials (Rakowski et al., 1991),
since the effective concentration of K+ at the external binding sites is increased by the applied
voltage, resulting in enhanced turnover. This indicates that also extracellular K+binding is elec-
trogenic, albeit more weakly than extracellular Na+ binding.

At low intracellular Na+ concentrations and saturating extracellular potassium levels in Na+-
free solutions, the weak electrogenic binding of sodium ions to the intracellular binding site
is revealed. If under these conditions, the intracellular Na+ concentration is increased to sat-
uration, the voltage-dependent pump currents still exhibit a shallow positive slope (Rakowski
et al., 1997), thus indicating that also the inward-to-outward-facing conformational change
(E1P→E2P) is slightly electrogenic and rate-limiting for Na+ forward transport. Therefore, at
least the voltage-dependence of this step is not compatible with the commonly used access
channel model (see below).

Another possibility to study the electrogenic steps of the Na,K-ATPase pump cycle is to
choose conditions in which the pump can only undergo a part of the reaction cycle. For ex-
ample, in the absence of extracellular K+ but at high intra- and extracellular Na+ concentra-
tions (so called “Na+/Na+exchange conditions”), the enzyme is restricted to the Na+ translocat-
ing limb of the pump cycle. Voltage-jumps under these conditions result in ATP-dependent,
ouabain-sensitive transient (pre-steady state) currents which arise as a consequence of Na+

charge-movements involving the Na+-loaded, phosphorylated forms of the sodium pump. This
has been interpreted in terms of a high-field extracellular “access channel” or “ion well” for
Na+ ions (Gadsby et al., 1993), since changes in membrane potential have been shown to be
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Figure 1.2.: Electrogenic steps in the H,K-ATPase and Na,K-ATPase reaction cycles. Steps in
the reaction cycles of H,K-ATPase (A) and Na,K-ATPase (B) that were shown to be
at least weakly electrogenic are indicated by blue arrows. For the Na,K-ATPase, the
major electrogenic event was linked to the extracellular Na+ release or reverse bind-
ing steps (represented by bold blue arrows in B)

kinetically equivalent to changes in the concentration of sodium ions that bind within the ion
well (Läuger, 1991): Elevation of the external Na+ concentration shifts the Boltzmann-type Q/V
curves to more positive potentials, since less hyperpolarizing potentials are required to satu-
rate the extracellular binding sites at the bottom of the ion well (Sagar and Rakowski, 1994).
High-speed voltage-jumps on internally dialysed squid axons revealed three distinct phases in
the resulting pre-steady state charge movements, thus indicating that the de-occlusion and re-
lease of all three sodium ions is electrogenic and occurs in a strict sequential order (Holmgren
et al., 2000). Considering these three binding steps, it is the binding or release of the third Na+

ion that represents the major electrogenic event. In contrast to the other two Na+ ions that are
presumably bound to residues which are also part of the binding sites for the two K+ ions, the
coordinating residues of the third Na+ ion remain probably unligated in the K+-translocating
branch of the cycle. The lower voltage-dependence of the intracellular Na+ and extracellular K+

binding suggests rather low-field access channels for these weakly electrogenic steps. A low-
field access channel is characterized by a wide opening (or vestibule) into which water and all
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1.1. P-Type ATPases

kinds of ions may freely enter, resulting in a high conductance. Accordingly, only a small frac-
tion of an externally applied voltage drops across the length of the channel, which is reflected
by the lower dielectric coefficients of ∼0.1-0.25 compared to ∼0.7-0.8 for the high-field extra-
cellular Na+ access channel (Rakowski et al., 1997). However, it should be noted that apart from
the ion access channel model described here, other theories may explain the electrogencity
of ion binding and release steps as well. Being based on the idea of electrostatic barriers that
move across the transmembrane electric field, these theories may explain the electrogenicity
without any necessity for an access channel in molecular terms. Therefore, they represent at-
tractive alternatives to the ion access channel theory, especially regarding the lack of structural
evidence for ion access channels from the currently available Na,K-ATPase crystal structures
(see next section).

The putative charge-translocating steps in the H,K- and Na,K-ATPase reaction cycles are
summarized in Figure 1.2 A and B, respectively.

1.1.3. Structure of P-Type ATPases

The first high-resolution crystal structure of a P-type ATPase appeared in 2000 (Toyoshima et al.,
2000), revealing the Ca2+-bound E1-state of the sarcoplasmatic reticulum ATPase (SERCA1a)
from rabbit skeletal muscle at 2.6 Å. Shortly after, additional structures of SERCA1a in several
different conformational states were resolved (Toyoshima and Nomura, 2002; Toyoshima and
Mizutani, 2004; Olesen et al., 2004, 2007), thus indicating the structural changes that occur
when the enzyme moves through the catalytic cycle. These P2A-type ATPase structures are of
a more general significance, since it is assumed that similar changes probably take place in
related P-type ATPases. However, the structures of this monomeric ATPase were not able to
provide any structural information about the interaction sites with accessory subunits of cer-
tain oligomeric P-type ATPases (see section 1.1.4).

Crystal Structure of the Na,K-ATPase at 3.5 Å resolution
Another major breakthrough came in 2007, when the X-ray structure of the pig renal Na,K-
ATPase (a1b1g-complex, see Figure 1.3 A) with two bound Rb+ ions at 3.5 Å resolution was pub-
lished (Morth et al., 2007). Apart from revealing the association of the b-TM with a-TM7/a-
TM10 (see Chapter 4 for details) and of the g-TM with a-TM9, another interesting finding
was the location of the carboxy terminus of the a-subunit. Compared to the SERCA1a, the
C-terminus of the Na,K-ATPase carries an extension of eight residues which forms a short a-
helix that is accommodated between b-TM, a-TM7 and a-TM10 (see Figure 1.3 B). The last two
residues of the C-terminus are highly conserved tyrosines wich are present in all four Na,K-
ATPase a-isoforms and the gastric and non-gastric H,K-ATPase. Notably, they seem to interact
with positively charged residues (Lys-766 of a-TM5 and Arg-933 in the M8/M9 loop) according
to the crystal structure. Since a C-terminal deleted variant (DKETYY) led to a 26-fold reduc-
tion of Na+ affinity (a phenotype with strong similarity to the ones resulting from mutations
of the putative third Na+ binding site (Li et al., 2005)), it was speculated that the C-terminus
might be involved in binding of the third Na+ ion. A cluster of positively charged arginines
close to the C-terminus (Arg933, Arg934, Arg998, Arg1003, Arg1004, Arg1005; pig kidney a1-
isoform numbering) was suggested to function as a voltage sensor that controls positioning of
the C-terminus.

Further biochemical studies on Na,K-ATPase a1-mutants with C-terminal deletions of vari-
ous length revealed that the C-terminus is not only critical for Na+ binding from the cytoplas-
mic site, but also for Na+ binding from the extracellular site, since high concentrations of Na+

were unable to induce the E2P→E1P reverse reaction in these mutants. Interestingly, a similar
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Figure 1.3.: Crystal structure of the pig renal Na,K-ATPase. A; overall view showing the
oligomeric Na,K-ATPase complex of a1- (lilac), b1- (wheat) and g-subunit (red). B;
close-up view from the cytoplasmic side, illustrating the C-terminal intrusion (pink
helix) into the transmembrane region and possible interacting residues (e.g. K766
and R933) of the two C-terminal tyrosines Y1015 and Y1016 (in light pink). The two
occluded Rb+ ions in the cation binding pocket are colored in purple. Both struc-
tural representations have been adapted from Morth et al. (2007).

phenotype was also observed when Arg933 (pig kidney a1-isoform numbering) was mutated to
alanine. Since this residue is in position to form one or two salt bridges or hydrogen bonds with
the C-terminal carboxylate group, it may represent a functional and structural link between C-
terminus and Na+binding site (Toustrup-Jensen et al., 2009).

The physiological relevance of these structural findings is underscored by the fact that a mu-
tation of the corresponding arginine residue (to proline) in the Na,K-ATPase a2-isoform or a
C-terminal extension of this isoform by 28 amino acids was linked to familial hemiplegic mi-
graine Type 2 (FHM2) (Riant et al., 2005). Notably, even a substantially shorter extension of
the a3-Na,K-ATPase C-terminus (by a single additional tyrosine residue) resulted in an approx-
imately 50-fold reduction of the intracellular Na+ afffinity and was associated with sporadic
rapid-onset dystonia-parkinsonism (RDP) (Blanco-Arias et al., 2009).

Finally, electrophysiological characterization of C-terminally deleted or mutated a2-mutants
demonstrated that the two terminal tyrosines are essential for a normal K+-activated pump ac-
tivity: In the absence of extracellular K+ the DYY and YY→AA a2-mutants mediated ouabain-
sensitive, hyperpolarization-activated inward currents, which were predominantly carried by
Na+ and H+, since they were dependent on extracellular Na+ and increased at lower pH. For the
wildtype Na,K-ATPase, similar inward currents were also observed at acidic pH, but only in the
absence of both extracellular K+ and Na+ (Vasilyev et al., 2004). Therefore, the remarkable phe-
notype of these C-terminally altered mutants may be tentatively attributed to a disrupted in-
tracellular gate that controls the strictly alternating access of cations to the ion binding pocket
(Meier et al., 2009).
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1.1. P-Type ATPases

Figure 1.4.: Crystal structure of the Na,K-ATPase from shark rectal gland at 2.4 Å resolution.
A, a close-up view of the a/b interface illustrating the partial unwinding of TM5
and TM7 of the Na,K-ATPase a-subunit (indicated by kinks in the yellow cylindrical
helices). Note the participation of cholesterol (in mint green) and aromatic b-TM
residues (in light pink) in stabilizing the unwound part of TM7 (around Gly855). B,
details of the cholesterol binding site, highlighting the aromatic residues of the b-
TM involved in interactions to the steroid moiety of cholesterol. Blue and magenta
mesh represent electron densities contoured at 2sv and 4sv, respectively. Both struc-
tural representations in A and B are adapted from Shinoda et al, 2009 (PDB code
2ZXE).

Crystal Structure of the Na,K-ATPase at 2.4 Å resolution
Although the aforementioned structure at 3.5 Å has already contributed significantly to a better
understanding of the Na,K-ATPase at a molecular level, some important details including the
mechanism of K+ coordination by residues of the catalytic a-subunit were only revealed at a
still higher resolution of 2.4 Å, which was achieved very recently by crystallization of the Na,K-
ATPase a1-isoform in the E2-state from shark rectal glands (Shinoda et al., 2009).

Interestingly, it was shown that in contrast to Ca2+-coordination by carboxylate side-chains
of SERCA, mainly main-chain carbonyl oxygens contribute to the K+ binding pocket of the
Na,K-ATPase, thus possibly representing the key element for defining K+ selectivity of the ion
pump. Notably, the involvement of main-chain carbonyls in cation coordination requires a
partial unwinding of the helical conformations of TM5 and TM7, which in turn implies addi-
tional structural particularities. Whereas the unwinding of TM5 is probably facilitated by the
presence of a helix-breaking proline (Pro785, shark rectal gland a1-isoform numbering, corre-
sponding to a glycine residue in the Ca2+ ATPase), the unwinding of TM7 most likely requires
assistance of the b-subunit, since hydrogen-bonding between the backbone carbonyl of Gly855
in TM7 and Tyr44 in the b-TM stabilizes the unwound structure of TM7 (illustrated in Figure 1.4
A). Additional stabilization might be achieved by a cholesterol molecule that appears to shield
the unwound part of TM7 from exposure to bulk lipids of the membrane (see Figure 1.4 B).
Apart from these interesting findings, the structure by Toyoshima and colleagues highlighted
key residues that are responsible for the interactions between b-ectodomain and a-subunit and
also some contact sites to the accessory protein FXYD (see upcoming section 1.1.4). Another
noticeable observation was that the majority of the residues involved in these protein interac-
tions are aromatic amino acids.
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Figure 1.5.: Structural representation of the pig gastric H,K-ATPase based on the recently
published cryo-EM structure2. The cryo-EM structure (EM Data Bank code 5104)
is represented by surface or mesh, contoured at 1 sv. A homology model based on
the Na,K-ATPase structure is also shown (cartoon, PDB code 3IXZ). Inset: a close-
up view (from the right side of the molecule) showing the putative interaction sites
of the b-subunit N-terminus with the P-domain (red arrow) and TM3 (black arrow)
of the a-subunit, respectively.

Cryo-EM Structure of the gastric H,K-ATPase
Despite the aforementioned recent progress in the available structural information for related
P-type ATPases, no high-resolution X-ray structure of the gastric H,K-ATPase has been pub-
lished so far. However, electron microscopy of two-dimensional crystals recently revealed the
three-dimensional structure of the pig gastric proton pump (complexed with aluminium fluo-
ride in the pseudo-E2P conformation) at 6.5 Å resolution (Abe et al., 2009).

An interesting finding of this study was the close proximity between the short cytosolic N-
terminal tail of the b-subunit and the P-domain of the a-subunit (see red arrow in Figure 1.5,
inset). The authors suggested that this putative inter-subunit contact may tether the P-domain
in an E2P-specific position by a ’ratchet’-like mechanism, thereby preventing the E2P→E1P re-
verse reaction. In vivo, this could facilitate proton release against the million-fold proton gradi-
ent of the stomach lumen. Notably, as indicated by the black arrow in Figure 1.5, the EM struc-
ture proposed another possible interaction between b-N-terminus and the a-subunit near the
cytoplasmic part of TM3, but it is less clear whether this contact influences the E1P/E2P con-
formational distribution of the a-subunit as well (see chapter 5 for further details).

2This figure was prepared by K. Abe, University of Kyoto, Japan.
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1.1. P-Type ATPases

1.1.4. Oligomeric P-Type ATPases

Essential ancillary subunits (b-subunits)
Only a few members of the P-type ATPase family require accessory subunits in addition to the
main ATP-hydrolyzing subunit for transport activity. For a long time, it was assumed that
the need for additional subunits was a unique feature of all K+-countertransporting P-type
ATPases, since the Kdp ATPase subunits KdpA, KdpC, KdpF and the Na,K- and H,K-ATPase
b-subunits were the only known essential accessory subunits in the whole P-type ATPase su-
perfamily. The transport of potassium ions might require particular sequence information
which, however, might complicate the proper membrane integration of the respective trans-
membrane parts. The accessory subunits may have evolved as helper proteins that facilitate
the more demanding task of folding and maturation. For example, KdpC was shown to assist in
the assembly of the Kdp ABCF complex (Gassel and Altendorf, 2001). Therefore, it was hypoth-
esized that the b-subunits of Na,K- and H,K-ATPases could be remnants of the bacterial KdpC
subunit that have been eliminated in other (non K+-transporting) ATPases (Geering, 2001). Al-
though results from baculovirus-infected insect cells have shown that at least the Na,K-ATPase
a-subunit alone is able to perform ATP hydrolysis (Blanco et al., 1994a), the b-subunit is essen-
tially required for ion transport of Na,K- and H,K-ATPase enzymes. Furthermore, in Xenopus
oocytes and mammalian cells, the proper folding, maturation and plasma membrane target-
ing of the Na,K- and H,K-ATPase a-subunits critically depend on the presence of the b-subunit.
(For more detailed information on the functional significance of the Na,K- and H,K-ATPase b-
subunits, see reviews by Geering (2001) and Chow and Forte (1995) or the introductory parts of
chapters 3-5).

Yet, more recently, a family of putative b-subunits of Type-IV ATPases was identified in yeast
(Saito et al., 2004) with homologues in plants (Poulsen et al., 2008a) and humans (Katoh and
Katoh, 2004). Interestingly, these cdc50 proteins consist of two transmembrane helices and
structurally resemble a fusion protein between b- and g-subunits of the Na,K-ATPase (see be-
low) in terms of polypeptide length, N-glycosylation and membrane topology. In analogy to the
b-subunits of Na,K- and H,K-ATPase, the cdc50-like proteins are involved in trafficking of the
respective catalytic Type IV-ATPase and probably contribute either directly to the formation of
a phospholipid binding site or indirectly by inducing conformational changes in the 10-helix
bundle of the PIV-ATPase a-subunit, thereby creating a high affinity phospholipid binding site
(Lenoir et al., 2007).

Notably, very recent results showed that the affinity of cdc50 for its binding partner (the yeast
PIV- type ATPase Drs2p) fluctuates during the transport cycle. Remarkably, the strongest inter-
action was observed in the E2P-state, in which loading with the phospholipid substrate takes
place (Lenoir et al., 2009). The authors therefore concluded that the E2P stabilization mediated
by the cdc50 interaction may increase the loading efficiency of the flippase which is presum-
ably limited by the slow two-dimensional diffusion rate of the phospholipid substrates in the
plasma membrane (Puts and Holthuis, 2009). Similar to the proposed ratched-like function of
the gastric H,K-ATPase b-subunit which is assumed to promote H+ release from the E2P-state
against the enormous pH gradient in vivo (see section 1.1.3 and chapter 5 on page 77), the pro-
longed dwell time in E2P would enhance the phospholipid binding efficiency of the flippase.

Non-essential, regulatory subunits (g-subunits)
Recently, a class of small single-span transmembrane proteins associated to the Na,K-ATPase
was identified, the so-called FXYD family, named after a common signature sequence FXYD
prior to the transmembrane segment (Sweadner and Rael, 2000). Although not being required
for basic transport function itself, all seven members of this family (FXYD1-7) were shown to
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modulate the transport properties of the pump, e.g. by causing small alterations in turnover
number or ion affinities. Since each member is only expressed in certain specialized tissues
(see Table 1.2), this proteins have probably a regulatory role in fine-tuning the Na,K-ATPase
transport activity to the specific needs in these tissues. For instance, the association of the
kidney-specific g-subunit (FXYD2) with a- and b-subunits of the Na,K-ATPase was shown to
influence the enzyme’s apparent affinities for ATP, Na+ and K+ (probably as a consequence of
an shift in the conformational E1/E2 equilibrium towards E1) and the voltage-dependence of K+

activation in both mammalian cells (Therien et al., 1997, 1999, 2001) and Xenopus oocytes (Be-
guin et al., 1997). Since the apparent affinity for ATP was about two-fold higher in g-associated
ATPase complexes isolated from HEK293 cells, it was speculated that this kidney-specific mod-
ulation of the Na,K-ATPase’s transport properties may be crucial under energy-compromised
conditions in some putative anoxic parts of the renal outer medulla (Therien et al., 1999). The
physiological significance of the g-subunit in the kidney is underscored regarding the hered-
itary hypomagnesemia disorder HOMG2 that was linked to an autosomal dominant negative
mutation (G41R) in the g-TM region (Meij et al., 1999). The phenotype of these patients is
possibly explained by a routing defect of the g-subunit that presumably affects the whole abg-
Na,K-ATPase complex (Meij et al., 2000), thus reducing Na,K-ATPase mediated K+ import into
the cell. As a result, the intracellular K+ concentration drops substantially which in turn affects
Mg2+ reabsorption via a K+-dependent Mg2+ entry channel in the apical membrane of the renal
tubule cells.

Notably, another tissue-specific modulation of Na,K-ATPase activity is mediated by phos-
pholemman (PLM or FXYD1) in heart and muscle cells. Binding of PLM to the Na,K-ATPase
results in a 2-fold reduction of the intracellular Na+ affinity (Crambert et al., 2002), but the ef-
fect is lost when PLM is phosphorylated by protein kinase A (e.g after b-adrenergic stimulation
by epinephrine, as described by Bibert et al., 2008). In cardiac myocytes, this modulation of
the Na+ affinity could be relevant for an efficient extrusion of intracellular Na+, thus increas-
ing Ca2+ efflux via the Na+/Ca2+exchanger. This is probably of utmost importance for avoiding
Ca2+ overload-induced arrhytmias and for limiting positive inotropy during sympathetic stim-
ulation (Despa et al., 2008).

Interestingly, the related single-span membrane protein phospholamban (PLB) that however
does not belong to the FXYD family, was shown to modulate the transport activity of the sar-
coplasmatic reticulum Ca2+-ATPase (SERCA2a) in heart cells by a similar mechanism (Simmer-
man et al., 1986): Binding of PLB to SERCA2a reduces the Ca2+ affinity (Cantilina et al., 1993), re-
sulting in an inhibitory effect on the protein’s Ca2+ transport activity (James et al., 1989). Upon
b-adrenergic stimulated phosphorylation of PLB by protein kinase A, the inhibitory interaction
is disrupted and SERCA-mediated Ca2+ transport is about 3-fold enhanced. Notably, a single
missense mutation in a PLB allele (R9C) was shown to be responsible for a dominant inherited
form of dilated cardiomyopathy and heart failure (Schmitt et al., 2003). The mutation results
in chronic SERCA2a inhibition, thereby causing Ca2+ overload-induced arrhytmias and heart
failure. Significantly, the mutation-carrying PLB is not directly inhibiting SERCA2a (e.g. by
being resistant to PKA phosphorylation-induced release from the pump). Instead, due to an
increased affinity for PKA, the mutated PLBs are unable to dissociate from PKA, thus rendering
the kinase unable to phosphorylate wild type PLB molecules, which results in constitutively ac-
tive wild-type PLB. This explains the dominant phenotype of this heterozygous genetic defect.
Since intracellularly elevated Ca2+ levels are common in most cardiomyopathies, PLB antisense
RNA or gene transfer of a constitutively phosphorylated PLB mutant (S16E) may be promising
new therapeutic approaches in the treatment of these diseases (MacLennan and Kranias, 2003).
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isoform tissue distribution

a1 all tissues
a2 adipocytes, muscle, heart, brain (glia cells)
a3 neurons, heart
a4 testis

b1 all tissues
b2 (AMOG) nervous tissues (glia cells), pinneal gland, sceletal muscle
b3 testis, retina, liver, lung

g (FXYD2) kidney
FXYD1 (PLM) heart, sceletal muscle
FXYD3 (Mat-8) uterus, colon, stomach (mucus cells), cancer cells
FXYD4 (CHIF) kidney, colon
FXYD5 (Ric) kidney, intestine, lung
FXYD6 (phosphohippolin) inner ear, brain, lung, testis, colon
FXYD7 brain

Table 1.2.: Tissue-specific expression of different Na,K-ATPasea-, b- and g-isoforms.

Multimer Formation of dimeric Na,K- and H,K-ATPase
Interestingly, both Na,K-ATPase and gastric H,K-ATPase a/b heterodimers probably form
higher order oligomers with important functional consequences for enzymatic activity under
physiological conditions:

Several biochemical studies indicate that the functional form of the H,K-ATPase is actually
an a2/b2 oligomer (Morii et al., 1996; Shin and Sachs, 1996; Abe et al., 2002, 2003; Shin and
Sachs, 2004; Abe et al., 2005). The native form of the proton pump probably functions as an
“out of phase” oligomeric heterodimer: when one a/b heterodimer is in the E1-form, the other
one is obligated to be in the E2-form, thereby allowing the large conformational changes in the
cytoplasmic domain of the a-subunit that occur during the E1→E2 transition. The close asso-
ciation of the two a-subunits in the tetrameric a2/b2 form would most likely prevent a simul-
taneous E1 conformation of both catalytic subunits, assuming identical movements of N- and
A-domain to those in the SR Ca2+-ATPase (Toyoshima et al., 2000). The formation of such an
“out of phase” oligomer has been concluded from measurements of the stoichiometry of ATP
binding, acid-stable phosphorylation and binding of inhibitors (Eguchi et al., 1993; Abe et al.,
2002; Shin and Sachs, 2004; Shin et al., 2005). The a2/b2 heterodimer would also explain why
two ATP binding sites with different affinities are characteristic for the H,K-ATPase (Wallmark
et al., 1980): A high affinity binding site (K0.5 in the submicromolar range) and a low affinity
site with a K0.5 in the submillimolar range (Helmich-de Jong et al., 1986). Since these two sites
are interconvertible, they presumably correspond to ATP binding sites in the E1- and E2-states,
respectively. ATP binding to the low affinity site in the E2-state was not only shown to acceler-
ate the transition to E1 (analogous to the effect of low affinity ATP binding to the Na,K-ATPase
(Robinson, 1967; Hegyvary and Post, 1971)), but also prevents the formation of an inhibitory
E1K-state at physiologically relevant high intracellular K+ concentrations (∼150 mM). Of note,
cytosolic inhibition by K+ delays phosphoenzyme formation (and H+ secretion) at low ATP, but
not at high ATP levels, where both sites are occupied (Lorentzon et al., 1988). This illustrates
the possible benefit of a oligo-heterodimeric H,K-ATPase complex under in vivo conditions.

Interestingly, the formation of an oligomeric heterodimer was also proposed for the Na,K-
ATPase by numerous studies, applying a diversity of techniques (Stein et al., 1973; Repke and
Schön, 1973; YuA et al., 1985; Pachence et al., 1987; Ting-Beall et al., 1990; Tsuda et al., 1998;
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Taniguchi et al., 1999, 2001; Kaya et al., 2003; Laughery et al., 2004; Clarke and Kane, 2007;
Pilotelle-Bunner et al., 2008). Although the arrangement of Na,K-ATPase molecules in high-
resolution crystals rather suggests a monomeric heterodimer (Morth et al., 2007) and several
studies on purified Na,K-ATPase enzymes also argue for an a/b protomer as the minimum
functional enzyme unit (Brotherus et al., 1983; Vilsen et al., 1987; Hayashi et al., 1989), dipro-
tomer formation was observed in two-dimensional crystals by electron microscopy (Yokoyama
et al., 1999). Furthermore, the existence of oligomeric heterodimers under more physiolog-
ical conditions (i.e. in biological membranes) seems reasonable, since it would actually ex-
plain the stoichiometry of ligand binding (Buxbaum and Schoner, 1991; Yokoyama et al., 1999;
Taniguchi et al., 2001) and the phosphorylation kinetics under certain conditions (Fröhlich
et al., 1997). Moreover, several studies have revealed regions in both a- and b-subunit involved
in a/a- (Blanco et al., 1994b; Koster et al., 1995; Zolotarjova et al., 1995; Donnet et al., 2001)
or b/b interactions (Ivanov et al., 2002; Barwe et al., 2007), respectively. Recently, Clarke and
Kane suggested a “two gear model” for the sodium pump: a “low gear” with one ATP bound
per diprotomer and a “high gear” with two ATP molecules bound. Whereas the low gear mode
operates at low ATP concentrations, a switch to the high gear (at higher ATP concentrations)
would result in enhanced turnover number. This may be relevant in excitable cells, such as
nerve and muscle cells, where a faster ion pumping rate by the Na,K-ATPase would enable the
cell to return to its resting potential in a shorter period of time after excitation. This in turn
would save ATP, since during this shortened time period less passive leakage of ions occurs that
must be counteracted by the pump (Clarke and Kane, 2007).

Notably, electron microscopic studies hint at the formation of even higher oligomeric Na,K-
ATPase complexes (i.e. (a/b)4) (Maunsbach et al., 1991; Yokoyama et al., 1999), which are ac-
tually in line with results from early cross-linking studies that suggested a minimum of four
catalytic subunits in Na,K-ATPase oligomers (Askari and Huang, 1980). Moreover, it was shown
that solubilized Na,K-ATPase occurs in a mixture of protomers (150 kDa), diprotomers (300
kDa) and tetraprotomers (Hayashi et al., 1997; Yokoyama et al., 1999; Kobayashi et al., 2007;
Mimura et al., 2008). Likewise, 2 D crystals of membrane bound enzyme indicate that also
the gastric H,K-ATPase is associated in tetraprotomeric complexes (Hebert et al., 1992), which
is further supported by results from a study using high performance gel chromatography and
total internal reflection microscopy (Abe et al., 2003). A modified Albers-Post scheme for the
Na,K-ATPase reaction cycle that explicitly accounts for this putative tetraprotomeric structure
was presented by Taniguchi (Taniguchi et al., 1999, 2001).

1.2. Physiological Roles of Na,K- and H,K-ATPases

1.2.1. Physiological Functions of the Na,K-ATPase

Regulation of Cell Volume
The Na,K-ATPase establishes and maintains the high internal potassium and low internal
sodium concentrations characteristic of most animal cells. Its ubiquitous occurence is proba-
bly a direct consequence of the fundamental importance of these ion gradients to basic cellular
functions such as regulation of osmolarity and cell volume. Persistent inhibition of the sodium
pump is fatal for almost all kinds of cells since they contain a substantial amount of anionic col-
loids (mostly proteins and organic phosphates) that cannot cross the membrane and therefore
attract small cations from the interstitial fluid (according to the Gibbs-Donnan equilibrium).
If this is not actively counteracted by the Na,K-ATPase which pumps Na+ ions out of the cell,
the osmolarity of the cell interior exceeds the extracellular one and water is continously drawn
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1.2. Physiological Importance of ATPases

into the cell. The resulting osmotic swelling of the cell would eventually result in rupture of the
plasma membrane and necrosis of the sodium pump-deficient cell.

Resting Potential and Secondary Active Transport
Apart from this essential basic function in ionic balance of all cells, the sodium pump is also
highly important for some cellular functions of more specialized cell types. Nutrient uptake
is often mediated by secondary active transporter that utilize the Na+ or K+ gradients which
are maintained by the sodium pump. The most famous example is the Na+/glucose cotrans-
porter SGLT1 located in the mucosa of the small intestine (Wright et al., 1992). Another impor-
tant member of this family, SGLT2 is responsible for renal glucose reabsorption in the proximal
tubule of the nephron (Wright, 2001). Furthermore, many amino acids as well as metabolic in-
termediates (such as malate, succinate etc.) are transported via Na+-driven symporters of the
major facilitator superfamily (MFS). The fact that in excitable or kidney cells up to one third
of the ATP consumption can be ascribed to Na,K-ATPase activity, highlights the significance of
the sodium pump in these particular cell types. The high level activity in excitable cells is not
only required to ensure a rapid return to the resting potential and thus enable rapidly recur-
ring excitation of neuron or muscle cells, but also to limit the duration of electric pulses: The
removal /reuptake of many neurotransmitter from the synaptic cleft is carried out by members
of the neurotransmitter sodium symporter family (NSS) that rely on ionic gradients established
by the sodium pump.

Na,K-ATPase isoforms
The existence of various tissue-specific a-, b- and g- subunit isoforms that are predominantly
expressed in cells with extraordinarily high Na,K-ATPase activity (see Table 1.2) strongly sug-
gests that an additional fine-tuning of the transport properties is necessary to fullfill the par-
ticular needs of these cell types (see also previous section on FXYD isoforms). Although the
sequence differences in the various a-isoforms are only minor, the resulting subtle changes in
the affinities for cations and ATP may become relevant under certain physiological conditions
(Blanco and Mercer, 1998). For instance, the a2-isoform has a slightly higher intracellular Na+

affinity (probably as a consequence of a shift toward E1 (Segall et al., 2001)) which is advanta-
geous under low intracellular Na+ concentrations that are characteristic for non-excitable glial
cells. High level activity of the sodium pump in these cells is crucial for efficient removal of ex-
tracellular potassium to prevent further depolarization of surrounding neuronal cells. The fact
that several mutations in the ATP1A2 gene encoding the human a2-isoform were linked to an
autosomal dominant inherited form of migraine (familial hemiplegic migraine type-2, FHM2)
highlights the importance of this tissue-specific isoform (De Fusco et al., 2003; Moskowitz et al.,
2004; Riant et al., 2005; Tavraz et al., 2008, 2009).

Another example is the a3-subunit which is uniquely expressed in excitable neuronal tissues
and has a relatively low affinity for cations. It may help to restore the resting membrane po-
tential after repeated firing of action potentials when the Na+ and K+ gradients are dissipated.
Under these conditions, the a1- and a2- isoforms (that are also present in neurons) are already
working under saturation, but the a3-isoform is well below saturation and may therefore func-
tion as a “spare pump”. Furtermore, its increased affinity for ATP enables a high turnover num-
ber even at the low ATP concentrations that are typical near the cell membrane after intense
neuronal activity. Notably, several missense mutations in the ATP1A3 gene were shown to be
associated with Rapid-Onset Dystonia Parkinsonism (de Carvalho Aguiar et al., 2004; Blanco-
Arias et al., 2009).

Finally, slight differences of the various isoforms regarding their apparent affinity for cardiac
glycosides (or regarding the K+ antagonism of these inhibitors, see Crambert et al. (2000)) as
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Figure 1.6.: Chemical structures of cardiac glycosides. Two cardiac glycosides from Strophan-
tus (upper row) and two from Digitalis (lower row) are shown. The lacton groups
are drawn in black, the steroid moieties in red and the sugar moieties in blue, re-
spectively.

well as their different subcellullar localization are assumed to be responsible for the differential
effects of these drugs on a2- and a3-isoforms in heart cells (see the following section).

1.2.1.1. Na,K-ATPase Inhibitors

Already centuries before the discovery of the sodium pump by Jens C. Skou in 1957 (Skou, 1957),
its inhibitors were well known for their poisonous effects. The inhibitory compounds belong to
a class of cardiac glycosides which are composed of a sugar (glycoside), a steroid and a lacton
(a cyclic ester) moiety (see Figure 1.6). About 200 members of this class of inhibitors are known,
most of them are found in plants but some are also isolated from animals (toads and snakes).
Ouabain, for example, is a well-known East-african arrow poison that was usually obtained
from the seeds of different plants belonging to the Acokanthera or Strophanthus species. To-
day, the most important source of these drugs are various Digitalis species (e.g. foxglove). For
more than two centuries, digitalis glycosides have been used in the treatment of congestive
heart failure and cardiac arrhythmia, but only in the last decades, the molecular details of their
positive inotropic effects have begun to be elucidated.

Ouabain and all other cardiac glycosides specifically bind with high affinity to the extracel-
lular side of the E2P conformer (Yoda and Yoda, 1982), thereby locking the enzyme in this state
and preventing the E2→E1 transition. The precise location of the high-affinity ouabain bind-
ing site is not known yet (see below), but numerous studies have narrowed it down to a cou-
ple of amino acids in extracellularly located parts of TM4, TM5 and TM6 (Palasis et al., 1996;
Koenderink et al., 2000; Qiu et al., 2005, 2006). In addition, two amino acids at the edge of
the TM1/TM2 extracellular loop were shown to be responsible for species-specific variations
in ouabain affinity: the a1-isoform of rodents has a 1000-fold lower affinity than their a2- and
a3-isoforms or the a1-subunits of all other species, which was attributed to charged residues
in these positions (Arg111 and Asp122 instead of Gln111 and Asn122)(Price and Lingrel, 1988).
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1.2. Physiological Importance of ATPases

Figure 1.7.: A close-up view of the low-affinity ouabain binding site of Na,K-ATPase from
shark rectal glands. The illustration was taken from Ogawa et al. and highlights
the three phenylalanines involved in binding of the steroid core (Phe323 on TM4,
Phe790 and Phe793 on TM5) and the two charged residues (Arg887 and Glu319) that
stabilize the sugar moiety of ouabain (OBN) by hydrogen-bonding.

Despite these differences in ouabain sensitivity observed between rodent a-isoforms, all hu-
man isoforms appear to have similar affinities for ouabain (Wang et al., 2001). This, however,
challenges many models that explain the effects of cardiotonic steroids on the basis of a se-
lective inhibition of certain subsets of pumps in the heart, thus relying on isoform-specific
differences in ouabain sensitivity. A famous model by Blaustein and coworkers (Juhaszova and
Blaustein, 1997) suggests a selective inhibition of a2 pumps that are located in the so-called
“PLasmERosome”, consisting of plasma membrane microdomains and adjacent junctional ER
that enclose a tiny volume of cytosol. This spacial arrangement brings the a2-ATPases not
only in close proximity to the Na+/Ca2+transporter (NCX) in the plasma membrane, but also
to SERCA molecules of the sarcoplasmic membrane. This would enable a local elevation of cy-
toplasmic [Na+] and [Ca2+] and enhanced positive inotropic Ca2+ signalling without concomi-
tant changes in the bulk cytosolic ion concentrations that were actually shown to be absent in
a2-deficient astrocytes (Golovina et al., 2003).

Crystal structure of the Na,K-ATPase with bound ouabain
Very recently, a high resolution crystal structure of the Na,K-ATPase from shark rectal gland
with bound K+ and ouabain (i.e. E2·2K·Pi) was published, revealing interesting details about the
interactions with the compound (Ogawa et al., 2009). Contrary to previous models that placed
ouabain on the extracellular surface, the structure at 2.8 Å resolution showed that ouabain is
wedged deeply into the transmembrane cleft, resulting in a partial unwinding of the TM4 helix
which could explain why ouabain binding is relatively slow. Apart from P-stacking between
three aromatic phenylalanine residues (in TM4 and TM5) and the steroid core of ouabain,
charged residues that form hydrogen-bonds to the sugar moiety of the compound contribute
additionally to the strength of the interaction (see Figure 1.7). However, due to the long-known
K+-antagonism of ouabain binding, the state captured in this X-ray structure represents a low
affinity ouabain-bound state. Therefore, in the high-affinity ouabain bound state, strong ad-
ditional contacts must be present which are not revealed by this structure. A homology model
based on the E2-BeF3

- crystal structure of Ca2+-ATPase (corresponding to E2P without K+) was
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used to predict the interactions that contribute to the high-affinity binding. The homology
modeling performed by Ogawa and coworkers suggests an additional hydrophobic binding
cavity that is mainly formed by residues in TM1 and TM2. This complementary surface is as-
sumed to be only available when no K+ ions are present in the cation binding pocket, thereby
significantly enhancing the binding affinity of ouabain towards the E2P state in absence of the
ionic antagonist.

1.2.2. Physiological Functions of H,K-ATPases

1.2.2.1. The nongastric H,K-ATPase

It should be mentioned that apart from the gastric H,K-ATPase, which is the focus of the fol-
lowing sections, a so-called “nongastric” H,K-ATPase exists that is expressed in several tissues
of the gut, including bladder (Burnay et al., 2001), distal colon (Cougnon et al., 1996; Takahashi
et al., 2002) and the collecting duct (Buffin-Meyer et al., 1997). Although initially described
as H,K-ATPases on the basis of Rb+ uptake, extracellular acidification and intracellular alka-
lization experiments that suggested K+/ H+ countertransport (Jaisser et al., 1993), it was later
shown that these “H,K-ATPases” also transport Na+ in exchange for K+ (Cougnon et al., 1998;
Grishin and Caplan, 1998; Codina et al., 1999). Moreover, they behave rather like Na,K-ATPases
regarding their pharmacological properties: Most of them were shown to be sensitive only to-
wards ouabain (Cougnon et al., 1996; Rajendran et al., 2000), but some have been reported to
be also sensitive towards high concentrations of SCH 28080 (Jaisser et al., 1993; Buffin-Meyer
et al., 1997). Interestingly, ouabain-sensitive transport of ammonium ions was demonstrated
for the nongastric H,K-ATPase in Xenopus oocytes (Cougnon et al., 1999) which may be of phys-
iological relevance in the kidney medulla.

1.2.2.2. Localization and Regulation of gastric H,K-ATPase

Almost all vertebrates have acid-producing cells in their gastric mucosa. Whereas in submam-
malian species, secretion of acid and pepsinogen are combined in one cell type, referred to
as oxyntic cell (oxÔsv = Greek for “acid”), these two functions are separated into two different
cell types for the mammalian species: acid secreting parietal cells that express the gastric H,K-
ATPase and chief cells (zymogen or peptic cells) that are responsible for the synthesis, storage
and secretion of pepsinogen. Moreover, two additional cell types with secreting activity are
found in the gastric mucosa: mucus-secreting goblet cells and histamine producing endocrine
cells (e.g. ECL or mast cells). The different cell types of the gastric mucosa are illustrated in
Figure 1.8).

Upon stimulation of activating receptors on the basolateral surface of the parietal cell (typ-
ically by binding of acetylcholine, gastrin or histamine which in turn activates second mes-
sengers, such as cAMP and intracellular Ca2+), the apical surface undergoes large morpholog-
ical alterations which probably result from the fusion of H,K-ATPase containing cytoplasmic
tubulovesicles with the rudimentary microvilli of the resting parietal cell. This leads to the for-
mation of the elongated microvilli, the so-called secretory canaliculi that are characteristic for
activated parietal cells (Forte et al., 1983).

Several lines of evidence indicate that this process of recruiting functional pumps to the cell
surface does not involve the standard/regular exocytotic machinery of vesicle fusion. First, the
proton pump was shown to reside in intracellular microtubules, not in vesicles (Ogata and Ya-
masaki, 2000). Moreover, the weak immunochemical staining of several proteins of the SNARE
family (Sachs et al., 2007) suggest that these proteins are scarcely expressed in parietal cells
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Figure 1.8.: Schematic illustration of a gland in the gastric mucosa layer of the stomach. In-
set: activated parietal cell with the most important transporter and channel pro-
teins involved in the formation of gastric fluid.

29



Chapter 1. General Introduction

which is further supported by the low amounts of mRNA for SNARE proteins (Lambrecht et al.,
2005, 2006; Sachs et al., 2007). Importantly, the H,K-ATPase is restricted to the apical mem-
brane of activated parietal cells. It was shown that the N-linked glycans attached to the highly
conserved glycosylation sites on the H,K-ATPase b-subunit are responsible for proper targeting
of mature H,K-ATPase complexes (Vagin et al., 2003, 2004, 2005b) (see also chapter 3).

The morphological changes that occur upon activation of parietal cells are however strictly
reversible - cessation of acid secretion is associated with reinternalisation of the proton
pump into intracellular storage compartments. Interestingly, the cytoplasmic tail of the H,K-
ATPase b-subunit includes a sequence motif homologous to tyrosine-based endocytosis sig-
nals (FRHY). This motif is required for the internalisation of the proton pump and termination
of acid secretion, since transgenic mice expressing a mutant b-subunit (Y20A) constitutively
express the H,K-ATPase at the parietal cell surface and their parietal cells lack tubulovesicu-
lar storage compartments (Courtois-Coutry et al., 1997). However, despite the inability of the
proton pump to be endocytosed, these HKbY20A-mice did not exhibit an increased basal acid
secretion and the H+ secreting activity in response to histamine was very similar to wildtype
mice. This indicates that control of H,K-ATPase activity can occur independently of intracel-
lular trafficking (Nguyen et al., 2004). This in turn strongly suggests that once present in the
secretory canaliculi of the activated parietal cell, high-level H+ secreting activity of the H,K-
ATPase crucially depends on additional factors:

Luminal Potassium
Even before an ouabain-resistant, K+-stimulated ATPase was identified in microsomes from
gastric mucosa (Forte et al., 1967), it was a well-known fact that the presence of lumenal K+

is an important prerequisite for H+ secretion of the parietal cell (Harris et al., 1958). Although
not much later it was demonstrated that stimulation of parietal cells not only triggers H+ se-
cretion, but also K+ and Cl- conductances in the apical membrane (Wolosin and Forte, 1984;
Reenstra and Forte, 1990), the precise molecular nature of these transport pathways has only
recently been revealed. CLIC6 (parchorin) appears to be the necessary accompanying Cl- chan-
nel (Mizukawa et al., 2002) resulting in the observed net secretion of HCl. In 2001, two indepen-
dent laboratories not only identified KCNQ1 as the missing lumenal K+ channel in the parietal
cell, but also showed its association with the b-subunit KCNE2 (Dedek and Waldegger, 2001;
Grahammer et al., 2001). The fact that the KCNQ1-specific inhibitor chromanol 293B almost
completely blocked acid secretion in vivo and in vitro (Grahammer et al., 2001) and that KCNQ1
knockout mice displayed hypochlorhydria (impaired gastric secretion), high plasma gastrin
levels and hypertrophy of gastric mucosa (Lee et al., 2000; Vallon et al., 2005) highlights the
crucial importance of these K+channels for acid secretion. Furthermore, a similar phenotype
was observed for KCNE2 knockout mice (exhibiting severely impaired gastric acid secretion,
abnormal parietal cell morphology, hypergastrinemia and glandular hyperplasia, as described
by Roepke et al., 2006). KCNQ1/KCNE2 complexes were shown to be activated by acidic pH,
PIP2, cAMP and purinergic receptor stimulation (Heitzmann et al., 2004). This is highly in-
teresting with regard to the fact that the latter three factors are long known activators of gastric
acid secretion, but (apart from the Ca2+-induced relocalization) H,K-ATPase activity itself is not
regulated via these signalling pathways, eg. via phosphorylation by effector kinases. Since the
typically low lumenal K+ concentrations limit the turnover of the pump drastically, this indirect
regulation of the H,K-ATPase is highly effective, thus explaining the relatively “mild” phenotype
of transgenic bY20A-mice with constitutively apical targeted proton pumps.

Additional K+ channels belonging to a class of inward rectifying potassium channels are
found in the basolateral membrane of the parietal cell (Lambrecht et al., 2005). These Kir5.1
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(KCNJ16)/Kir4.2 (KCN15) channels are assumed to replenish the intracellular K+ concentra-
tion, which is reduced as a result of sustained K+ efflux via activated KCNQ1/KCNE2 channels
during ongoing gastric activity.

Cytosolic ATP
H+ secretion of the gastric H,K-ATPase is an energetically highly demanding process. At maxi-
mum proton gradients with a DpH of approximately 6, the amount of free energy released by
the hydrolysis of one ATP molecule (∼50 kJ/mol under physiological conditions) is not suffi-
cient to pump more than one proton per reaction cycle (Chow and Forte, 1995). It is therefore
assumed that the proton pump adjusts its stoichiometry to different DpH.

To provide the enzyme with the required large amounts of ATP, parietal cells are extremely
rich in mitochondria. About one third of the cytoplasmic volume is occupied by mitochondria
(Helander et al., 1986), which is more than in almost all other types of cells (only the myocytes
of the left cardiac ventricle have about the same proportion of mitochondria).

Cytosolic H+

The H,K-ATPase is supplied with cytoplasmic protons by carbonic anhydrase, an enzyme which
is present in the parietal cell at concentrations that are up to six time higher than in blood cells
(Davenport, 1939). According to Sugai and Ito (1980), it is localized to both basolateral and
apical membranes, in particular to the cores of the microvilli that project into the secretory
canaliculus. This enzyme catalyzes the interconversion of water and carbon dioxide to a proton
and a bicarbonate ion :

CO2 + H2O 
 H2CO3
 H++ HCO-
3

Of course, like any other enzyme, it has no influence on the poise of the equilibrium. There-
fore, a high metabolic activity of the parietal cell is crucial for the availability of protons, yield-
ing high amounts of both educts (H2O is produced via the reduction of oxygen in the mitochon-
drial respiratory chain and CO2 is provided by the cytosolic Krebs cycle), thereby shifting the
equilibrium to the right. The H+ formation via this reaction is further increased by the activ-
ity of Cl-/ HCO-

3 exchanger (mainly AE2 (Stuart-Tilley et al., 1994), but also SLC26A7 (Petrovic
et al., 2003)). These transport proteins operate in the basolateral membrane where they remove
HCO-

3 from the cell in exchange for Cl- (Muallem et al., 1985; Paradiso et al., 1987). This antiport
has a dual function in the parietal cell: apart from its positive effect on cytosolic H+ production,
it also helps to replenish the cell with Cl- ions.

The importance of these processes becomes evident considering the consequences if any
component in this H+ supplying machinery is inhibited: Inhibition of either the carbonic an-
hydrase by azetazolamide or of the AE2 exchanger by DIDS3 severely affects proton secretion of
parietal cells. Moreover, AE2-deleted transgenic mice were shown to suffer from achlorhydria
(Gawenis et al., 2004).

Osmotic balance
The continous secretion of osmotically active H+ and Cl- ions into the stomach lumen leads
to a substantial loss of parietal cell volume (Sonnentag et al., 2000). Although the majority of
the water which is osmotically driven into the stomach lumen permeates through paracellular
pathways, thus not directly depleting the parietal cell from water, it was shown that the ba-
solateral membrane contains aquaporin-4 (Ma et al., 1994; Valenti et al., 1994; Misaka et al.,
1996), thus allowing water molecules to leave the cell when it becomes osmotically less active.
In contrast to many other cell types that regulate their volume by Na+ K+/2 Cl− cotransport via

34,4’-diisothiocyanostilbene-2,2’-disulfonic acid
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the NKCC symporter, the shrinkage of parietal cells is counteracted by the simultaneous activ-
ity of the basolaterally expressed Cl-/HCO-

3 and Na+/H+(NHE) exchangers (Lang et al., 1998;
Sonnentag et al., 2000). (NHE4 is highly expressed in parietal cells accoring to (Orlowski et al.,
1992; Rossmann et al., 2001)). The combined activity of these two transporters is equivalent to
a net uptake of NaCl into the cell. The resulting increase in intracellular Na+ stimulates Na,K-
ATPase activity, which in turn replenishes the cell with K+ ions that are removed from the cell
as a consequence of ongoing KCNQ1/KCNE2 activity. The importance of the osmotic balance
mediated by these transporters is reflected by the hypochlorhydria phenotype of NHE4-/- mice.
The reduction in acid secretion of these mice was accompanied by histological abnormalities
in the gastric mucosa, such as an increased number of necrotic and apoptotic cells (Gawenis
et al., 2005).

The transporter and channels that are involved in the overall process of gastric acid forma-
tion by the parietal cell are summarized in Figure 1.8 (inset).

1.2.2.3. Inhibitors of gastric H,K-ATPase

The gastric H,K-ATPase represents an important pharmacological target for the treatment of
gastric acid-related diseases, including peptic ulcer disease (PUD) and gastro-esophageal re-
flux disease (GERD). Although the introduction of histamine-2 receptor antagonists (Black
et al., 1972) (e.g. cimetidine, ranitidine) dramatically improved healing of PUD, this class of
gastric acid inhibitors was less effective in the treatment of GERD which requires greater inhi-
bition of gastric acid secretion. Moreover, since pharmacological tolerance to these medica-
tions develops in all patients (Lachman and Howden, 2000), also the efficacy of PUD treatment
was reduced if the therapy continued over a prolonged period (maintenance therapy), which is
usually necessary to prevent the ulcers from recurring. (H. pylori as a major pathogenic factor
in the development of PUD was discovered years later (Marshall and Warren, 1984), followed
by additional treatment of PUD with antibiotics to eradicate the bacteria.)

Sufficient suppression of gastric acid production for the succesful treatment of GERD was
only achieved after the discovery of compounds targeting the final step of the secretion pro-
cess, i.e. the H+ transporting enzyme itself, which was identified in 1976 to be an electroneutral
ATP-dependent H+/K+ exchanger (Sachs et al., 1976). Accordingly, these drugs inhibit acid se-
cretion irrespective of the nature of the stimulus (either ligands acting via extracellullar recep-
tors, e.g. histamine, gastrin, acetyl choline or intracellular second messenger, such as cAMP).
Due to their different mechanism of action, these proton pump inhibitors are divided into the
following two classes:

Proton Pump Inhibitors PPIs (covalent, irreversible Inhibitors)
The majority of PPIs are benzimidazole derivatives (e.g. omeprazole), but recently some
promising new compounds of similar structure (imidazopyridine derivatives, e.g. tenatopra-
zole) were shown to have an enhanced plasma life time (Galmiche et al., 2004). Upon acidic
activation of these inactive prodrugs to thioreactive species, they covalently attach to lume-
nally exposed cysteines of the a-subunit (see below). As listed in Table 1.3, the cysteine residues
that are modified by the compounds differ for different PPIs (Shin et al., 1993; Besancon et al.,
1993, 1997; Shin et al., 2006). However, all react with Cys-813 in the loop between TM5 and
TM6, thereby permanently locking the the proton pump in the E2 configuration. Figure 1.9
illustrates that the activation of the inactive prodrug involves two subsequently occurring acid-
dependent steps (Lindberg et al., 1986):

i) Protonation of the pyridine moiety is responsible for the accumulation of PPIs in the acidic
space of the stimulated parietal cell by converting the uncharged, membrane permeable drug
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PPI Brand name X R1 R2 R3 R4 Site of reaction

Timoprazole - C - - - - Cys813, Cys892

Omeprazole Antra MUPS® C OCH3 CH3 OCH3 CH3 Cys813

(racemate) Gastracid®

Esomeprazole Nexium® C OCH3 CH3 OCH3 CH3 Cys813

(S-enantiomer)

Lansoprazole Agopton® C - CH3 OCH2CF3 - Cys813, Cys321

Lanzor®,

Rabeprazole Pariet® C - CH3 OCH2CH2CH2OCH3 - Cys813, Cys321

Pariet Sieben® Cys892

Pantoprazole Pantozol® C OCFH2 OCH3 OCH3 - Cys813, Cys822

Rifun®

Tenatoprazole in Phase II N OCH3 CH3 OCH3 CH3 Cys813, Cys822

clinical trials

Table 1.3.: Different Proton Pump Inhibitors and their sites of reaction on the H,K-ATPase
a-subunit. X, R1, R2, R3 and R4 refer to the substituents on the core structure shown in
Figure 1.9

into a positively charged, membrane impermeable compound. This results in 1000-fold higher
concentrations of the drug at its site of action than in the blood.

ii) Protonation of the benzimidazole moiety results in formation of a transient cyclic inter-
mediate which spontaneously rearranges to sulfenic acid, a highly thiophilic reagent. It can
either directly react with cysteines or dehydrate to form sulfenamide, another thioreactive
species that binds covalently to lumenally exposed thiols. It is crucial that this acid-catalyzed
activation steps occurs as a direct consequence of the H+ secreting activity of the H,K-ATPase
itself, since the resulting highly reactive species will irreversibly bind to thiols in its immediate
vicinity. Due to this acid activation mechanism of the prodrug, all PPIs must be given with acid
protective coating to prevent conversion to the active compound already in the lumen of the
stomach, where it would react with any available sulfhydryl group in food.

The selective accumulation, the locally confined activation of the prodrug and the irre-
versibility of the covalent attachment to the proton pump contribute substantially to the long-
lasting inhibition, which usually persists for 2-3 days after a single application. However, the
requirement for acidic activation also leads to a lag-phase in the inhibition (Fellenius et al.,
1981; Sachs et al., 2006; Sachs, 2003), representing a major disadvantage of this clinically most
important class of inhibitors, which is especially relevant in the treatment of GERD.

Acid Pump Antagonists APAs (reversible Inhibitors)
In 1983 it was recognized that protonatable amines act as K+-competitive and therefore re-
versible inhibitors of the H,K-ATPase (Im et al., 1984). This class of inhibitors is accordingly
referred to as “P-CABs” (Potassium competitive acid inhibitors). The imidazopyridine com-
pound SCH 28080 (see Figure 1.10 A) was developed as a homolog of omeprazole (Kaminski
et al., 1985; Beil et al., 1986; Wallmark et al., 1987; Keeling et al., 1988). In contrast to PPIs, the
inhibition by APAs does not rely on the H+ secreting activity of the proton pump, thus resulting
in a more rapid and complete inhibition of acid secretion. Yet, an acidic environment improves
the efficacy of inhibition by SCH 28080 (pKa = 5.5), since only the protonated form can bind to
the H,K-ATPase. Notably, as illustrated in Figure 1.10 B, SCH 28080 binds selectively to the E2

or E2P form of the H,K-ATPase (Wallmark et al., 1983; Shin and Sachs, 2004). Keeping in mind
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Figure 1.10.: The structure of SCH 28080 and two other APAs (A) and a simplified Post-Albers-
scheme illustrating the proposed inhibition mechanism for APAs (B).

that omeprazole locks the enzyme in the E2-state, it is interesting to note that inhibition by SCH
28080 and omeprazole is mutually exclusive, thus indicating an overlap in the binding region
of the two compounds (Hersey et al., 1988).

Despite providing a very high affinity, superior inhibition properties and also effective inhi-
bition of gastric acid secretion in humans (Ene et al., 1982), further development of many APAs
including SCH 28080 was dropped as a result of liver toxicity in rats (Long et al., 1983). Only a
few APA compounds having parent structures other than imidazo-pyridine or benzimidazoles
are still being developed. Revaprazan, a pyrimidine derivative shown in Figure 1.10 A is now in
phase II clinical trials in the United States and already clinically used in the Far East.
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Aim and outline of this thesis

Na,K-ATPase and gastric H,K-ATPase are primary active transporters that belong to the super-
family of P-type ATPases. These membrane proteins utilize the energy released by the hydroly-
sis of ATP to transport their cationic substrates against an electrochemical gradient. Despite
more than 50 years of extensive research on P-type ATPases, the molecular details of their
ion transport mechanisms are not fully understood. Especially for oligomeric P-type ATPases,
such as Na,K- and H,K-ATPases, which require an accessory b-subunit for their transport activ-
ity, many open questions remain, since only recently structural information became available
(Morth et al., 2007; Abe et al., 2009) that revealed interesting particularities of these enzymes.

The b-subunits of this P-type ATPase sub-class (P2C) are required for the correct folding, mat-
uration and plasma membrane targeting of the catalytically active a-subunits. Furthermore,
they have been shown to modulate the transport activity of the ion pumps. In contrast to the
a-subunits of Na,K- and gastric H,K-ATPase which share about 60% sequence identity, there
is less homology between their b-subunits (about 20-30% overall sequence identity between
the gastric H,K-ATPase b-subunit and different Na,K-ATPase isoforms). Notably, however, they
share a common basic structure: A short cytosolic N-terminal tail followed by a single trans-
membrane domain and a relatively large C-terminal ectodomain. The extracellular domain of
almost all known b-subunits contains three highly conserved disulfide bridges and several N-
glycosylation sites. Whereas the integrity of the disulfide bridges is essential for ATPase activity
of both Na,K-and H,K-ATPase, the functional significance of the conserved N-linked oligosac-
charides is less clear. A few conserved residues are also found in the transmembrane domain
(TM). Of note, these conserved amino acids are all aromatic and located to one side of the
helix, thus forming a patch for interactions with transmembrane domains of the respective a-
subunit. Yet, the short N-terminal tail shows no homology at all between b-subunits of the two
related ATPases and even exhibits a slight difference in length.

The aim of the research described in this thesis was to clarify how the b-subunits of the two
aforementioned ATPases influence the cation transport activity of their respective a-subunit
and whether common molecular mechanisms are involved in the modulation of ion trans-
port properties by the b-subunits. Whereas already several mutational studies have demon-
strated which parts of the Na,K-ATPase b-subunit may be responsible for its influence on ion
transport activity of the catalytic Na,K-ATPase a-subunit, far less is known for the gastric H,K-
ATPase b-subunit, since the ion transport properties of this electroneutrally operating trans-
porter cannot be investigated by standard electrophysiological techniques. Voltage-clamp flu-
orometry, which combines two-electrode voltage-clamp and fluorescence measurements on
site-specifically labeled H,K-ATPase and quantification of rubidium uptake by atomic absorp-
tion spectroscopy in Xenopus oocytes were therefore used to gain information about the con-
formational E1P-E2P distribution and the ion transport activity of the proton pump, respec-
tively.

Using these biophysical techniques and biochemical methods as well, the functional conse-
quences of mutational changes in all three topogenic domains of the b-subunit were investi-
gated for the two ATPases : mutagenic changes in the conserved regions of b-TM (two tyrosines,
see chapter 4) and ectodomain (N-glycosylation sites, see chapter 3) were systematically ana-
lyzed to clarify whether the structurally conserved b-regions are functionally important for ion
transport activity. Furthermore, the potential interaction sites between b-TM and a-TM7 pro-
posed by the two available Na,K-ATPase crystal structures (in the Rb+-occluded E2-state) were
studied for both enzymes by characterizing a variety of a-TM7 mutants (see chapter 4). Notably,
the recently published Cryo-EM structure of the gastric H,K-ATPase in the pseudo E2P-state
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suggested an interaction between the b-N-terminus and the P-domain of the a-subunit which
may stabilize the E2P conformation by a ratchet-like mechanism. A similar interaction between
b-N-terminus and P-domain of the Na,K-ATPase a-subunit was not described in the literature
so far, since the Na,K-ATPase crystal structure is not well resolved around the cytosolic and ex-
tracellular parts of the b-subunit. Furthermore, mutational changes or moderate truncation
of the b-N-terminus had no significant effects on cation transport of the sodium pump. To test
the functional relevance of the short cytosolic b-N-terminus for the two closely related ATPases,
N-terminally truncated b-variants were not only examined for the gastric H,K-ATPase, but also
for the Na,K-ATPase (chapter 5).

This thesis encompasses a comprehensive analysis of Na,K- and H,K-ATPase mutations in
conserved b-subunit regions and other domains that may be relevant for interactions to the
respective a-subunit according to the recently available structural data. Therefore, this work
contributes to the understanding of how b-subunits influence the transport activity of P2C-
type ATPases and provides a clue to the question whether similar molecular mechanisms are
responsible for this kind of cation transport modulation of the two related ion pumps.
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2.1. Molecular biology

2.1.1. Expression vectors and cDNA-constructs

The cDNAs of the sheep Na,K-ATPase b1-subunit, rat H,K-ATPase b-subunit, rat gastric H,K-
ATPase a-subunit and a modified form of the sheep Na,K-ATPase a1-subunit without extra-
cellularly exposed cysteine residues (containing mutations C911S and C964A (Hu and Kaplan,
2000)) and with reduced ouabain sensitivity in the millimolar range (achieved by the muta-
tions Q111R and N122D (Price and Lingrel, 1988)) were subcloned into vector pTLN (Lorenz
et al., 1996). The reduced ouabain sensitivity of the latter construct allows selective inhibition
of the endogenous Xenopus Na,K-ATPase and was therefore used for all coexpression studies
with mutated b1-constructs or as template for site-directed mutagenesis of the Na,K-ATPase a-
subunit. Furthermore, to exclude any background signals in voltage-clamp fluorometric stud-
ies, which could possibly arise from Na,K-ATPase enzymes assembled from heterologously ex-
pressed a-subunits and endogenous b-subunits, we utilized the b1-subunit sequence variant
S62C for mutagenesis. The introduced cysteine is close to the transmembrane/extracellular
interface and has been shown to give rise to voltage-dependent fluorescence changes upon
site-directed fluorescence labeling with TMRM, without impairing enzyme function (Dempski
et al., 2005). To enable voltage-clamp fluorometry on gastric H,K-ATPase, we used a modified
H,K-ATPase a-subunit with a single cysteine replacement of a serine in the M5/M6 extracel-
lular loop (S806C), which is homologous to the N790C mutation of the Na,K-ATPase a-subunit
(Geibel et al., 2003b) and thus also suited for environmentally sensitive TMRM-labeling (Geibel
et al., 2003a). Rubidium uptake measurements confirmed that the S806C mutation did not af-
fect the H,K-ATPase’s transport properties (see Figure 2.1). This construct was therefore used as
a template for site-directed mutagenesis to introduce mutations in the H,K-ATPase a-subunit
or for coexpression with mutated H,K-ATPase b-subunits.

Figure 2.1.: Rb+ transport properties of the H,K-ATPase reporter construct HKaS806C. A,
H,K-ATPase-mediated Rb+ uptake at 5 mM RbCl in the absence (hatched bars) or
presence of 10 mM SCH 28080 (crossed bars) or 30 mM omeprazole (black bar). B,
Michaelis-Menten-plots for Rb+ uptake by H,K-ATPase, shown for oocytes express-
ing either HKawt + HKbwt (filled squares) or HKaS806C + HKbwt (open triangles),
respectively. Data are means ± S.E. (n = 8-12 oocytes) from 2-3 independent exper-
iments, normalized to Rb+ uptake at 5 mM RbCl, corresponding to values between
15-20 pmol/(oocyte·min).
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2.1.2. Site-directed mutagenesis

All single point mutations were introduced using the Quikchange XL Site-Directed Mutage-
nesis Kit (Stratagene). Since the Quikchange Multi Site-Directed Mutagenesis Kit (Strata-
gene) enables the simultaneous mutation of multiple sites in a single PCR-step procedure, it
was used to prepare glycosylation-deficient Na,K- and H,K-ATPase b-subunit variants (termed
NaKbS62Cgd or HKbgd). The N-terminally truncated H,K-ATPase b-subunit mutants (termed
HKbD4, HKbD8, HKbD13 and HKbD29) were constructed by deletion of 3, 7, 12 and 28 amino
acids after the first methionine of the rat H,K-ATPase b-wildtype sequence, respectively. The
deletion was achieved by a PCR using an antisense oligonucleotide recognizing the Xenopus b-
globin 3’ untranslated region and a sense oligonucleotide which contained a BamHI restriction
site covering the Kozak sequence (Kozak, 1987) including the initiator methionine. This per-
mitted cloning of the mutant cDNA into BamHI-containing wildtype pTLNbHK with BamHI
and XhoI. The ORF sequence of all mutants was subsequently confirmed by DNA sequencing
(MWG Eurofins Operon).

2.2. Oocyte preparation and cRNA injection

Xenopus oocytes were obtained by collagenase treatment after partial ovariectomy from Xeno-
pus laevis females. cRNAs were prepared using the SP6 mMessage mMachine Kit (Ambion,
Austin, Texas) and checked for potential degradation by gel electrophoresis. A 50 nl aliquot con-
taining 20-25 ng of Na,K-ATPase a1-subunit and 1.5-2.5 ng of Na,K-ATPase b1-subunit cRNA (or
20-25 ng H,K-ATPase a-subunit cRNA and 5 ng of H,K-ATPase b-subunit cRNA) were injected
into each cell. After injection, oocytes were kept in ORI buffer (110 mM NaCl, 5 mM KCl, 2 mM
CaCl2, 5 mM HEPES, pH 7.4) containing 50 mg/l gentamycin at 18 °C for 3 to 5 days for the
Na,K-ATPase and for 2 days for the gastric H,K-ATPase respectively.

2.3. Membrane preparation from Xenopus laevis oocytes

2.3.1. Isolation of plasma membranes

The isolation of plasma membranes was carried out using positively charged silica beads as
described by Kamsteeg and Deen (Kamsteeg and Deen, 2000), who reported a 25- or 450-fold
higher yield with this technique compared to standard isolation or biotinylation procedures.
Morever, since binding of these beads is carried out on intact oocytes, a high purity of the
plasma membrane fraction is achieved with only negligible contaminations by internal mem-
branes (Kamsteeg and Deen, 2001). After removal of their follicular cell layer, 8-12 oocytes
were rotated in 1 % colloidal silica, (Ludox Cl, Sigma-Aldrich) in MES buffered saline for silica
(MBSS; 20 mM MES, 80 mM NaCl, pH 6.0) for 30 min at 4 °C. After washing two times in MBSS,
the oocytes were rotated at 4 °C in 0.1 % polyacrylic acid (Sigma-Aldrich) in MBSS for 30 min.
This blocking agent is added to coat unbound beads and solvent-exposed surfaces of beads
that were already bound to oocytes. Afterwards, the oocytes were washed two times in Modi-
fied Barth’s Solution (MBS; 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 88 mM NaCl, 1 mM KCl, 2.4 mM
NaHCO3, 0.82 mM MgSO4, 10 mM HEPES, pH 7.5). Subsequently, oocytes were homogenized
in 1.5 ml buffer HbA (20 mM TRIS, 5 mM MgCl2 5 mM NaH2PO4, 1 mM EDTA, 80 mM sucrose,
pH 7.4) containing protease inhibitor (Complete; Roche Mol. Biochem., Mannheim, Germany)
and centrifuged for 30 s at 10 g at 4 °C, after which 1.3 ml of the sample supernatant was re-
moved (to be saved for subsequent preparation of total membranes, see next section 2.3.2) and
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1 ml HbA was added to the silica beads. This centrifugation and exchange of HbA was repeated
three times, but centrifugation changed from twice at 10 g via once at 20 g to once at 40 g. Af-
ter the last centrifugation step, HbA was removed and plasma membranes were spun down for
30 min at 16,000 g at 4 °C and resuspended in Laemmli buffer (Laemmli, 1970) (4 ml/oocyte).

2.3.2. Preparation of total membranes from Xenopus laevis oocytes

To remove yolk platelets, the supernatant from homogenized oocytes in HbA containing pro-
tease inhibitor was centrifuged once for 3 min at 2,000 g at 4 °C, and the pellet discarded. Total
membranes in the supernatant were spun down for 30 min at 16,000 g at 4 °C and resuspended
in 4 ml/oocyte of Laemmli buffer (Laemmli, 1970).

2.3.3. Immunoblotting (Western Blot)

Protein samples equivalent to two oocytes were separated on 10-15% SDS polyacrylamide gels
and blotted on nitrocellulose membranes (Roth). The a- and b-subunits of the sheep Na,K-
ATPase were detected with the polyclonal anti-Na,K a-antibody C356-M09 (Koenderink et al.,
2003) and the monoclonal anti-Na,K b-antibody M17-P5-F11 (Ball et al., 1992). The a- and b-
subunits of the rat gastric H,K-ATPase were detected with the polyclonal anti-H,K a-antibody
HK12.18 (Gottardi and Caplan, 1993) (Merck) and the monoclonal anti-H,K b-antibodies 2G11
(Chow and Forte, 1993)(Acris Antibodies) or 2B6 (Mori et al., 1989) (BIOZOL) respectively.
Subsequently, blots were incubated with appropriate HRP-conjugated secondary antibodies
(Dako) and proteins were visualized by using an enhanced chemiluminescence kit (Roche
Molecular Biochemicals, Mannheim, Germany).

2.4. Rb+ uptake measurements

2.4.1. Rb+ uptake measurements

Two days after injection, noninjected control oocytes and H,K-ATPase expressing oocytes were
preincubated for 15 min in a Rb+- and K+-free solution (90 mM TMACl or NaCl, 20 mM TEACl,
5 mM BaCl2, 5 mM NiCl2, 10 mM HEPES, pH 7.4) containing 100 mM ouabain to ensure in-
hibition of the endogenous Na,K-ATPase and then incubated for 15 min under temperature
control in Rb+-flux-buffer at 21 °C (5 mM RbCl, 85 mM TMACl or NaCl, 20 mM TEACl, 5 mM
BaCl2, 5 mM NiCl2, 10 mM MES, pH 5.5, 100 mM ouabain). After 3 washing steps in Rb+-free
washing-buffer (90 mM TMACl or NaCl, 20 mM TEACl, 5 mM BaCl2, 5 mM NiCl2, 10 mM MES,
pH 5.5) and one wash in water, each individual oocyte was homogenized in 1 ml of Milli-Q®

water (Millipore, Billerica, MA). To determine the apparent constant K0.5 for half-maximal ac-
tivation of the H,K-ATPase by rubidium, the sum [TMACl or NaCl] plus [RbCl] in the Rb+-flux
buffer was kept constant at 90 mM, e.g. 1 mM RbCl + 89 mM TMACl (or NaCl). After subtraction
of the mean of Rb+ uptake into control oocytes of the same batch at a given RbCl concentration,
the data were fitted to a Michaelis-Menten type function:

v = vmax · [S]

K0.5 + [S]
(2.1)

where [S] represents the rubidium chloride concentration [RbCl], vmax the Rb+ uptake at satu-
rating [Rb+] and K0.5 the apparent constant of halfmaximal activation.
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Step Temperature Ramp Time Hold Time Argon Gas Flow
(°C) (sec) (sec) (ml/min)

Dry 1 110 1 20 250
Dry 2 130 5 30 250

Pyrolysis 300-600 10 20 250
Atomization 1700-1800 0 5 0
Clean-out 2400 1 2 250

Table 2.1.: Temperature protocol for THGF-AAS.

2.4.2. Atomic Absorption spectroscopy (AAS)

Oocyte homogenates were analyzed by atomic absorption spectroscopy using an AAna-
lyst800™ spectrometer (Perkin Elmer, Waltham, MA). From oocyte homogenates (typically
1 ml) samples of 20 ml were automatically transferred into a transversely heated graphite fur-
nace (THGF) and subjected to the temperature protocol shown in Table 2.1.

Absorption was measured at 780 nm during atomization using a Rubidium hollow cath-
ode lamp (Photron, Melbourne, Australia). After Zeeman background correction, Rb+ con-
tents were calculated by comparison with standard calibration curves (measured between 0
and 50 mg/l Rb+). The detection limit (characteristic mass1) of Rb+ is ∼10 pg.

2.5. Electrophysiology

2.5.1. Oocyte pretreatment, fluorescence labeling and experimental
solutions

Prior to functional studies on Na,K-ATPase-expressing oocytes, cells were first incubated for
45 min in Na+-loading buffer (110 mM NaCl, 2.5 mM Nacitrate, 5 mM MOPS, 5 mM TRIS,
pH 7.4), then for 15 min in Post-loading buffer (100 mM NaCl, 1 mM CaCl2, 5 mM BaCl2, 5 mM
NiCl2, 5 mM MOPS/TRIS, pH 7.4) to elevate the intracellular Na+ concentration. For voltage-
clamp fluorometry, site-specific labeling was achieved by incubating oocytes in Post-loading
buffer containing 5 mM tetramethylrhodamine-6-maleimide (TMRM, Molecular Probes, stock
solution 5 mM in DMSO) for 5 min at room temperature in the dark, followed by extensive
washes in dye-free Post-loading buffer. Measurements under high extracellular Na+/K+- free
conditions were carried out in Na+-test-solution (100 mM NaCl, 5 mM BaCl2, 5 mM NiCl2,
5 mM MOPS/TRIS, pH 7.4, 10 mM ouabain). The following solution was used for VCF measure-
ments on gastric H,K-ATPase: 90 mM TMACl or NaCl, 20 mM TEACl, 5 mM BaCl2, 5 mM NiCl2,
10 mM MES, pH 5.5 or pH 7.4.

2.5.2. Voltage-clamp fluorometry

An oocyte perfusion chamber was mounted in an Axioskop 2FS epifluorescence microscope
(Carl Zeiss, Göttingen, Germany) equipped with a 40x water immersion objective (numerical
aperture = 0.8). Currents were measured using a two-electrode voltage-clamp amplifier (Tur-
botec 05, npi, Tamm, Germany). Fluorescence was excited with a 100 W tungsten lamp using
filters 535DF50 (excitation), 565 EFLP (emission) and 570DRLP (dichroic, all Omega Optical,

1The characteristic mass is the quantity of analyte in picograms (pg) that would yield 1 % absorption, which is
0.0044 OD.
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Brattleboro, VT). Fluorescence was measured with a PIN-022A photodiode (UDT, Hawthorne,
CA) mounted to the microscope camera port. Photocurrents were amplified by a low-noise
current amplifier DLPCA-200 (FEMTO, Berlin, Germany). Fluorescence and currents were
recorded simultaneously using a Digidata 1322A interface and subsequently analyzed with
Clampex 9.2 and Clampfit 9.2 software (Molecular Devices, Sunnyvale, CA).

2.5.3. Analysis of stationary currents of the Na,K-ATPase

Stationary currents of the Na,K-ATPase were measured upon a solution exchange from 0 mM
to 10 mM K+ (10 mM KCl, 90 mM NaCl, 5 mM BaCl2, 5 mM NiCl2, 5 mM MOPS/TRIS, pH 7.4,
10 mM ouabain). To determine the apparent constant K0.5 for half-maximal activation of the
Na,K-ATPase by K+, the sum [NaCl] plus [KCl] in the Na-Test-solution was kept constant at
100 mM, e.g. 1 mM KCl + 99 mM NaCl. After run-down correction of stationary currents (if
necessary) at a given K+ concentration, the data were fitted to a Michaelis-Menten type func-
tion (equation 2.1). The turnover numbers of wildtype or mutant Na,K-ATPase pumps were
calculated by dividing the stationary current (at 10 mM K+ and -40 mV) by the total moved
charge Qtot = Qmax- Qmin (from fits of Q-V curves with a Boltzmann function, see section 2.5.4),
both measured on the same oocyte.

2.5.4. Analysis of transient currents of the Na,K-ATPase

Pre-steady state currents under high extracellular Na+/K+-free conditions were obtained by
subtracting the current responses to voltage steps from -40 mV to values between +60 mV
and -180 mV (20 mV increments) in presence of 10 mM ouabain (inhibiting the endogenously
as well as the heterologously expressed pump) from currents measured in presence of 10 mM
ouabain (inhibiting only the endogenous Na,K-ATPase). The resulting difference currents were
fitted with a single-exponential function, disregarding the first 3-5 milliseconds after the volt-
age step to exclude capacitive artifacts. The translocated charge Q was calculated from the
integral of the fitted transient currents, and the resulting Q-V curves were approximated by a
Boltzmann-type function

Q(V ) =Qmax + Qmax −Qmi n

(1+exp(
zq ·F
R·T (V −V0.5))

(2.2)

where Qmin and Qmax are the saturating values of translocated charge, V0.5 is the midpoint po-
tential, zq the fraction of charge displaced through the entire transmembrane field, F the Fara-
day constant, R the molar gas constant, T the temperature (in K) and V the transmembrane
potential. All experiments were performed at 22- 24 °C.

2.6. Extracellular pH measurements

A qualitative assay for the acidification of the extracellular medium mediated by H+ secretion
of Xenopus oocytes expressing gastric H,K-ATPase was carried out according to Jaisser et al.
(Jaisser et al., 1993). Two days after injection, oocytes were incubated for 5 min in a weakly
buffered solution (70 mM TMACl, 20 mM RbCl, 5 mM BaCl2, 5 mM NiCl2, 500 mM MOPS, ad-
justed to pH 7.4 with TMAOH), containing the pH indicator phenol red (200 mg/ml). In some
experiments, SCH 28080 (100 mM) was added to the solution. Oocytes were placed individually
in a small drop (0.5-1 ml) of the same solution under mineral oil. Every two minutes a color
picture was taken at room temperature.
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CHAPTER 3

Characterization of Na,K-ATPase and H,K-ATPase Enzymes
with Glycosylation-Deficient b-Subunit Variants by
Voltage-Clamp Fluorometry in Xenopus Oocytes

Dürr et al. (2008), Biochemistry 47, 4288–4297
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Chapter 3. Properties of glycosylation-deficient Na,K- and H,K-ATPase

3.1. Introduction

A common feature of the H,K-ATPase b-subunit and all Na,K-ATPase b-isoforms is the presence
of several conserved N-glycosylation sites on the C-terminal extracellular domain (illustrated
in Figure 3.1), resulting in a substantial increase of the mature subunit’s molecular weight. This
increase ranges from at least 80% for the Na,K-ATPase b1-subunit, having only three N-linked
glycosylation sites, up to more than 100% for the Na,K-ATPase b2-subunit with 4 to 9, or the
H,K-ATPase b-subunit possessing 6 to 7 glycosylation sites. Although studied in various ex-
pression systems, questions regarding the functional significance of these huge carbohydrate
moieties have not been completely settled yet. Whereas removal of N-linked glycosylation on
H,K-ATPase b-subunits had dramatic consequences in terms of a/b coassembly (Asano et al.,
2000), plasma membrane delivery (Asano et al., 2000; Vagin et al., 2003) and catalytic activity
((Asano et al., 2000; Klaassen et al., 1997) of the holoenzyme, no such effects have been ob-
served for the deglycosylated Na,K-ATPase (Takeda et al., 1988; Tamkun and Fambrough, 1986;
Sun and Ball, 1994; Beggah et al., 1997; Zamofing et al., 1989). However, the N-linked carbohy-
drates on the Na,K-ATPase b-subunit are crucial for some lectin-like properties (Kitamura et al.,
2005), including a role in cell-cell adhesion of epithelial cells (Vagin et al., 2006), neuronal inter-
actions of b2/AMOG1-expressing glial cells (Heller et al., 2003) and isoform-specific basolateral
versus apical targeting in various polarized cells (Vagin et al., 2005a; Lian et al., 2006; Vagin
et al., 2007). Likewise, the N-glycans on the H,K-ATPase have been shown to be essential for
apical targeting (Vagin et al., 2007, 2004), protection from proteolytic digestion (Thangarajah
et al., 2002; Crothers et al., 2004) and acidic denaturation (Tyagarajan et al., 1996).

Figure 3.1.: N-glycosylation sites and cysteine mutations for site-specific labeling of Na,K-
(A) and H,K-ATPase (B). Na,K-ATPase (A): the reporter site Ser-62C (purple) and
the three mutated N-glycosylation sites (blue hexagons) on the Na,K-ATPase b-
subunit (dark grey) are shown. H,K-ATPase (B): the reporter site Ser-806C (purple)
on the H,K-ATPase a-subunit (light grey) and the seven mutated N-glycosylation
sites (blue hexagons) on the H,K-ATPase b-subunit (dark grey) are shown. “S-S”
denotes disulfide bridges (orange), amino- and carboxy-termini are indicated as N
and C, respectively.
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Thus, to differentiate between mainly in situ relevant secondary effects and primary effects
on the functional properties of the enzyme itself, we aimed to investigate the as yet unknown
functional significance of N-linked glycans for the H,K-ATPase using the Xenopus oocyte ex-
pression system. Another aspect of N-linked glycosylation, which has not been examined in
P-type ATPases so far, is whether the presence of the huge oligosaccharide moiety has any
effect on the kinetics of the E1P→E2P conformational transition or the distribution between
E1P/E2P states of the catalytic cycle. Remarkably, the magnitude of fluorescence intensity
changes upon K+ addition to FITC-labeled, purified Na,K-ATPase was about 50% larger com-
pared to the fully glycosylated enzyme, when N-linked oligosaccharides had been removed by
a combined neuraminidase/endo-F treatment of the holoenzyme (Sun and Ball, 1994). This
observation possibly reflects a shift in the enzymes’ distribution between E1P/E2P states. Re-
garding the substantial effect of N-linked sugars on the molecular weight of the holoenzyme,
such a shift could arise from a kinetic effect on some particular steps in the catalytic cycle,
which may in turn lead to changes in the apparent cation affinities.

To test this hypothesis, we utilized the technique of voltage-clamp fluorometry, which is the
only available technique that allows presteady-state kinetic investigations of electroneutrally
operating ion transporters like the gastric H,K-ATPase in intact cells. This enabled us to directly
monitor the voltage-dependent distribution of fluorescence labeled H,K- or Na,K-ATPases be-
tween E1P/E2P states of the catalytic cycle in a time-resolved fashion.

3.2. Results

3.2.1. Plasma Membrane Delivery and a-Subunit Stabilization of
Glycosylation-Deficient Mutants

To assess the question whether N-linked glycosylation is necessary for cell surface delivery of
the Na,K- or H,K-ATPase, plasma membranes were isolated from injected oocytes and com-
pared to total membrane preparations by Western blotting. Importantly, the glycosylation-
deficient variants of both Na,K- and H,K-ATPase were delivered to the plasma membrane (lanes
4 in Figure 3.2 A and B, respectively). Regarding the H,K-ATPase wildtype b-subunit, the broad
region from 60 to 70 kDa detected by the anti-H,K b-antibody (Figure 3.2 B, lane 3) is character-
istic for complex-type oligosaccharides due to considerable variety in number and composi-
tion of terminal sugars, giving rise to the heterogeneity of the mature glycosylated H,K-ATPase
b-subunit. Likewise, a similar broad band would be expected for the fully glycosylated Na,K
b-subunit in the respective plasma membrane fraction, but only a rather weak discrete band
is stained by the anti-Na,K b-antibody. Since it is also present in all other lanes from Figure
3.2 A, including control preparations from uninjected or only a-subunit cRNA injected oocytes,
it must be mainly attributed to the endogenously expressed Xenopus laevis Na,K-ATPase b-
subunit. Although the a-subunit is strongly expressed, a substantially more intense band in-
dicating expression of heterologous Na,K-ATPase b-subunit is absent in the corresponding
plasma membrane fraction (Figure 3.2 A, lane 3). Notably, the epitope recognized by the M17-
P5-F11 antibody is only two amino acids separated from the second glycosylation site N193
(Sun and Ball, 1994). Obviously, the majority of the various complex-type oligosaccharides at-
tached to this site impairs antibody binding, leading to a low detection efficiency for the glyco-
sylated protein. This interpretation is in agreement with previous studies which have demon-
strated a 10-fold stronger antibody binding to this epitope after enzymatic removal of N-linked
carbohydrates (Sun and Ball, 1994). Moreover, this is supported by the intense focused band
at 41 kDa observed in the total cellular membrane fraction (Figure 3.2 A, lane 7) prepared from
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Figure 3.2.: Western blot analysis of plasma membrane and total mem-
brane fractions from Na,K- and H,K-ATPase-expressing oocytes.
(A) Plasma membrane and total membrane fractions from oocytes injected
with cRNAs for: NaKa only (lanes 2 and 6), NaKa + NaKbS62C (lanes 3 and 7),
or NaKa + NaKbS62Cgd (lanes 4 and 8, see asterisks in the injection scheme), or
from uninjected oocytes (lanes 1 and 5). Detection used Na,Ka-specific antibody
C356-M09 (upper panel) or Na,K-specific antibody M17-P5-F11 (lower panel).
(B) Plasma membrane and total membrane fractions from oocytes injected with
cRNAs: for HKaS806C only (lanes 2 and 6), HKaS806C + HKbwt (lanes 3 and 7), or
HKaS806C + HKbgd (lanes 4 and 8, see asterisks in the injection scheme), or from
uninjected oocytes (lanes 1 and 5). Detection used anti-H,Ka antibody HK12.18
(upper panel) or anti-H,Kb antibody 2G11 (lower panel).

the same oocyte sample as the plasma membrane preparation, which is characteristic for Na,K-
ATPase b-subunits carrying high-mannose precursor oligosaccharides. Since these are readily
detected by the antibody, apparently the terminal sugars added in the very last steps of gly-
cosylation interfere with antibody binding. As these high mannose precursors were reported
to remain intracellularly, being unable to reach the plasma membrane until completely glyco-
sylated (Takeda et al., 1988; Tamkun and Fambrough, 1986), this band is exclusively observed
in the total cellular membrane fraction. Moreover, its absence in the plasma membrane frac-
tion excludes any contamination of this sample by total cellular membranes. Analogously, the
50 kDa band uniquely present in the HKawt/HKbwt total cellular membrane fraction (Figure
3.2 B, lane 7) is characteristic for the H,K-ATPase b-subunit’s immature, mannose-rich glycosy-
lation.

For the glycosylation-deficient Na,K- and H,K-ATPase b-mutants, these bands are each
shifted to lower molecular weights of about 32–34 kDa for both enzymes, corresponding to
the protein core, which is seen in both plasma- (Figure 3.2 A and B, lane 4) and total membrane
fractions (Figure 3.2 A and B, lane 8). The band at high molecular weights in the total mem-
brane fraction of glycosylation-deficient H,K-ATPase (Figure 3.2 B, lane 8) could potentially
represent aggregates formed between the fully deglycosylated H,K-ATPase b-subunits, which
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do not dissociate even under denaturating conditions. It has been proposed that core sugars
have a global effect on the solubility of newly synthesized proteins that counteracts the ten-
dency to form irreversible aggregates by hydrophobic interactions (Marquardt and Helenius,
1992).

Notably, the glycosylation-deficient Na,K- and H,K-ATPase b-subunits were able to stabilize
their corresponding a-subunits equally well as their glycosylated counterparts, as judged from
the amount of the 100 kDa a-subunit protein detected in the plasma membrane fraction (Fig-
ure 3.2 A and B, compare upper lanes 3 and 4 each). In contrast, when Na,K- or H,K-ATPase
a-subunits are expressed without their corresponding b-subunits, the heterologous cRNA is
translated into protein, which, however, is not targeted to the plasma membrane, but remains
in intracellular (mainly ER) membranes, thus explaining the presence of a 100 kDa band in both
lanes 6 and its absence in both lanes 2 in Figure 3.2 A and B. Furthermore, the intracellularly
retained Na,K-ATPase a-subunit is more susceptible to cellular degradation, as indicated by
the bands below 100 kDa also detected by the Na,K a-antibody in the total membrane prepa-
ration (Figure 3.2 A, lane 6). This phenomenon has been reported previously (Geering et al.,
1989). The results from these control experiments support the notion that the observed plasma
membrane stabilization of the a-subunits is indeed brought about by association with the co-
expressed glycosylation-deficient b-subunits, rather than by assembly with the endogenously
expressed Na,K-ATPase b-subunits.

3.2.2. Enzyme Activity of Glycosylation-Deficient Mutants

To test whether the enzymes assembled from glycosylation-deficient Na,K- and H,K-ATPase
b-subunit mutants are still functional in the plasma membranes of Xenopus oocytes, the trans-
port activity was assessed by measuring K+ activated stationary currents for the electrogenic
Na,K-ATPase and by rubidium uptake measurements for the electroneutrally operating H,K-
ATPase. Table 3.1 shows the stationary currents observed under saturating K+ concentrations.
Values are identical within error limits for the glycosylation-deficient and the glycosylation-
competent enzyme. Similarly, the turnover number is not influenced by the glycosylation sta-
tus (see Table 3.1). Thus, both the amount of functional enzyme on the cell surface and ion
pumping activity of the Na,K-ATPase are not affected by the removal of N-linked oligosaccha-
rides from the b-subunit.

As illustrated in Figure 3.3 A, Rb+transport activity under saturating extracellular rubid-
ium concentrations is also quite similar when comparing oocytes expressing glycosylated and
glycosylation-deficient H,K-ATPase complexes, and is clearly higher than in uninjected oocytes
or in cells expressing only H,K-ATPase a-subunits. Specificity of Rb+ uptake is demonstrated by
inhibition with the H,K-ATPase inhibitor SCH 28080 (Figure 3.3 A). Furthermore, the appar-
ent constant for half-maximal Rb+ activation (K0.5) derived from Figure 3.3 B (inset) is very
similar for glycosylated and glycosylation-defective H,K-ATPase (0.67 ± 0.04 mM versus 0.64 ±
0.04 mM).

construct stationary current (nA) turnover number (s-1)
Na,Ka1WT/b1S62C 255 ± 24 34.2 ± 3.2

Na,Ka1WT/b1S62Cgd 205 ± 19 32.5 ± 2.3

Table 3.1.: Stationary currents and turnover number of Na,K-ATPasea/b complexes contain-
ing wildtype or non-glycosylated b-subunits. Turnover numbers were determined
as described in section 2.5.3. Values are means ± S.E. of 5-12 oocytes from two dif-
ferent oocyte batches.
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Figure 3.3.: Rb+ uptake into oocytes by wildtype and glycosylation-deficient H,K-ATPase en-
zymes. A, H,K-ATPase-mediated Rb+ uptake at 5 mM RbCl in the absence (hatched
bars) or presence (black bars) of 10 mM SCH 28080. Results from uninjected control
oocytes, or oocytes injected with the following cRNAs are shown: HKaS806C only,
HKaS806C + HKbwt, or HKaS806C + HKbgd. Data in each experiment were normal-
ized to H,KaS806C/bwt H,K-ATPase Rb+ uptake in absence of SCH 28080, which
were 14.0, 18.6 and 19.7 pmol/(oocyte·min), respectively. B, Michaelis-Menten-
plot for Rb+ uptake by H,K-ATPase. Inset: Eadie-Hofstee-plot. Oocytes were in-
jected with HKaS806C- and HKbwt-cRNA (filled squares) or with HKaS806C- and
HKbgd-cRNA (open circles), respectively. Data in each experiment were normal-
ized to Rb+ uptake at 5 mM RbCl, corresponding to 18.5 and 9.9 pmol/(oocyte·min)
for HKaS806C/bwt; 14.1, 20.7 and 18.7 pmol/(oocyte·min) for HKaS806C/bgd. Data
are means ± S.E., n = 8-10 oocytes from 2 or 3 experiments.

3.2.3. E1P/E2P Conformational Distribution and Kinetics of E1P→E2P
Transition of Glycosylation-Deficient Mutants

To investigate whether removal of the huge sugar moiety influences the kinetics of the
E1P→E2P conformational change, the mutated ATPases were also studied by voltage-clamp
fluorometry. TMRM-labeled oocytes expressing the wildtype Na,K-ATPase a-subunit together
with either glycosylation-competent S62C or glycosylation-deficient S62Cgd b-subunits were
subjected to voltage pulses and the resulting conformation-dependent fluorescence changes
(Figure 3.4, A) were analyzed. When a Boltzmann function is fitted to the correspond-
ing (1-DF/F)-V distributions, the voltage dependence is very similar for glycosylated and
glycosylation-deficient enzymes (Figure 3.5 A), thus yielding identical fit parameters within er-
ror limits (Table 3.2). As illustrated in Figure 3.5 B, these (1-DF/F)-V curves are strictly cor-
related to the voltage-dependent distribution of charge movement (Q-V curves, see Table 3.2
for Boltzmann parameters), which was determined from transient currents recorded in parallel
(Figure 3.4 B).

Time constants for the voltage-dependent E1P→E2P transition resulting from monoex-
ponential fits of the fluorescence signals are presented in Figure 3.5 C for S62C and the
glycosylation-deficient S62Cgd variant, respectively. Likewise, Figure 3.5 D shows the recipro-
cal time constants of the simultaneously recorded transient currents, which are about 4 times
larger than those from fluorescence changes at hyperpolarizing potentials, as observed pre-
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Figure 3.4.: Voltage-pulse induced fluorescence changes and transient currents of TMRM-
labeled Na,K-ATPase. Fluorescence signals (A) and ouabain-sensitive transient
currents (B) of the site-specifically labeled Na,K-ATPase in response to voltage
pulses from -40 mV to values between +60 mV and -180 mV in 20 mV steps (A, inset)
under extracellularly high Na+/K+-free conditions are shown. Data originated from
an oocyte coexpressing NaKawt + NaKbS62C. Traces for voltage jumps to -160 mV,
-60 mV and +60 mV are highlighted.

viously (Dempski et al., 2005). Since both time constants determined for the glycosylation-
deficient mutant are comparable to the fully glycosylated enzyme, the kinetics of the voltage-
dependent E1P→E2P transition seems unaffected by the bulky sugars on the b-subunit.

To address the same question for the even more heavily glycosylated gastric H,K-ATPase,
wildtype and glycosylation-deficient b-isoforms were coexpressed together with the aforemen-
tioned S806C variant of the H,K-ATPase a-subunit. Application of the same voltage steps as in
the protocol used for the Na,K-ATPase (Figure 3.4, inset) to TMRM-labeled oocytes express-
ing these constructs under K+-free conditions resulted in fluorescence changes as presented in
Figure 3.6 A. Provided that Na,K- and H,K-ATPase reaction mechanisms during voltage pulse
experiments in the absence of extracellular K+ are similar, one would also expect a voltage de-
pendence of fluorescence amplitudes ((1-DF/F)-V curve) according to a Boltzmann function,
implying that the ATPases can be shifted saturatingly between E1P- and E2P-states. Thus, the
almost linear distribution observed between the -200 mV and +60 mV argues for a reduced
voltage sensitivity of the gastric H,K-ATPase compared to the Na,K-ATPase. Although fits of
a Boltzmann function to (1-DF/F)-V curves are less well defined, since saturation of fluores-
cence amplitudes cannot be reached within the experimentally accessible voltage range, con-
sistent fit results were obtained on many different cells. The resulting value for the equivalent
charge zq of 0.3 for the gastric H,K-ATPase can be considered as an upper limit, since fits of a
Boltzmann function would yield even lower zq values, if the approximately linear progression
of the Q-V curve would extend over an even larger voltage range. As shown in Figure 3.6 B,
there are no discernible differences between the voltage dependence of fluorescence ampli-
tudes for the wildtype and the glycosylation-deficient H,K-ATPase mutant when coexpressed
with HKaS806C, thus resulting in distributions with similar Boltzmann parameters (see Table
3.2). Likewise, the reciprocal time constants from monoexponential fitting of the fluorescence
changes (Figure 3.6 C) are not significantly different for the glycosylation-deficient and glycosy-
lated H,K-ATPases. Notably, however, they are by a factor of about 5 smaller compared to those
of the Na,K-ATPase (Figure 3.5 D) and their voltage dependence is also substantially weaker.
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Figure 3.5.: Voltage dependence of E1P/E2P distribution and kinetics of transitions for gly-
cosylated or nonglycosylated Na,K-ATPase enzymes. Voltage dependence of
fluorescence amplitudes 1-DF/F (A) and transient charge movements Q (B) for
Na,K-ATPase complexes containing glycosylated (filled squares) or glycosylation-
deficient (open circles) b-subunits. Data are means ± S.E. of 10-24 oocytes, nor-
malized to saturating values at -180 mV after subtracting the values for +60 mV.
Reciprocal time constants of voltage jump-induced fluorescence changes (C) and
transient currents (D) for Na,K-ATPase complexes containing glycosylated or non-
glycosylated b-subunits (conditions as in A). Data are means ± S.E. of 8-15 oocytes.

This fits well with the aforementioned reduced voltage dependence of (1-DF/F)-V curves, re-
flected by the much lower zq value (∼0.30 versus ∼0.75 for the Na,K-ATPase, see Table 3.2).
Together, these two phenomena may explain why all our attempts failed to measure transient
currents on H,K-ATPase-expressing oocytes using the two-electrode voltage-clamp or the gi-
ant excised patch-clamp technique (unpublished observations). Since the electrogenicity of
both the H+-transporting (van der Hijden et al., 1990) and the K+-transporting limb (Lorentzon
et al., 1988) of the H,K-ATPase catalytic cycle has been demonstrated, such currents probably
exist, but the at least 2 to 3 times lower amount of charge transported with approximately 5-
fold lower reciprocal time constants would result in substantially smaller current amplitudes
compared to the sodium pump, which are difficult to resolve in voltage-jump experiments.
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Figure 3.6.: E1P/E2P distribution and kinetics of the E1P→E2P transition for wildtype or
nonglycosylated H,K-ATPase complexes at pH 7.4. A, Voltage pulse-induced flu-
orescence responses of the site-specifically labeled H,K-ATPase under K+-free con-
ditions (pH 7.4). Recordings originated from an oocyte coexpressing HKaS806C +
HKbwt. B, Voltage dependence of fluorescence amplitudes (1-DF/F) under K+-free
conditions for H,K-ATPase construct HKaS806C containing glycosylated HKbwt
(filled squares) or nonglycosylated HKbgd (open squares) b-subunits. Data are
means ± S.E. of 10-13 oocytes. A curve resulting from a fit of a Boltzmann function
is superimposed. The fluorescence amplitudes 1-DF/F were normalized to satura-
tion values from the fits. C, Reciprocal time constants of voltage jump-induced flu-
orescence changes under K+-free conditions for the H,K-ATPase aS806C construct
containing glycosylated HKbwt (filled squares) or nonglycosylated HKbgd (open
squares) b-subunits. Data are means ± S.D. from 9-11 oocytes.
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construct (1-DF/F)-V curves Q-V curves

V0.5 zq V0.5 zq

Na,Ka1WT/b1S62C -86.9± 2.9 0.71 ± 0.02 -88.7± 1.5 0.87 ± 0.04

Na,Ka1WT/b1S62Cgd -84.4± 2.4 0.75 ± 0.03 -82.6± 0.9 0.89 ± 0.03

H,KaS806C/bwt -19.6± 5.4 0.26 ± 0.02 - -

H,KaS806C/bgd -18.9 ± 4.6 0.27 ± 0.02 - -

Table 3.2.: Parameters from fits of Boltzmann functions to Q-V distributions of Na,K-ATPase
and to (1-DF/F)-V distributions of Na,K-ATPase or H,K-ATPase enzymes with wild-
type or glycosylation-deficientb-subunits. Values are means± S.E. of 10-24 oocytes
from 2-3 oocyte batches.

3.3. Discussion

In this chapter, the role of N-linked carbohydrates in the function of Na,K- and H,K-ATPase
was examined in Xenopus oocytes. The results were surprisingly similar for both investigated
enzymes, with no discernible differences between the glycosylation-deficient variants and the
fully glycosylated enzymes. Plasma membrane delivery, association with the a-subunit and
ion transport activities were virtually unaffected by the lack of N-linked glycans. Moreover,
apparent ion affinities were unaltered and even intricate details of the catalytic cycle, such as
the voltage-dependent distribution between E1P and E2P-states, as well as the kinetics of the
voltage-dependent E1P→E2P transition were essentially the same for glycosylation-deficient
Na,K- and H,K-ATPase b-variants when compared to their glycosylated counterparts. While
this is in agreement with previous glycosylation studies on Na,K ATPase (Takeda et al., 1988;
Tamkun and Fambrough, 1986; Sun and Ball, 1994; Beggah et al., 1997; Zamofing et al., 1989),
similar investigations on the gastric H,K-ATPase using other expression systems had resulted
in very dissimilar observations:

Whereas a/b coassembly tested by immunoprecipitation was unaffected for fully deglycosy-
lated H,K-ATPase b-subunits in tunicamycin treated Sf9 cells (Klaassen et al., 1997) and single-
site glycosylation-deficient variants expessed in HEK293 cells, the amount of coprecipitated
a-subunit was substantially lower when more than four glycosylation sites were deleted and
was successively reduced with each deleted site in the mammalian expression system (Asano
et al., 2000). For the Na,K-ATPase expressed in Xenopus oocytes, slightly lower amounts of a-
subunit were coprecipitated with a completely glycosylation-deficient mutant than with the
glycosylated wildtype b-subunit (Beggah et al., 1997), also indicating a destabilization of the a/b
interaction. Yet, the findings from the present study do not hint at a destabilizing effect on the
a/b coassembly caused by the lack of carbohydrates for both Na,K- and H,K-ATPase. Although
we did not use immunoprecipitation to directly probe the interaction of the glycosylation-
deficient b-subunits with their corresponding a-subunits, we drew our conclusions (i) from
quantifying the amount of coexpressed a-subunit delivered to the plasma membrane as judged
by immunoblotting of the plasma membrane protein fraction and (ii) by measuring the ion
transport activity of ATPase molecules present in the plasma membrane of intact oocytes. We
think this is an equally legitimate approach, since according to all previously published data,
a/b coassembly is an essential prerequisite for plasma membrane delivery of the a-subunit and
enzymatic activity of Na,K-ATPase (McDonough et al., 1990; Ackermann and Geering, 1990))
and H,K-ATPase (Gottardi and Caplan, 1993) holoenzymes. Moreover, our results are in agree-
ment with yeast two-hybrid studies which revealed an interaction between the ectodomain of
the b-subunit and the extracellular TM7/TM8 loop of the a-subunit (Melle-Milovanovic et al.,
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1998). Since there is little or no glycosylation of nuclear transcription factors, the yeast two-
hybrid system detects interactions in the probable absence of glycosylation. Accordingly, gly-
cosylation of the b-subunit cannot be required for the association with the a-subunit.

In addition to a/b association, also the plasma membrane delivery of the H,K-ATPase was
impaired for glycosylation-deficient mutants in previous studies using confocal microscopy
or immunofluorescence. Whereas single or double glycosylation site-deleted H,K-ATPase b-
subunits still supported some a-subunit cell surface expression, deletion of all glycosylation
sites prevented plasma membrane delivery in COS-1 cells (Asano et al., 2000). In HEK293 cells
however, every single-site deletion already abolished plasma membrane delivery, except for
the deletion of the nonconserved glycosylation site Asn103 (Vagin et al., 2003). In the Sf9 ex-
pression system, the situation is even more complicated due to the fact that even the normally
glycosylated, catalytically active wildtype holoenzyme was not found in the plasma membrane
of insect cells, but had to be retrieved from intracellular membrane structures. However, the
fully glycosylated wildtype b-subunit was partly targeted to the plasma membrane, even when
the a-subunit was not coexpressed, whereas plasma membrane delivery was not observed after
a complete removal of N-linked sugars by tunicamycin treatment of Sf9 cells (Klaassen et al.,
1997). Therefore, the authors concluded that plasma membrane delivery of the a-subunit
depends on N-linked glycosylation. Eventually, ATPase activity was completely lost both for
tunicamycin-treated, H,K-ATPase-transfected insect cells (Klaassen et al., 1997) and for a fully
N-glycosylation-deficient H,K-ATPase variant expressed in HEK293 cells according to Asano
and co-workers (Asano et al., 2000). Single or double site-deleted mutants still exhibited nor-
mal activity in HEK293 cells, but each additional deletion resulted in decreased activity (Asano
et al., 2000). Similarly, Vagin and co-workers reported unaltered enzymatic properties and
SCH 28080 inhibition kinetics for every single- and some double-deletion variant stably ex-
pressed in HEK cells (Vagin et al., 2003).

These observations disagree with our results that rubidium transport activity of the glycosyl-
ation-deficient variant is not different from glycosylated H,K-ATPase in Xenopus oocytes. In
our opinion, this expression system has several advantages: Stationary currents of the Na,K-
ATPase and rubidium uptake of the H,K-ATPase were measured on intact plasma membranes
from living oocytes, whereas in the other expression systems enzymatic activity was deter-
mined in crude membrane fractions, which do not differentiate between plasma membrane
and intracellular membranes. For the latter studies it is therefore more likely that the loss of
activity and potentially also the impaired a/b coassembly observed for completely deglycosy-
lated H,K-ATPase occurred as a consequence of preparational procedures and would possi-
bly not be observed when determined on intact cells or on pure plasma membrane protein
fractions. The lack of sugar moieties seems to render the enzyme more susceptible to inactiva-
tion than the glycosylated wildtype isoform during preparational procedures, which apparently
does not happen as long as the enzyme is stabilized in a native plasma membrane environ-
ment. Results from purification studies on Na,K-ATPase isolated from Pichia pastoris support
this idea, since it was reported that enzymatic removal of all N-linked carbohydrates from iso-
lated Na,K-ATPase molecules reduced their activity, especially when facing certain ionic con-
ditions and lipid compositions. The presence of some particular phospholipids on the other
hand conserved enzymatic activity of the deglycosylated enzyme (Cohen et al., 2005). In this
context it is interesting to note that activity measurements in most studies on glycosylation-
deficient Na,K-ATPase mutants were also carried out in living cells, mainly in oocytes (Takeda
et al., 1988; Beggah et al., 1997). H,K-ATPase activity might even be more sensitive to prepara-
tional impairment than that of Na,K-ATPase, considering its high sensitivity to inactivation by
detergents (Klaassen et al., 1997). An even more likely explanation for the discrepancies found
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between glycosylation-deficient H,K-ATPase variants expressed in oocytes and the other two
mentioned expression systems might be that the observed differences are temperature-related.
It was shown that glycosylation increases the thermal stability of proteins, resulting from largely
entropic rather than enthalpic contributions (DeKoster and Robertson, 1997). This might also
explain why the a/b interaction of a glycosylation-deficient variant is only disrupted in mam-
malian cells cultured at 37 °C, but not in oocytes or Sf9 cells, which are incubated at 17 and 27
°C, respectively. Minor folding impairments potentially occurring already at 27 °C might not
affect a/b coassembly but still abolish enzymatic activity, possibly explaining the loss of H,K-
ATPase activity reported for the Sf9 expression system.

Although the oocyte system may be regarded as physiologically less relevant, the observa-
tion of unimpaired H,K-ATPase activity of glycosylation-deficient mutants in the current study
is valuable, because the role of N-linked sugars on enzyme function can be clarified. Our find-
ings of a completely unaffected surface delivery of glycosylation-deleted mutants are rather
incompatible with the idea that the carbohydrates are essential for correct folding and inter-
subunit association for both Na,K- and H,K-ATPase. However, they are not contradicting the
role of the N-glycans for basolateral sorting reported for Na,K-ATPase complexes containing
b1-subunits (Lian et al., 2006) versus apical sorting for Na,K-ATPase holoenzymes compris-
ing b2-subunits (Vagin et al., 2005a), and H,K-ATPase with fully glycosylated b-subunits (Vagin
et al., 2004). In the nonpolarized oocyte, such targeting signals may not be recognized. For in-
stance, a Y20A mutation in the basolateral sorting/endocytosis signal sequence FRXY present
in the H,K-ATPase b-subunit was shown to enhance apical targeting of the H,K-ATPase in vivo
(Courtois-Coutry et al., 1997; Wang et al., 1998) and in polarized MDCK, but not LLC-PK cells
(Roush et al., 1998). In contrast, immunoblotting of isolated plasma membranes or Rb+ uptake
measurements did not reveal any differences in the amount of active H,K-ATPase in the plasma
membrane, when Xenopus oocytes expressing the a-subunit together with the same b-variant
Y20A or the wildtype b-subunit were compared (data not shown). Furthermore, removal of
the tyrosine-based targeting signal by an extensive N-terminal truncation of the H,K-ATPase
b-subunit (HKbD29 mutant in chapter 5) did neither impair plasma membrane targeting nor
a/b coasssembly (see Figure 5.2 on page 80).

Apart from their importance as apical sorting signals in polarized cells, the N-linked carbohy-
drates of the gastric H,K-ATPase b-subunits may have a protective role in situ. It was shown that
the composition of terminal sugars of the H,K-ATPase oligosaccharides in parietal cells is quite
different from other glycosylated proteins (e.g., absence of sialic acid (Tyagarajan et al., 1996;
Beesley and Forte, 1973) and possibly designed to resist hydrolysis of the carbohydrate chains
in the acidic stomach lumen. This in turn raises the question, why the integrity of the car-
bohydrates is important for the gastric H,K-ATPase, once delivered to the plasma membrane.
Interestingly, it was shown that the removal of N- or O-linked carbohydrates destabilizes a va-
riety of proteins and tends to make them more susceptible to aggregation, especially at low
pH (Wang et al., 1996; Imperiali and O’Connor, 1999). Moreover, results from several studies
indicate that the removal of oligosaccharides renders the H,K-ATPase more sensitive toward
proteolytic digestion by various enzymes including pepsin (Thangarajah et al., 2002; Crothers
et al., 2004). Notably, a similar protective role of glycosylation has been demonstrated for other
gastrointestinally active enzymes (Rudd et al., 1994; Loomes et al., 1999).

In summary, the results from this study on Xenopus oocytes favor the idea that in analogy
to the Na,K-ATPase, glycosylation of the H,K-ATPase is dispensable for protein stability and
enzyme function itself, but is rather important for other functions primarily relevant in native
tissues.
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CHAPTER 4
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interactions between a- and b-subunits of Na,K- and
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Chapter 4. E2-stabilizing a-TM7/b-TM interactions of Na,K- and H,K-ATPase

4.1. Introduction

Apart from their important chaperone-like functions including folding, membrane insertion
and plasma membrane delivery of the catalytically active a-subunits (Gottardi and Caplan,
1993; McDonough et al., 1990; Geering, 1991)), the b-subunits of sodium and proton pumps
were shown to be essential for enzyme activity (Noguchi et al., 1987)) and to influence the trans-
port properties of the mature enzymes. The existence of various tissue-specific Na,K-ATPase
b-subunit isoforms, which result in holoenzymes with different cation affinities (Jaisser et al.,
1994; Crambert et al., 2000), and the fact that Na,K-ATPase a-subunits coexpressed with H,K-
ATPase b-subunits form active pumps (Horisberger et al., 1991) albeit with altered ion affinities
(Jaisser et al., 1994; Eakle et al., 1992), strongly suggests a modulatory function of the b-subunit
for ion translocation.

Results from several studies indicate that it is mainly the C-terminal extracellular domain of
the b-subunit which modulates cation transport. For example, reduction of the disulfide bonds
in the b-subunit’s ectodomain impairs the function of purified Na,K- or H,K-ATPase. Since this
was prevented in the presence of cations (Kawamura et al., 1985; Lutsenko and Kaplan, 1993;
Chow et al., 1992), a potential role of the b-subunit in K+ occlusion has been suggested. Func-
tional analysis of chimeras between Na,K- and H,K-ATPase b-subunits confirmed that mostly
a/b ectodomain interactions are responsible for the observed effects of the b-subunit on cation
affinity and occlusion of the sodium pump (Jaunin et al., 1993; Eakle et al., 1994; Hasler et al.,
1998). This is also in line with the electron density of the first 10-15 residues of the ectodomain,
which was tentatively traced in the X-ray structure of the pig Na,K-ATPase holoenzyme (Morth
et al., 2007) and clearly indicates that the extracellular M5/M6 and M7/M8 loops of the a-
subunit are covered by a “lid” formed by the b-subunit’s ectodomain (see Figure 1.3 on page 18),
as suggested previously (Lutsenko and Kaplan, 1993). Molecular details of these extracellular
a/b interactions were recently revealed by the shark rectal gland Na,K-ATPase structure at 2.4 Å
resolution (Shinoda et al., 2009).

Yet, not only ectodomain modifications have been shown to alter the transport properties.
N-terminal truncation of the b-subunit’s cytoplasmatic domain of the Na,K-ATPase resulted in
changes of the apparent K+ (Hasler et al., 1998; Geering et al., 1996) and Na+ affinities (Hasler
et al., 1998) and affected the conformational equilibrium (Abriel et al., 1999). Likewise, an in-
hibitory antibody, which recognizes an epitope within the first 36 N-terminal amino acids of
the H,K-ATPase’s b-subunit, altered the K+affinity (Chow and Forte, 1993). However, cytoplas-
mic interactions are probably not directly responsible for the functional effects of b-subunits
on cation binding of the sodium pump, since in contrast to a complete truncation, deletions
or multiple mutational alterations of the N-terminus did not affect the K+ activation of Na,K-
ATPase expressed in Xenopus oocytes (Hasler et al., 1998). Furthermore, results from a gly-
cosylation mapping assay indicated a repositioning of the transmembrane segment as a con-
sequence of the N-terminal truncation (Hasler et al., 2000). This in turn may also impair the
conformation of the ectodomain, whose significance for cation occlusion has already been out-
lined above. Even the observed repositioning of the transmembrane domain itself could be re-
sponsible for the reported K+ effects of the N-terminally truncated b-variant, since mutations
in the TM have also been shown to modify cation transport: tryptophan scanning mutagenesis
in the Na,K-ATPase b-subunit’s TM revealed that the replacement of two tyrosines by tryp-
tophan has distinct and additive consequences for the holoenzyme’s cation affinities (Hasler
et al., 2001). Interestingly, these tyrosines are highly conserved, actually being present in all
known b-subunits (represented by red capital letters in the b-TM alignment shown in Figure
4.1). The apparent K0.5 for extracelluar K+ activation of pump currents in Xenopus oocytes was
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significantly increased for a simultaneous tryptophan replacement of the two tyrosines in var-
ious b-subunit isoforms. Of note, this was accompanied by an increase of the apparent affinity
for intracellular sodium and a reduced sensitivity towards the E2-specific inhibitor vanadate.
Therefore, it was concluded that the affinity changes might occur secondary to a conforma-
tional, i.e. E2-destabilizing effect of the b-subunit mutations (Hasler et al., 2001). However,
direct evidence for a shift in the enzyme’s E1P/E2P distribution has not been provided yet.
Given the high propensity of native gastric H,K-ATPase to occur in the E2-state (Helmich-de
Jong et al., 1985), which has been speculated to be of primary importance for efficient H+ de-
livery to the luminal fluid against a 106-fold H+ gradient in vivo, it is of high interest to identify
possible interaction sites on the b- and ultimately also on the a- subunit’s transmembrane do-
mains, which are crucial for this unique E2-specific structural stabilization.

Figure 4.1.: Structural representation of the transmembranea/b interface of pig renal Na,K-
ATPase and alignments of several Na,K- and H,K-ATPase a-TM7 and b-TM. A, B:
Illustration of possible interaction sites between b-TM (pink) and a-TM7 (orange)
of Na,K-ATPase, according to the 3B8E crystal structure (Morth et al., 2007). Pu-
tative hydrogen bonds are shown to a cut-off-value of 3.8 Å. B: A close-up view of
the b-TM/a-TM7 interface, showing the two conserved tyrosines Y39 and Y43 of the
b-subunit and some selected a-subunit residues located at interacting distance. C,
D: alignments of b-TM(C) and a-TM7(D) of Na,K- and H,K-ATPases from different
species or of different human isoforms. Highly conserved1amino acids are repre-
sented by capital letters; residues altered by mutagenesis in the current study are
shown in bold letters.

1present in at least 75% of the investigated sequences according to manually refined alignments performed by
Axelsen and Palmgren (1998). See supplementary data (Chapter A,page 96-100) for a full b-subunit alignment.
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In this chapter we set out to identify molecular determinants of E2-specific inter-subunit in-
teractions and utilized the technique of voltage-clamp fluorometry to directly determine the
distribution between E1P- and E2P-states of wildtype and mutated Na,K- and H,K-ATPase en-
zymes (Geibel et al., 2003b; Dempski et al., 2005). Since this method can be applied to the elec-
trogenic Na,K-ATPase as well as to the electroneutrally-operating gastric H,K-ATPase (Geibel
et al., 2003a), it can be investigated whether mutation of the conserved tyrosines causes similar
conformational shifts in both enzymes. Evidence is provided that the observed conformational
effects are of a more general significance for ion translocation by oligomeric P-type ATPases.
Furthermore, we compared for both enzymes the effects of these b-subunit mutations on ap-
parent cation affinities, which occur in conjunction with shifts in the distribution of E1P/E2P
conformational states. Moreover, we studied the effect of mutations of selected residues in
the TM7 of the Na,K- and H,K-ATPase a-subunit, which are at interacting distance to the two
b-subunit tyrosines (Figure 4.1). This strategy provided novel insights about the molecular de-
tails of interactions between b- and a-subunit transmembrane domains of oligomeric P2C-type
ATPases, which are responsible for stabilization of the E2 conformational state.

4.2. Results & Discussion

4.2.1. E1P/E2P conformational distribution and kinetics of the
E1P/E2P-transition for Na,K-ATPase wildtype and
b−(Y39W,Y43W) mutant enzymes

To determine whether the double mutation Y39W/Y43W in the Na,K-ATPase b1-subunit causes
the proposed shift of the enzyme’s conformational equilibrium towards E1P (Hasler et al.,
2001), the two tryptophans were introduced into the reporter construct b1-S62C and coex-
pessed with the a1-subunit in Xenopus oocytes. Upon labelling with the environmentally-
sensitive dye TMRM, we applied voltage-jumps under extracellularly high Na+/K+-free con-
ditions. Under these conditions, the sodium pump carries out Na+/Na+ exchange where the
enzyme shuttles exclusively between E1P/E2P-states of the catalytic cycle. The ratio E1P/E2P
is increased by extracellular Na+, but the effect is opposed if extracellular K+ is also present
(Kaplan and Hollis, 1980; Kaplan, 1982). Figure 4.2 shows fluorescence signals and transient
currents in response to three representative voltage-steps (-160 mV, -60 mV, +60 mV) for an
oocyte expressing the Na,K-ATPase a1-subunit together with either the reference construct b1-
S62C (4.2 A and C, respectively) or the mutated b1-subunit variant -b1S62C(Y39W,Y43W) (4.2 B
and D, respectively).

Of note, voltage-jumps to extremely hyperpolarizing potentials (-160 mV), which force the
sodium pump into the E1P-state, result in a relative fluorescence increase, as described in
(Dempski et al., 2005), which is more pronounced for the wildtype (Figure 4.2 A) than for the
mutant enzyme (Figure 4.2 B). In contrast, E2P-promoting positive membrane potentials lead
to a relative fluorescence decrease, which is substantially larger for the double-Trp mutant than
for the non-mutated construct. This indicates that e.g. at -40 mV the dynamic equilibrium be-
tween the two principal conformations is shifted towards E1P for the b-variant enzyme. This
shift of the voltage-dependent distribution is also reflected by the concomitantly recorded tran-
sient currents of the mutant, which exhibit larger amplitudes for voltage jumps to positive po-
tentials (e.g. +60 mV, Figure 4.2 D) compared to the corresponding wildtype signals (Figure 4.2
C).

Both, the resulting voltage-dependent distribution of transported charge (Q-V curve, Fig-
ure 4.3 A) and the (1-DF/F)-V distribution (Figure 4.3 B) can be fitted to a Boltzmann

60



4.2. Results & Discussion

Figure 4.2.: Voltage-pulse induced fluorescence changes and transient currents of site-
specifically labeled Na,K-ATPase wildtype and b-(Y39W,Y43W) mutant enzymes.
Fluorescence amplitudes (A,B) and transient currents (C,D) in response to voltage
pulses from -40 mV to three representative voltages (+60 mV, -60 mV, -160 mV, see
inset in A) under extracellularly high Na+/K+-free conditions are shown. Data orig-
inated from individual oocytes coexpressing the wildtype Na,K-ATPase a1-subunit
with either the unmodified reporter construct b1S62C (A,C) or the reporter con-
struct b1S62C (Y39W,Y43W) carrying tryptophan replacements of the two con-
served tyrosines (B, D).

function, yielding midpoint potentials which are significantly more positive for the b1-S62C
(Y39W,Y43W) mutant than for the b1-S62C reference enzyme (see Table 4.1 on page 64). More-
over, the voltage-dependent reciprocal time constants (t-1) of transient currents (Figure 4.3 C)
and of fluorescence changes (Figure 4.3 D) are also shifted by almost +50 mV towards depo-
larizing potentials for the variant sodium pumps. Notably, the reciprocal time constants are
significantly larger for the mutant enzyme at negative potentials but not at positive potentials.
This indicates that only the apparent rate constant for reverse binding of extracellular Na+ and
the subsequent conformational change from E2P to E1P is increased for the mutant. This is
in agreement with the increased apparent affinity for extracellular Na+ as reported by Hasler
et al. (2001), which was most pronounced at hyperpolarizing potentials (as inferred from the
sodium-dependent inhibition of pump currents especially at hyperpolarizing membrane po-
tentials). The increased apparent rate constant for the backward reaction sequence (extracellu-
lar Na+ reverse binding / E1P→E2P transition) observed for the mutant in the current study can
also account for the mutant’s increased apparent K0.5 for extracellular K+, which was shown
to be more pronounced at high extracellular Na+ concentrations (Hasler et al., 2001). With
increasing extracellular K+ concentrations a relative decrease of the fluorescence amplitudes
DF/F of TMRM-labeled Na,K-ATPase is observed (Figure 4.4 A-E). Thus, the apparent K0.5

for extracellular K+ can be determined from the K+ -dependence of this decrease, as already
demonstrated by Dempski et al. (2005). Using this independent approach, we confirm here the
reduced extracellular K+ affinity for the mutant in presence of Na+ (Figure 4.4 F).
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Figure 4.3.: Voltage dependence of the E1P/E2P distribution and kinetics of the E1P/E2P tran-
sition for Na,K-ATPase wildtype and (Y39W,Y43W) b-variant enzymes. A, B:
Voltage-dependent distributions of transported charge Q (A) and of fluorescence
amplitudes 1-DF/F (B) for Na,K-ATPase consisting of the wildtype a1-subunit and
either unmodified reporter construct b1-S62C, or mutated b1-S62C(Y39W,Y43W).
Data are means ± S.E. of 20-25 oocytes from 3-4 different oocyte batches, normal-
ized to saturating values at -180 mV after subtracting the values for +60 mV. A curve
corresponding to the fit of a Boltzmann function is superimposed. C, D: Recipro-
cal time constants of voltage-jump induced transient currents (C) and fluorescence
changes (D) for oocytes expressing the Na,K-ATPase wildtype a1-subunit together
with either b1S62C or b1S62C(Y39W,Y43W). Data are means ± S.E. of 10-15 (C) or
20-25 (D) oocytes from 3-4 different oocyte batches respectively.
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Figure 4.4.: Determination of the apparent K0.5 for extracellular K+ of Na,K-ATPase
a1wt/b1S62C and a1wt/b1S62C(Y39W,Y43W) variant enzymes by fluorescence
titration experiments. A-E: Representative fluorescence titration experiment of a
single oocyte expressing a1wt/b1S62C. Voltage-jumps were applied from a holding
potential of -40 mV to potentials between +60 mV and -180 mV at different exter-
nal K+ concentrations (as indicated) in presence of Na+. F: K+ activation curves re-
sulting from titration experiments on a1wt/b1S62C and a1wt/b1S62C(Y39W,Y43W)
Na,K-ATPase expressing oocytes. Data are means ± S.E. of 3-5 independent experi-
ments.

4.2.2. Molecular determinants for the E2-stabilizing effect mediated by the
two conserved tyrosines of the b-subunit

To further clarify which particular property of the b−TMD tyrosines is necessary to maintain the
observed E2P-preference in the E1P/E2P distribution within the reference construct b1−S62C,
we determined the E1P/E2P conformational distribution of additional b1-S62C variants:
b1−S62C(Y39S,Y43S) was chosen to conserve the hydroxyl group, and b1−S62C(Y39F,Y43F)
to maintain the phenyl moiety of the side chains. According to the Boltzmann parameters
obtained for the (1-DF/F)-V curves of these two mutants (Table 4.1 on the following page),
a significant shift of the conformational equilibrium towards the E1P-state is observed for
both, but the effect is more pronounced for the serine replacements. This indicates that both
the hydroxyl group and the aromatic phenyl moiety may be involved in the interaction, but
surprisingly the aromatic ring appears to be more important. Apparently, not only “classical”
H-bonds (illustrated in Figure 4.1 A and B) are responsible for the E2-stabilizing effect of the two
tyrosines, but possibly also amino-aromatic interactions (or amino-aromatic H-bonds) with
side-chain or even backbone amides in the a−TM7 (see below). Notably, according to Hasler
et al. (2001), a significantly reduced apparent K+ affinity was only observed for b–(Y39S,Y43S)
but not for b-(Y39F,Y43F), which corroborates this interpretation. Our results also demonstrate
that the fluorometric technique applied here is a substantially more sensitive method. It is able
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to detect even subtle changes in the E1P/E2P poise, which may have no direct consequences
on the apparent ion affinities, but still are relevant to identify the molecular determinants for
the interaction patterns of the tyrosine side chains.

Boltzmann parameter Boltzmann parameter

(1-DF/F)-V curves Q-V curves

construct V0.5 zq V0.5 zq

Na,Ka1wt/b1S62C -94.8 ± 4.8 0.74 ± 0.01 -76.6 ± 4.8 0.77 ± 0.03

Na,Ka1wt/b1S62C(Y39W,Y43W) -44.8 ± 1.5 0.73 ± 0.03 -29.3 ± 0.9 0.79 ± 0.03

Na,Ka1wt/b1S62C(Y39F,Y43F9) -79.1 ± 3.6 0.72 ± 0.02 n.d. n.d.

Na,Ka1wt/b1S62C(Y39S,Y43S) -56.1 ± 8.0 0.74 ± 0.03 n.d. n.d.

H,KaS806C/bwt* -125.1 ± 11.4 0.49 ± 0.07 - -

H,KaS806C/b-(Y44W,Y48W)* -90.0 ± 3.4 0.68 ± 0.06 - -

* determined in 90 mM TMACl pH 5.5

Table 4.1.: Parameters from fits of a Boltzmann function to Q-V distributions of Na,K-ATPase
and (1-DF/F)-V distributions of Na,K-ATPase or H,K-ATPase b-TM-variants. Val-
ues are means ± S.E. of 15-25 oocytes from 3-4 oocyte batches.

4.2.3. E1P/E2P-conformational distribution, apparent Rb+ affinities and
SCH 28080 sensitivity of the H,K-ATPase wildtype and
b-(Y44W,Y48W) variant enzymes

The study by Hasler et al. (2001) also included a chimeric b-subunit consisting of the cyto-
plasmic and transmembrane domains of the Na,K-ATPase b1-subunit and the ectodomain of
the gastric H,K-ATPase b-subunit, which was co-expressed with the Na,K-ATPase a-subunit.
Since the tryptophan mutations were accordingly introduced into a TM derived from the
Na,K-ATPase b1-subunit and its effects were monitored by Na,K-ATPase transport activity, this
chimeric ATPase does not represent an optimal system to clarify the functional relevance of the
conserved tyrosines for H,K-ATPase ion transport activity. We therefore extended the current
study to the true oligomeric form of the gastric H,K-ATPase by co-expressing the H,K-ATPase b-
subunit with an a-subunit variant carrying a single cysteine replacement (S806C) in the M5/M6
loop, which is necessary to enable voltage-clamp fluorometry (Geibel et al., 2003a) but does not
impair enzyme activity (see section 2.1.1, Figure 2.1 on page 40).

Figure 4.5 A shows the voltage dependence of fluorescence changes obtained for oocytes
co-expressing the H,K-ATPase a-S806C variant together with either the wildtype H,K b-
subunit or a H,K-ATPase b-subunit carrying the (Y44W,Y48W) mutation. In analogy to Na,K-
ATPase, the voltage dependence of fluorescence amplitudes observed for the H,K-ATPase b-
(Y44W,Y48W) is shifted towards depolarizing potentials compared to proteins comprising wild-
type b-subunits. The resultant Boltzmann distribution is characterized by a substantially
smaller slope zq than the corresponding Na,K-ATPase curves (see Table 4.1), thus indicating
a reduced voltage sensitivity, as already described in the previous chapter. This can be in-
terpreted as a reduced dielectric depth of a so-called ’ion access channel’ which protons (or
hydronium ions) pass upon voltage pulses in order to reach or exit from the cation binding
sites. Since a smaller fraction of the transmembrane potential is accordingly sensed by the
transported charge, the process is less electrogenic than the extracellular Na+ binding/release,
which indicates a deeper ion well in case of the sodium pump (Sagar and Rakowski, 1994).

64



4.2. Results & Discussion

Figure 4.5.: Functional properties of the gastric H,K-ATPase bY44W,Y48W mutant enzyme.
A: Voltage-dependent E1P/E2P distribution of fluorescently labeled aS806C/bwt
and aS806C/b(Y44W,Y48W) H,K-ATPase enzymes, resulting from fluorescence re-
sponses upon voltage-jumps from a holding potential of -40 mV to values between
+60 mV and -180 mV (20 mV increments) at pH 5.5. Data are means ± S.E. of 10-15
oocytes from 2-3 different oocyte batches. A curve resulting from a fit of a Boltz-
mann function is superimposed. Fluorescence amplitudes 1-DF/F were normal-
ized to saturation values from the fits. To account for the substantial differences
in the fluorescence amplitudes, the saturation values were set to 1 for the wildtype
and to 0.1 for the Y44W,Y48W mutant respectively. B, C: Michaelis-Menten plots for
concentration-dependent Rb+ uptake by H,K-ATPase in absence (B) or presence
(C) of extracellular Na+ at pH 5.5. Oocytes were injected with aS806C mutant and
the wildtype (filled squares) or Y44W,Y48W variant b-construct (open circles), re-
spectively. Data were normalized to Rb+ uptake at saturating RbCl concentrations,
corresponding to values between 20-30 pmol min-1 /oocyte for different oocyte
batches (aS806C/bwt: 29.3, 27.4, 30.8 in absence of Na+; 21.1, 23.4 in presence of
Na+; aS806C/b(Y44W,Y48W): 28.4, 33.9 in absence of Na+; 32.6, 30.1 in presence
of Na+). Data are means ± S.E., n = 8-12 oocytes from two or three independent
experiments. Apparent half-maximal activation constants K0.5 (in mM) were ob-
tained from a fit of a Michaelis-Menten-type function to the data (dashed lines).
D, E: SCH 28080 sensitivity of Rb+uptake by oocytes expressing aS806C/bwt (D) or
aS806C/b(Y44W,Y48W) (E) H,K-ATPase complexes. Rb+ uptake was determined at
pH 5.5 in extracellular Na+-free solutions containing different Rb+ concentrations
in absence (white bars) or presence of SCH 28080 (hatched bars: 10 mM, crossed
bars: 150 mM). Data are means ± S.E., n = 10-15 oocytes from at least two indepen-
dent sets of experiment, normalized to Rb+ uptake at saturating RbCl concentra-
tions.
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Since full saturation of fluorescence amplitudes cannot be reached in the experimentally
accessible voltage range, the saturating values of the Boltzmann curves had to be determined
by extrapolation of the fit function. Of note, only small fluorescence changes (DF/F~0.5-2%)
were consistently observed for the b−(Y44W,Y48W) variant, corresponding to about 10% of the
wildtype fluorescence signals (DF/F~5-20%). To account for this, the saturation level used for
normalization of the mutant has been arbitrarily set to 0.1 (instead of 1 for the wildtype), which
is illustrated by the different scaling of the y-axis (right axis in Figure 4.5 A).

To determine whether the conformational shift towards E1P observed here for the H,K-
ATPase b-(Y44W,Y48W) mutant also causes changes in cation affinities, we determined the
apparent Rb+ affinity in Rb+ uptake experiments. As illustrated in Figure 4.5 B, the apparent
affinity of the variant enzyme for extracellular Rb+ in absence of extracellular Na+ is drasti-
cally reduced by a factor of more than 20. If the apparent K0.5 is determined in the presence
of extracellular Na+ (Figure 4.5 C), the apparent K0.5 values are substantially larger for both
the wildtype and the b-(Y44W,Y48W) variant enzyme, but the affinity decrease caused by the
double-Trp mutation is still observed, albeit less pronounced. Interestingly, the apparent K0.5

of the wildtype H,K-ATPase is more strongly influenced by the presence of Na+, since it is al-
most 7-fold higher than in absence of Na+, whereas the apparent K0.5 of the mutant is increased
by a factor of less than 1.5.

Considering the E1P-shift observed for the mutant enzyme (see above), these findings have a
reasonable explanation: The effects of sodium ions on the H,K-ATPase have been described in
various studies (Ray and Nandi, 1985; Polvani et al., 1989; Rabon et al., 1990; Swarts et al., 1995)
and it was shown that they compete with K+ binding to the extracellular binding sites (Swarts
et al., 1995). Therefore the wildtype enzyme, which is predominantly in the E2P-state is more
susceptible to this competition of Na+ ions, which in effect reduces the apparent Rb+ affinity in
the presence of Na+. In contrast, the b-(Y44W,Y48W) variant enzyme is shifted to the E1P-state
and thus cannot efficiently bind extracellular Rb+. Accordingly, this mutant exhibits a substan-
tially reduced apparent Rb+affinity, irrespective of the presence of Na+ions, which exert their
competitive effect only in the E2P-state. Figure 4.5 E illustrates another interesting property of
the H,K-ATPase b-(Y44W,Y48W) mutant: It exhibits a strongly reduced sensitivity towards the
inhibitor SCH 28080. Whereas for the wildtype enzyme Rb+ uptake is readily inhibited by the
compound already at concentrations as low as 10 mM (to about 10-15 % residual activity at sat-
urating 5 mM RbCl, see Figure 4.5 D), the variant is only partially inhibited to residual activities
of 30-80% depending on the extracellular Rb+concentration, even at higher SCH 28080 concen-
trations up to 150 mM (Figure 4.5 E). Since SCH 28080 is known to be an E2-specific inhibitor
(see panel B in Figure 1.10 on page 35 or Wallmark et al., 1987), the observed insensitivity of
the variant enzyme again reflects its preference for the E1P-state, which is in close analogy
to the reduced vanadate sensitivity of the homologous Na,K-ATPase mutation b-(Y39W,Y43W)
described by Hasler and coworkers (Hasler et al., 2001). Control experiments showed, how-
ever, that Rb+uptake by the variant H,K-ATPase is inhibited to a similar extent as uptake of the
wildtype enzyme by omeprazole (data not shown). Since this inhibitor binds covalently to the
proton pump (Lorentzon et al., 1985), steady-state inhibition caused by the compound is not
conformation-specific.

4.2.4. H+ secretion of H,K-ATPase wildtype and b-(Y44W,Y48W) variant
enzymes

The data presented here suggest a common E2P-stabilizing effect of the two conserved b-
subunit tyrosines in both Na,K- and H,K-ATPase, which is apparently disrupted by the trypto-
phan replacement in the b-variants. Therefore, as argued for the accelerated apparent rate con-
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Figure 4.6.: Acidification assay for gastric H,K-ATPase-expressing oocytes. A: Oocytes co-
expressing the H,K-ATPase aS806C construct with either the wildtype or the
(Y44W,Y48W) b-construct were placed under mineral oil in a droplet of weakly
buffered solution at pH 7.4 containing pH indicator phenol red. B: After 40 min-
utes, a substantial acidification to at least pH 4 is observed for oocytes expressing
aS806C/bwt H,K-ATPases (B, upper two oocytes), but not for those expressing the
b-variant (B, lower two oocytes). One representative out of several similar experi-
ments is shown. C: Extracellular solutions adjusted to different pH containing phe-
nol red to provide a colorimetric scale. D: Control experiments on uninjected or
HKaS806C/bwt expressing oocytes in presence of 100 mM SCH 28080 after 40 min
incubation.

stant for reverse binding of extracellular Na+ and the subsequent E2P/E1P conformational shift
for the b1-(Y39W,Y43W) Na,K-ATPase variant, in case of the H,K-ATPase containing a double-
Trp-mutated b-subunit the observed E1-shift should have a similar effect on extracellular H+

reverse binding / E2P/E1P conversion. This in fact would kinetically interfere with luminal H+

release from the external binding sites. To test this hypothesis, we performed a simple assay
to evaluate extracellular acidification of wildtype or mutant H,K-ATPase expressing oocytes.
Whereas in wildtype H,K-ATPase-expressing oocytes, the extracellular medium is substantially
acidified (to at least pH 4) within 40 minutes, as indicated by the distinct change in phenol
red color (upper two oocytes in Figure 4.6 A and B), no pH change is observed for oocytes ex-
pressing the b-(Y44W,Y48W) mutation (lower two oocytes in Figure 4.6 A and B), even when
monitored for longer time periods. Please note that the concentration of RbCl in the extra-
cellular medium was as high as 20 mM, thus representing saturating conditions even for the
Y44W/Y48W mutant, which has a substantially higher apparent K0.5, however without con-
comitant changes in vmax (see Figure 4.5 legend). To demonstrate the specificity of the acidi-
fication, the assay was also carried out with uninjected oocytes and on wildtype H,K-ATPase-
expressing oocytes in presence of 100 mM SCH 28080 (Figure 4.6 D).

Figure 4.7 summarizes the observed effects of the double tryptophan replacements on the
E1P/E2P conformational distribution and the cation affinities of Na,K-ATPase (Figure 4.7 A
and B) or H,K-ATPase (Figure 4.7 C and D). In both enzymes, the mutations result in a shift
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Figure 4.7.: Schematic illustration of the putative changes in the E1P/E2P conformational
and external ion binding equilibria caused by the tryptophan replacements in
the Na,K-ATPase (A, B) and H,K-ATPase (C, D) b-TM. According to this scheme the
rate constants for the forward (k1) and reverse (k-1) E1P→E2P transitions are repre-
sented by arrows; k2 and k-2 represent rate constants for extracellular release and re-
verse binding of Na+ (A, B) or H+(C, D) respectively. Putative variations in these rate
constants for the Na,K-ATPase b1S62C(Y39W,Y43W) mutant (B) or the H,K-ATPase
b(Y44W,Y48W) variant (D) from the “wildtype” rate constants (A,C) are indicated by
a changed arrow length. The hypothetical stabilization of the E2-state by the two
tyrosines is symbolized by a parenthesis (A, C), which is disrupted for the mutant
ATPases (B, D). For the Na,K-ATPase, representative fluorescence changes resulting
from voltage-induced shifts of the E1P/E2P equilibrium are shown for the wildtype
(A) and the b1S62C(Y39W,Y43W) mutant (B) to demonstrate experimental support
for the shifted E1P/E2P conformational distributions assumed here.

of the conformational equilibrium towards E1P, as inferred from the voltage-dependent dis-
tribution of charge translocation and of fluorescence amplitudes (Figure 4.3 A and B for the
sodium pump, Figure 4.5 A for the proton pump). Considering the voltage-dependent kinetics
of charge translocation and fluorescence changes of the Na,K-ATPase b1-(Y39W,Y43W) mutant
compared to the wildtype (Figure 4.3 C and D), this can be assigned to an augmented appar-
ent rate constant of Na+ reverse binding (often designated as “backward” rate constant; k-1

in Figure 4.7), since the differences in the reciprocal time constants are most pronounced at
extremely negative potentials. At positive potentials, however, no significant changes are ob-
served, which suggests that the “forward” rate constant (k1 in Figure 4.7) is unaltered by the mu-
tation. Unfortunately, since the voltage dependence of the apparent rate constants is shallow
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for the proton pump and the fluorescence amplitudes for the H,K-ATPase b-(Y44W,Y48W) vari-
ant were quite small, it was not possible to demonstrate a similar phenomenon for the kinetics
of the H,K-ATPase variant. Yet, since the Na,K- and H,K-ATPase variants are mechanistically
very similar (as summarized in Figure 4.7), it is reasonable to assume that comparable k1/k-1

alterations underlie the E1P-shift of the H,K-ATPase mutant. Moreover, as the apparent vmax

of Rb+ uptake is unaffected for H,K-ATPase b-(Y44W,Y48W) (see Figure 4.5 legend), it is likely
that only the backward rate constant k-1 is changed, since a decreased forward rate constant k1

(which could as well explain an E1-shift) would most likely also reduce the catalytic turnover
number vmax. The shifted E1P/E2P distribution was shown to be accompanied by a decrease
in the apparent affinity for extracellular K+ of both enzymes, and enhanced rebinding of extra-
cellular Na+ for the sodium pump (or extracellular H+ for the proton pump) was demonstrated
for the variant pumps (Figure 4.7 B and D). For the Na,K-ATPase, also an increased affinity for
intracellular sodium was found (Hasler et al., 2001). However, whether an increased proton
affinity at the intracellular binding sites of H,K-ATPase is caused by the b-(Y44W,Y48W) muta-
tion, could not be determined by VCF experiments.

It should be emphasized that it is difficult to distinguish between cause and effect regarding
the relation between shifts in conformational equilibria and changes in apparent cation affini-
ties. If ion binding per se is disturbed, e.g. as a consequence of a mutation or reorientation of
coordinating amino acids, this likely causes secondary shifts of the E1P/E2P distribution due to
relative changes in k1 or k-1. However, regarding the b−TM mutants investigated here, we con-
sider it more likely that the mutations introduced far from the site of cation coordination in the
a-subunit have an destabilizing effect on the E2or E2P conformers of the holoenzyme. This in
turn would result in a more effective ion binding to sites accessible in the E1-state (intracellular
Na+) and a simultaneous decrease of ion binding to E2-exposed sites (extracellular K+ or Rb+,
but also their competitors Na+or H+).

4.2.5. TM7 residues of Na,K- and H,K-ATPase a-subunits relevant for the
E2-stabilizing interaction with the two conserved b-tyrosines

According to the recently published crystal structures of the pig renal Na,K-ATPase in the Rb+-
occluded E2-state (Morth et al., 2007) and the shark rectal gland Na,K-ATPase in a similar E2-
state with bound Pi (Shinoda et al., 2009), the two conserved b-tyrosines are at hydrogen bond-
ing distance to TM7 of the a-subunit (Figure 4.1 B). Interestingly, TM7 is partially unwound at
this putative interaction site around G848, resulting in a slight kink of the helix. Of note, the
normally unfavorable unwinding is stabilized by the formation of a backbone hydrogen bond
to Y43 in the b-TM. Since this unwinding was suggested to be of central importance for K+

binding according to the crystal structure at 2.4 Å resolution (Shinoda et al., 2009), it corrobo-
rates the idea that the b-subunits of P2C-type ATPases have evolved to enable the K+ counter-
transport activity exerted by these ion pumps (as described in section 1.1.4 on page 21).

Whereas in the H,K-ATPase sequence a phenylalanine (H,Ka-F864) is located in homolo-
gous position to this glycine (G848), the two adjacent residues Y847 and Q849 on the Na,K-
ATPase a-subunit are conserved (Figure 4.1 D), corresponding to residues H,Ka-Y863 and H,Ka-
Q865 respectively. Apart from the backbone amide oxygen of G848, the side chain of the con-
served Q849 is a likely candidate to form hydrogen bonds with the hydroxyl groups (or amino-
aromatic interactions with the phenyl moiety) of the two tyrosines (Figure 4.1 B). Of note, these
hydrogen bonds are unique for the whole a/b transmembrane interaction interface (Figure 4.1
A), thus underlining their potential contribution to the overall stabilization of the conforma-
tional state. If the distances and geometry of the interacting residues were slightly altered in
the E1-state, a conformational change towards E1 would involve an energetically disfavorable
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breakage of some of these H-bonds. Accordingly, a replacement of the two tyrosines by bulky
tryptophans may disrupt this E2-specific hydrogen bonding pattern and thus also the result-
ing E2-stabilization, actually explaining the conformational shift towards the E1-state observed
for such mutant ATPases. If this is actually the case, tryptophan replacements of the potential
interacting residues of the a-subunit should also impair this putative E2-stabilization.

To test this hypothesis, we mutated the aforementioned three residues in the Na,K- and H,K-
ATPase TM7 and determined the voltage-dependent E1P/E2P distributions for these a-subunit
mutants when coexpressed with Na,K-ATPase b1-S62C or wildtype H,K-ATPase b-subunits. The
midpoint potentials of the resulting Q-V and (1-DF/F)-V curves for the Na,K-ATPase variants
are shown in Figure 4.8 A and B, respectively. Notably, tryptophan replacements of G848 and
Q849 shifted the midpoint potentials of both (1-DF/F) and Q-V distributions substantially to-
wards more positive potentials. Although the observed shifts were less pronounced than for the
b1-(Y39W,Y43W) mutant, still the idea is supported that G848 is involved in an E2-stabilizing
interaction with the b-subunit. To analyze the functional relevance of H,Ka-F864 found in-
stead of G848 in homologous position, we also investigated the Na,K-ATPase variant G848F. For
this mutant, the voltage-dependent E1P/E2P distribution was similarly shifted towards E1, thus
indicating that the bulky phenylalanine side chain is as disruptive for the Na,K-ATPase a/b in-
teraction as tryptophan. Both findings hint at an important role of the G848 backbone amide
group for the interaction with the b-tyrosines, which is apparently disrupted when larger side
chains are introduced.

Considering the Q849W mutant, a possible interpretation is that the observed E1-shifted
phenotype is directly caused by the removal of the glutamine side chain with its high propen-
sity to participate in hydrogen bonding with b-Y39. On the other hand, the properties of Q849W
could merely be a consequence of the bulkiness of the introduced tryptophan side chain, which
interferes with the interaction mediated by the adjacent backbone amide of G848. In order to
further clarify this issue, we also investigated the Q849G mutant which has no bulky side chain
but cannot form side chain H-bonds, and the mutant Q849H, whose side chain is well suited to
form hydrogen bonds. Of note, although Q849 is rather conserved among most a-subunits, a
histidine is found in the corresponding position of the non-gastric H,K-ATPase (Figure 4.1 D),
thus possibly indicating a necessity for a hydrogen bonding side chain in this position. Keeping
in mind that mainly the aromatic part and not the hydroxyl group of the b-tyrosines was cru-
cial for the E2-stabilizing effect (see section 4.2.2 on page 63), an amino-aromatic interaction to
the positively charged or d+amino groups of glutamine or histidine is actually even more likely
than ”classical” hydrogen bonding: the side chain of Q849 (or H849) is within 6 Å of the ring
centroid of b-Y39 (Figure 4.1 B) and thus optimally positioned to make van der Waals’ contact
with the d-of the tyrosine’s p-electrons according to Burley and Petsko (1986). This would also
allow the formation of an amino-aromatic H-bond, as described between the side chain NH2

of Asn-44 and Tyr-35 in bovine pancreatic trypsin inhibitor (Tüchsen and Woodward, 1987).
Yet, the midpoint potentials of Q849H and Q849G were not significantly different from the

wildtype for both Q-V and (1-DF/F)-V curves, which favours the idea that Q849 is not directly
involved in the interaction to the b-subunit tyrosines, since its ability to form hydrogen bonds
(or to provide d+amino groups for amino-aromatic interactions) does apparently not play a
role for the E1P/E2P steady-state distribution. Therefore, rather the G848 backbone N-H is the
prime candidate for donating an amino-aromatic hydrogen-bond to the phenyl rings of b-Y39
or b-Y43, since the centroids of both are within the aforementioned critical distance of 6 Å.

Interestingly, tryptophan replacement of Y847 results in Q-V and (1-DF/F)-V curves with
unaltered V0.5 values but significantly reduced slope factors zq (0.56 instead of ∼0.75 for the
wildtype, see Table 4.2). Apparently this residue is not relevant for the supposed E2-specific
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Figure 4.8.: Voltage-dependent E1P/E2P distribution of Na,K- and H,K-ATPase a-TM7 vari-
ants. A, B: Midpoint potentials derived from fits of a Boltzmann function
to the voltage-dependent distributions of transported charge Q (A) or of flu-
orescence amplitudes 1-DF/F (B) for Na,K-ATPase complexes consisting of ei-
ther the wildtype a1-subunit or various a1-TM7 mutants co-expressed with con-
struct b1-S62C. C: Voltage-dependent E1P/E2P distribution of fluorescently la-
beled H,K-ATPase aS806C/bwt and three a-TM7 variants: HKaS806C(Y863W)/bwt,
HKaS806C(F864W)/bwt and HK06C(Q865W)/bwt. D: Reciprocal time constants of
voltage-jump induced transient currents for oocytes expressing either the wildtype
Na,K-ATPase a1-subunit or various a1-TM7 mutants together with reporter con-
struct b1S62C. E: Reciprocal time constants of voltage-jump induced fluorescence
changes for oocytes expressing the H,K-ATPase wildtype b-subunit together with
either H,K-ATPase HKaS806C or HKaS806C(Y863W). F: Rb+uptake of uninjected
oocytes and oocytes expressing either HKaS806C/bwt or HKaS806C(Y863W)/bwt.
Rb+ uptake was determined at pH 5.5 in extracellular Na+-free solution contain-
ing 5 mM RbCl. Data are means ± S.E., n = 50-60 oocytes from 4 indepen-
dent experiments. Inset: Western blot analysis of isolated plasma membranes
from uninjected oocytes (1) or oocytes expressing either HKaS806C/bwt (2) or
HKaS806C(Y863W)/bwt (3), using an anti-H,Ka antibody HK12.18. All electrophys-
iological data are means ± S.E. of 10-20 oocytes from 2-3 different Xenopus females.
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Boltzmann parameter Boltzmann parameter

(1-DF/F)-V curves Q-V curves

construct V0.5 zq V0.5 zq

Na,Ka1wt/b1S62C -94.8 ± 4.8 0.74 ± 0.01 -76.6 ± 4.8 0.77 ± 0.03

Na,Ka1-Y847W/b1S62C -102.4 ± 5.7 0.56 ± 0.04 -82.8 ± 3.2 0.56 ± 0.03

Na,Ka1-G848W/b1S62C -66.0 ± 2.1 0.70 ± 0.02 -44.8 ± 1.2 0.76 ± 0.01

Na,Ka1-G848F/b1S62C -67.9 ± 4.7 0.74 ± 0.01 -45.9 ± 4.1 0.76 ± 0.02

Na,Ka1-Q849W/b1S62C -71.6 ± 2.6 0.75 ± 0.05 -50.6 ± 2.8 0.76 ± 0.03

Na,Ka1-Q849G/b1S62C -99.7± 4.7 0.72 ± 0.02 -86.3 ± 3.6 0.66 ± 0.02

Na,Ka1-Q849H/b1S62C -93.8 ± 3.2 0.72 ± 0.01 -77.4 ± 2.5 0.75 ± 0.01

H,KaS806C/bwt -110.8 ± 8.6 0.34 ± 0.01 - -

H,KaS806C(Y863W)/bwt +74.3 ± 12.7 0.32 ± 0.02 - -

H,KaS806C(F864W)/bwt -58.0 ± 7.0 0.28 ± 0.02 - -

H,KaS806C(Q865W)/bwt -67.9 ± 3.6 0.36 ± 0.01 - -

Table 4.2.: Parameters from fits of a Boltzmann function to (1-DF/F)-V or Q-V distributions
of Na,K-ATPase or H,K-ATPase a-TM7-variants. Values are means ± S.E. of 15-25
oocytes from 2-3 oocyte batches.

Figure 4.9.: Apparent affinity for extracellular K+ of the Na,K-ATPasea1-TM7 mutant Y847W.
K+ -activated pump currents were determined at a holding potential of -40 mV. Data
are means ± S.E. of 10-15 oocytes . The apparent K0.5 were obtained by fitting of a
Michaelis-Menten-type function to the data.

b-interaction, which seems reasonable since its side chain is not directed toward the b-subunit
but rather points toward the cation binding pocket (Figure 4.1 B). According to the recently
published Na,K-ATPase structure at 2.4 Å resolution (Shinoda et al., 2009), the side chain of
Y847 (corresponding to Y854 in the shark ATPase) forms a hydrogen-bond to N776 (corre-
sponding to N783 in the shark structure), which is a critical part of the K+ binding sites I and II.
In fact, this interaction was suggested to be a key player in defining K+ specificity of the cation
binding site, since it tethers the N776 side-chain into a distinct position which is markedly dif-
ferent from the corresponding Ca2+-coordinating N768 residue of the Ca2+-ATPase. Notably,
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the authors expected that a disruption of this interaction occurs upon the E2→E1 conforma-
tional transition, thus probably adjusting the N776 side-chain for coordination of the smaller
Na+ ions in the E1-state. Keeping in mind that electrogenicity of the sodium pump was mainly
linked to Na+ binding and -release steps (Chapter 1, section 1.1.2), this might also explain why
a parameter is altered (lowered zq) which reflects voltage-dependent properties of the enzyme.
The reduced zq value can be interpreted in terms of a reduced apparent depth of the pro-
posed ion access channel for extracellular Na+ reverse binding or release (Sagar and Rakowski,
1994), as a consequence of the tryptophan replacement. Moreover, we determined the appar-
ent affinity for extracellular K+ by measuring the K+-dependence of pump current amplitudes
and found a significantly higher apparent K0.5 for this mutant (2.6 mM instead of 1.1 mM for
the wildtype at -40 mV, see Figure 4.9), which confirms that Y847 plays indeed a critical role for
K+ coordination of the extracellular cation binding sites.

Regarding the H,K-ATPase a-subunit variants, a pronounced positive shift of the (1-DF/F)-
V curves was observed for all three investigated variants H,Ka-Y863W, -F864W and -Q865W
(Figure 4.8 C). Surprisingly, the most pronounced effect was observed for the Y863W mutant,
which shifted the midpoint potential of the E1P/E2P distribution by about +180 mV towards
extremely positive potentials.

Notably, the kinetics of transient currents of the E1-shifted Na,K-ATPase a-TM7 mutants
Na,Ka-G848W and Na,Ka-G848F were substantially faster than the wildtype (or the Na,Ka-
G848H mutant which showed no changes in V0.5) at hyperpolarizing potentials, but not at
depolarizing potentials (Figure 4.8 D). Likewise, the reciprocal time constants obtained from
monoexponential fitting to the fluorescence changes were almost increased two-fold for the
strongly E1-shifted H,K-ATPase a-TM7 mutant H,Ka-Y863W compared to the wildtype at very
negative potentials, whereas there was no significant difference at positive potentials (Figure
4.8 E) . This can be interpreted as an acceleration of the backward rate constant k-1 (Figure 4.7)
without concomitant changes in k1, thus resulting in a E1-shift of the E1P/E2P conformational
distribution, very similar to the Na,K-ATPase b1−S62C(Y39W,Y43W) variant (Figure 4.3 C, D).
Again, the E1P-shift is also reflected by a reduced SCH 28080 sensitivity of the Y863W mutant
compared to the HKaS806C reference construct in presence of 5 mM RbCl and 10 or 100 mM
SCH 28080, respectively (Figure 4.8 F). Moreover, the Rb+ uptake of the H,Ka-Y863W variant
was reduced to about 50% of the wildtype uptake at 5 mM RbCl (Figure 4.8 F), but this could
not be attributed to changes in the apparent Rb+affinity (Table 4.3) or a reduced cell surface de-
livery (Figure 4.8 F, inset). Therefore, the turnover number of the mutant enzyme is apparently
affected, too.

The finding that the most pronounced effects of tryptophan replacements in the H,K-ATPase
TM7 occured in position Y863 (and not F864, corresponding to NaK-G848) indicates that the
location of the interaction interface on the a-subunit might be different for H,K- and Na,K-
ATPase enzymes, since the corresponding residue Y847 of the sodium pump did not seem im-
portant for the E1P/E2P distribution. Furthermore, even the mechanism of the interaction may
be different for the two ATPases: The side chains of Y863 and F864 in the H,K-ATPase TM7 prob-
ably exert their E2-stabilizing effect rather by aromatic-aromatic interactions (p-stacking, see
Burley and Petsko (1985)) with Y44 and Y48 in the b−TM. Yet, despite the huge effects on the
E1P/E2P conformational equilibrium, none of these H,K-ATPase mutations exhibited altered
apparent affinities for extracellular Rb+ (see Table 4.3). Therefore, a similar prominent role of
this conserved tyrosine in K+ coordination (as suggested for the sodium pump by the recent 2.4
Å crystal structure, see above) seems rather unlikely for the gastric H,K-ATPase.

This apparently contradicts findings obtained for the b-(Y44W,Y48W) mutant, which showed
a less pronounced E1-shift of the (1-DF/F)-V curve, but exhibited a substantially reduced ap-
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construct apparent K0.5(Rb+)

H,KaS806C/bwt 0.26 ± 0.03

H,KaS806C(Y863W)/bwt 0.22 ± 0.05

H,KaS806C(F864W)/bwt 0.24 ± 0.05

H,KaS806C(F864G)/bwt 0.25 ± 0.04

H,KaS806C(Q865W)/bwt 0.20 ± 0.03

H,KaS806C(Q865G)/bwt 0.23 ± 0.05

H,KaS806C(Q865H)/bwt 0.25 ± 0.07

Table 4.3.: Apparent K0.5 values for halfmaximal Rb+ activation of H,K-ATPase a-TM7-
variants. Rb+ uptake measurements at various extracellular Rb+ concentrations
were performed in absence of extracellular Na+ at pH 5.5. Values are means ± S.E. of
at least two independent experiments.

parent affinity for extracellular Rb+. However, the VCF data for this b-subunit mutant should
be considered cautiously since the observed fluorescence changes were only about 10% com-
pared to those obtained for wildtype or mutant a-subunit H,K-ATPases. The unaffected maxi-
mal Rb+ uptake per cell at saturating Rb+concentrations (see legend to Figure 4.5 B, C) indicates
that the lower fluorescence amplitudes are not due to a reduced cell surface delivery of the
b-(Y44W,Y48W) mutant. This interpretation was also confirmed by Western blots of isolated
plasma membrane protein fractions (see Figure 4.10), which show that the amounts of protein
at the cell surface are very similar. Therefore, we suggest instead that the b-(Y44W,Y48W) mu-
tant has an extremely high preference for the E1P-state (as inferred from the dramatic Rb+ affin-
ity changes and the reduced SCH 28080 sensitivity), which prevents that the enzymes can com-
pletely be shifted towards E2P by stepping to positive potentials. Since only relative changes in
the conformational distribution are reported by the VCF technique, the weak fluorescence sig-
nals observed for the b-(Y44W,Y48W) variant enzyme indicate that most likely an incomplete
E1P→E2P conformational transition is monitored, thus the absolute E1P-shift for the mutant
enzyme might be underestimated.

4.2.6. Physiological relevance of the b-subunits’ E2-stabilizing effect for
Na,K- and gastric H,K-ATPase activity in situ

In this chapter, a common E2-stabilizing effect of conserved Tyr residues in the b-subunit TM
for oligomeric Na,K- and H,K-ATPase was demonstrated and insights into the structural deter-
minants of the E2-specific interaction underlying this stabilization were provided. The func-
tional significance is less pronounced for the Na,K-ATPase, where an E1-shifted equilibrium
caused by the TM mutations did only involve minor changes in the apparent ion affinities, such
that no substantial effect on the transport rate of the sodium pump is exerted under physiolog-
ical conditions.

In contrast, the E1-preference caused by the homologous b-(Y44W,Y48W) mutation in gas-
tric H,K-ATPase has serious effects on cation affinities: Since the apparent K0.5 for extracel-
lular K+ (Rb+) was shown to be more than 4-fold increased (in presence of extracellular Na+),
the mutated H,K-ATPase is not able to operate at maximal turnover in situ. Usually, luminal
K+ concentrations are low, at least before K+-secreting KCNQ1/KCNE2 potassium channels in
the luminal parietal cell membrane are activated by acidification to about pH 3.5 (Grahammer
et al., 2001; Heitzmann et al., 2004), a process which itself requires H,K-ATPase activity (see
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Figure 4.10.: Plasma membrane delivery of the H,K-ATPase b-(Y44W,Y48W) mutant. Plasma
membrane (1-4) and total membrane (5-8) fractions from oocytes injected with
cRNAs for HKaS806C only (lanes 2 and 6), HKaS806C + HKbwt (lanes 3 and 7), or
HKaS806C + HKb-(Y44W,Y48W) (lanes 4 and 8), or from uninjected oocytes (lanes
1 and 5). The equivalent of two oocytes was probed by either a-specific antibody
HK12.18 (A) or b-specific antibodiy 2G11 (B), respectively.

also chapter 1, section 1.2.2.2 on page 30). Moreover, even an increase of the potassium con-
centration in the stomach lumen to saturating levels of about 15 mM (Sachs et al., 2007), e.g. by
K+-rich diet or as a result of sustained KCNQ1/KCNE2 activity, would not help much, since the
enhanced H+ rebinding of the mutant would still be fatal for efficient H+ secretion (as demon-
strated at 20 mM KCl, Figure 4.6). For the H,K-ATPase it is of pivotal importance that protons
can be effectively released from the extracellular binding sites, even at pH-values as low as 1.
Since this requires pKa changes of 5 to 6 orders of magnitude during the E1P→E2P transition,
the relative destabilization of the E2-state in favour of E1, which is characteristic for the mutant,
most likely results in a substantially lowered efficiency of luminal proton release. In the stom-
ach, the combination of both, decreased apparent K+ affinity and reduced proton release, is ex-
pected to suppress H,K-ATPase activity dramatically, thus rendering the mutant enzyme unable
to sustain sufficiently low pH-levels required for digestion and antibacterial purposes. Despite
the observed unaffected Rb+ affinity, the phenotype resulting from the H,Ka-Y863W mutation
would also result in a significant reduction of H+secretion in the stomach, since the turnover
number (vmax) of this mutant is about two-fold lowered. Therefore, the E2-stabilization medi-
ated by E2-specific intersubunit interactions between two conserved tyrosines in the Na,K- or
H,K-ATPase b-TM and TM7 of the respective catalytic a-subunit, which is the main finding of
this study, is of high functional significance for the gastric H,K-ATPase in situ.
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CHAPTER 5

E2P-state stabilization by the N-terminal tail of the
H,K-ATPase b-subunit is critical for efficient proton pumping
under in vivo conditions

Dürr et al. (2009) The Journal of Biological Chemistry 284, 20147–20154
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Chapter 5. Functional Significance of the b-N-terminus of gastric H,K-ATPase

5.1. Introduction

It was already mentioned in the previous chapters that compared to the extensively studied
Na,K-ATPase, far less is known about the H,K-ATPase b-subunit ’s influence on the enzyme’s
cation transport. Whereas some experimental support for a possible contribution of the b-
subunit’s ectodomain (Chow et al., 1992) and TM region (see previous chapter 4) to ion trans-
port activity of the H,K-ATPase already exists, not much is known so far about the functional
significance of the short N-terminal tail.

In studies on the Na,K-ATPase, truncation of the whole N-terminal domain of the b-subunit
had no effect on a/b coassembly and cell surface expression (Renaud et al., 1991; Hasler et al.,
1998), but profoundly affected the ion translocating function of the holoenzyme, including the
apparent affinities for extracellular K+ and intracellular Na+ (Geering et al., 1996; Shainskaya
and Karlish, 1996; Hasler et al., 1998). Moreover, the distribution between E1P/E2P-states was
strongly influenced by deletion of the N-terminal domain (Abriel et al., 1999). Yet, the most
striking finding was an ouabain-sensitive inward current in the absence of K+, which was pre-
sumably driven by protons. The authors suggested that the lack of the b-N-terminus favours
the formation of a “leaky” H+-conductive E2P-state, even in presence of extracellular high [Na+]
(Abriel et al., 1999). However, shorter deletions or multiple mutations in the b-N-terminus had
no effect on the K+-induced pump currents of the Na,K-ATPase.

Interestingly, it was shown that the H,K-ATPase b-N-terminus can effectively substitute for
that of the Na,K-ATPase, resulting in a chimeric b-subunit that retains ATPase activity and pro-
duces K+-stimulated pump currents upon coexpression with the Na,K-ATPase a-subunit (Ueno
et al., 1997). Vice versa, ATPase activity was also unaffected when the H,K-ATPase a-subunit
was co-expressed with a chimeric b-subunit consisting of the H,K-ATPase b-ectodomain and
the cytoplasmic plus transmembrane domains of the Na,K-ATPase b-subunit (Asano et al.,
1999). This may on the one hand imply that the cytoplasmic N-terminal domain derived from
the Na,K-ATPase b-subunit can effectively substitute for the N-terminus of the H,K-ATPase b-
subunit. On the other hand, measurement of ATPase activity alone neither provides informa-
tion about a potential contribution of the b-subunit’s N-terminal tail to ion transport nor about
possible shifts of conformational equilibria.

However, one possible hint that the b-N-terminus may be important for ion transport of the
gastric H,K-ATPase stems from the inhibitory action of the monoclonal antibody Mab2G11,
which recognizes the 36 N-terminal residues of H,K-ATPase b-subunit (Chow and Forte, 1993).
Binding of Mab2G11 was shown to affect H,K-ATPase activity by interfering with the conforma-
tional transition induced by K+.

Furthermore, according to the recently published cryo-EM structure of pig gastric H,K-
ATPase in the pseudo E2P-state (see section 1.1.3 on page 20), the N-terminal tail of the b-
subunit is in close proximity to the phosphorylation domain (P-domain) of the a-subunit (indi-
cated by the red arrow in Figure 1.5 on page 20). The authors suggested that a contact between
the two subunits could possibly stabilize the enzyme in the E2P-state, thereby facilitating effi-
cient proton release against the extraordinarily steep H+ gradients in the stomach (Abe et al.,
2009).

To test this hypothesis, the experimental approaches from the previous chapters were ap-
plied to characterize several N-terminally truncated H,K b-variants (see Figure 5.1) regarding
their distribution between E1P/E2P-states and the kinetics of the respective conformational
transition. Furthermore, to assess the functional consequences of a potential E2-stabilizing
effect mediated by the b-N-terminus on ion transport activity of the gastric H,K-ATPase, the
concentration-dependent Rb+ uptake of these mutants was also studied.
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5.2. Results

Figure 5.1.: Partial amino acid sequence of the wildtype and N-terminally truncated mutant
b-subunits of rat gastric H,K-ATPase.

5.2. Results

5.2.1. Cell surface expression of N-terminally deleted H,K b-variants.

To first determine whether N-terminal deletions already impair the b-subunit’s chaperone-like
functions, such as a/b coassembly or plasma membrane targeting of the H,K-ATPase, plasma
membranes were isolated from Xenopus oocytes and subjected to Western blot analysis. Ac-
cording to Figure 5.2, all N-terminally deleted b-mutants were not detected by the H,K-ATPase
b-subunit specific antibody 2G11, since it recognizes an epitope located to the 36 N-terminal
residues of the H,K-ATPase wildtype b-subunit (Figure 5.2 B, lane 2). Apparently, a deletion
of the three very N-terminal residues (bD4) is already sufficient to prevent antibody bind-
ing. However, if antibody 2B6, which recognizes amino acids 236-281 in the extracellular
C-terminus of the H,K-ATPase b-subunit is used instead, similar amounts of the N-terminal
deleted b-variants are detected in both plasma- and total cellular membranes (Figure 5.2 C).
Hence, cell surface expression of the b-subunit appears to be unaffected by the N-terminal
truncations.

This can be additionally concluded from the high-level cell surface delivery of H,K-ATPase a-
subunits which is facilitated by coexpression of the variant b-subunits: As shown in Figure 5.2 A
(upper panel) the amount of H,K-ATPase a-subunit in the plasma membrane was the same for
oocytes expressing bWT or any of the N-terminally deleted b-variants. Moreover, the amount
of protein detected by the a-subunit-specific antibody in the total cellullar membrane fraction
(lower panel in Figure 5.2 A) was also identical to bWT-expressing oocytes. Together, these
results indicate that the b-N-terminal truncations affect neither the efficiency of the b-variants
to associate with H,K-ATPase a-subunits, nor plasma membrane targeting of the oligomeric
enzyme.

5.2.2. E1P/E2P conformational distribution of N-terminally deleted
H,K-ATPase b-mutants.

The wildtype b-subunit and the aforementioned N-terminally deleted H,K b-mutants were co-
expressed with the a-subunit variant S806C in Xenopus oocytes, and voltage-jump-induced
fluorescence changes upon site-specific labeling with TMRM were recorded (see Figure 5.3
A). Figure 5.3 B shows the resulting voltage-dependence of steady-state fluorescence ampli-
tudes (1-DF/F), which follow a Boltzmann-type distribution for H,K-ATPase enzymes assem-
bled from wildtype as well as N-terminally deleted b-variants. Whereas these were not changed
for the shorter N-terminal deletionsD4 andD8 compared to the wildtype, the distributions for
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Chapter 5. Functional Significance of the b-N-terminus of gastric H,K-ATPase

Figure 5.2.: Western Blot analysis of N-terminally-deleted H,K-ATPase b-subunit variants.
Oocytes were uninjected (lane 1), or injected with cRNAs for HKa-S806C and cR-
NAs of either HKbwt (lane 2) or N-terminal deleted HK b-variants HKbD4 (lane 3),
HKbD8 (lane 4), HKbD13 (lane 5) and HKbD29 (lane 6), respectively. The equiva-
lent of two oocytes from plasma membrane (PP) or total membrane (TP) fractions
was probed by either the a-specific antibody HK12.18 (A) or the b-specific antibod-
ies 2G11 (B) and 2B6 (C). Detection of the endogenous Xenopus Na,K-ATPase a1-
isoform by antibody C356-M09 served as a loading standard (D).
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5.2. Results

Boltzmann parameter
(1-DF/F)-V curves

construct V0.5 zq

H,KaS806C/bwt -110.1± 5.0 0.33 ± 0.01
H,KaS806C/bD4 -115.3± 5.8 0.31 ± 0.01
H,KaS806C/bD4 -115.3± 5.8 0.31 ± 0.01
H,KaS806C/bD8 -108.7 ± 4.3 0.32 ± 0.02

H,KaS806C/bD13 -56.3 ±6.3 0.34 ± 0.02
H,KaS806C/bD29 -89.9 ± 4.3 0.32 ± 0.01

Table 5.1.: Parameters from fits of a Boltzmann function to (1-DF/F)-V distributions of N-
terminally deleted H,K-ATPase b-mutants. Values are means ± S.E. of 15-30
oocytes from 2-3 oocyte batches.

the bD13 and bD29 truncated variants were significantly shifted towards more positive po-
tentials (see Table 5.1 for Boltzmann parameters), indicating a relative destabilization of the
E2P-state in favor of E1P. According to these distributions, about 65% of the bWT, bD4 and bD8-
containing H,K-ATPase molecules occur in the E2P-state at -60 mV (which is the physiologically
relevant membrane potential determined for parietal cells (Demarest and Machen, 1985)), but
only 60% and 50% of the bD29 and bD13 mutant enzymes are present in E2P, respectively. Fur-
thermore, the E1P-shift is also reflected by the voltage-dependent reciprocal time constants
obtained from monoexponential fits to the fluorescence changes (Figure 5.3 C): As these are
significantly smaller for the D29 and D13 mutants than for the wildtype only at positive poten-
tials, which favor the transition to E2P, but not at negative potentials, at which the enzyme is
driven into the E1P-state, these N-terminal deletions apparently reduce the “forward” rate con-
stant (designated as kfw) of the E1P→E2P transition without changing the rate constant kr ev for
the “reverse” reaction. (Remarkably, these phenotypes observed for the bD13 and bD29 mu-
tants clearly differ from those observed for the E1P-shifted bTM- and aTM7 mutants described
in the previous chapter 4, since the latter mutants showed an increased kr ev without concomi-
tant changes in k f w .)

However, if only the results shown in Fig. 5.3 B and C are considered, the conformational
effect caused by the N-terminal deletions is probably underestimated, since the two variants
bD13 and bD29 also showed substantially smaller DF/F values (Figure 5.3 D). The previously
described Western blot analysis of isolated plasma membranes exclude the possibility that the
lower DF/F values observed for the bD13 and bD29 constructs were simply due to a reduced
cell surface delivery of the a-subunits that are available for labeling with TMRM (see previous
subsection). Therefore, the shown DF/F ratio is directly proportional to the number of H,K-
ATPase molecules that can be shifted between E1P/E2P-states by voltage-jumps. The approx-
imately two-fold lower DF/F values observed for the bD13 and bD29 mutants (compared to
bWT, bD4 and bD8) most likely reflect a higher tendency of the mutant H,K-ATPase molecules
to undergo the backward reaction sequence E1P (H+)→E1P + H+ + ADP → E1 + H++ ATP and
accumulate in the E1P-state according to the reduced kfw. This would result in a substantial
depletion of the sum of E1P/E2P-states, which could explain the observed lower fluorescence
changes. This interpretation is actually in line with previous results on N-terminally deleted
mutants bD8, bD13 (Abe et al., 2009)or bD28 (K. Abe, unpublished results), showing increased
reactivity of radiolabeled E1

32P phosphoenzymes with ADP to form g32P-ATP via the aforemen-
tioned reverse reaction.
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Chapter 5. Functional Significance of the b-N-terminus of gastric H,K-ATPase

Figure 5.3.: Voltage-dependent E1P/E2P distribution and kinetics of the E1P→E2P transition
of N-terminally truncated H,K-ATPase b-variants. A, Voltage-pulse induced flu-
orescence signals of a TMRM-labeled oocyte expressing H,K-ATPase a-S806C/bwt
under high Na+/K+-free conditions at pH 5.5. Inset: voltage-protocol. B, Voltage-
dependent distributions of fluorescence amplitudes 1-DF/F of wildtype or N-
terminally deleted H,K-ATPase b-variants, normalized to saturating values obtained
from fits of a Boltzmann function to the data. C, reciprocal time constants of voltage
jump-induced fluorescence changes for wildtype and N-terminally deleted H,K-
ATPase b-variants. Data are means ± S.E. of 10-16 oocytes. D, DF/F values (in %)
for TMRM-labeled oocytes expressing a-S806C and either the wildtype H,K-ATPase
b-subunit or N-terminally truncated b-variants. Data are means ± S.E. of 13-32
oocytes from 3 different oocyte batches. Inset: DF/F is calculated from the dif-
ference DF (represented by a black arrow) between the fluorescence at the most
hyperpolarizing voltage (-180 mV, black trace) and the most depolarizing voltage
(+60 mV, black trace), normalized to the background fluorescence F at -40 mV (red
trace).
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5.2. Results

Normalized Rb+ Residual Rb+ uptake activity apparent Rb+

uptake activity (in %)a,b in presence of SCH 28080 (in %)a,c affinityd

construct at 5 mM RbCl 10 mM SCH 28080 100 mM SCH 28080 K0.5(mM)

H,KaS806C/bwt 100 ± 3.9 21 ± 2.0 6 ± 0.7 0.66 ± 0.09

H,KaS806C/bD4 96 ± 3.3 21 ± 1.7 14± 1.8 0.62 ± 0.14

H,KaS806C/bD8 95 ± 4.4 18 ± 2.0 13 ± 2.3 0.70 ± 0.18

H,KaS806C/bD13 77 ± 4.0 28 ± 2.3 25 ± 2.6 0.65 ± 0.12

H,KaS806C/bD29 83 ± 3.8 27 ± 2.2 20 ± 1.7 0.52 ± 0.10

uninjected 4 ± 0.4 - - -

aValues are means ± S.E. of 40-50 oocytes from 3-4 different oocyte batches
bData were normalized to Rb+ uptake of H,KaS806C/bwt, corresponding to 32 pmol min-1 /oocyte
cData were normalized to Rb+ uptake at 5 mM RbCl in absence of SCH 28080 for each construct after subtraction

of the mean Rb+ uptake of uninjected oocytes
dValues are means ± S.E. of 10-20 oocytes

Table 5.2.: Normalized values for Rb+ uptake, SCH 28080 sensitivity and apparent Rb+ affin-
ity of b-N-terminally truncated H,K-ATPase variants.

5.2.3. Rb+uptake kinetics and SCH 28080 sensitivity of N-terminally
truncated H,K-ATPase b-subunits

Rb+ uptake measurements were performed to assess the potential impact on ion transport ac-
tivity by the conformational shift observed for the N-terminally truncated b-variants. Whereas
Rb+ uptake at saturating extracellular concentrations was comparable to WT for D4- and D8-
expressing oocytes, it was about 20% lower for D13 and D29 (Fig.5.4 A, Table 5.2). This can be
interpreted as a reduced turnover number (lowered vmax), since the apparent affinity for extra-
cellular Rb+was unaffected by the truncations (see Figure 5.4 B and Table 5.2 for apparent K0.5

values). The affected turnover numbers of the D13 and D29 mutants demonstrate that obvi-
ously the transition which is characterized by the reduced rate constant kfw of these variants
directly affects the rate-limiting step of the catalytic cycle. This illustrates how already small
shifts in conformational equilibria can have significant functional consequences for the trans-
port activity of gastric H,K-ATPase.

In presence of 10 mM SCH 28080, an E2-specific inhibitor of the H,K-ATPase (see chapter
1, section 1.2.2.3, Figure on page 35), the Rb+ uptake of WT, D4- and D8-expressing oocytes
was reduced to approximately 20% (Figure 5.4A inset, Table 5.2), in agreement with the data
of Mathews et al. (1995). In contrast, the inhibition of ATPase complexes containing D13 and
D29 was less efficient, resulting in significantly higher residual activities of about 30% at 10 mM
SCH 28080. Notably, 100 mM SCH 28080 resulted in a suppression of Rb+ uptake to about 6% for
H,KaS806C/bwt, but for any of the N-terminally deleted variants the effect was much smaller.
The dwell time of molecules in the SCH 28080-sensitive E2-state may be substantially lower
for the E1P-shifted mutants, so that increasing the inhibitor concentration will not result in
enhanced binding of the compound, since the dwell time in E2 is not sufficient to reach binding
equilibrium. In contrast, the wildtype H,K-ATPase, which stays longer in E2, is able to bind
more inhibitor molecules if the SCH 28080 concentration is increased. Notably, at the higher
inhibitor concentration, a significantly reduced SCH 28080 sensitivity was also observed for
D4- and D8-expressing oocytes, which showed a more than two-fold higher residual activity
compared to WT (13-14% versus 6%).
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Figure 5.4.: Rb+ uptake, SCH 28080 sensitivity and apparent Rb+affinity of b-N-terminally
truncated H,K-variants. A, Rb+ uptake at pH 5.5 in extracellular Na+-free solutions
containing 5 mM RbCl in absence (light grey bars) or presence of SCH 28080 (dark
grey bars: 10 mM, black bars: 100 mM). Inset: Residual Rb+ uptake activity (in %) in
presence of 10 mM (dark grey bars) or 100 mM (black bars) SCH 28080. Data were
normalized to Rb+ uptake at 5 mM RbCl in absence of SCH 28080 for each con-
struct after subtraction of the mean Rb+ uptake of uninjected oocytes. B, Michaelis-
Menten plots for concentration dependent Rb+ uptake of wildtype or N-terminally
deleted H,K-ATPase b-variants.

This suggests that already the shorter deletions cause an elevated preference for E1, which
raises the question, why no effect on the conformational distribution (data in Figure 5.3 B)
was seen for these constructs. Two possibilities may account for this: i) minute shifts in the
voltage-dependent E1P/E2P distribution may be difficult to resolve by VCF experiments, since
low slope factor zq of the Boltzmann curves limits the accuracy of V0.5 determination. ii) E2-
destabilizing effects that act on the relative distribution of pump molecules over all reaction
intermediates may not be effective during the partial reaction sequence studied in pre-steady-
state experiments (VCF), but rather become apparent under steady-state conditions (Rb+ up-
take), in which the enzyme undergoes the full reaction cycle.

5.3. Discussion

5.3.1. Physiological significance of the b-N-terminus for gastric
H,K-ATPase activity in situ

Although the observed reduction in Rb+ transport activity of the D13 and D29 truncated mu-
tants appears moderate, it is important to note that these subtle effects were observed already
at a relatively mild proton gradient (pHext= 5.5, DpH ~ 2). However, in situ the H,K-ATPase
pumps protons against a 10,000-fold higher gradient of about 106. Under these physiological
conditions (which are unfortunately not applicable to Xenopus oocytes), the high lumenal H+

concentration would even more favour H+ reverse binding at the extracellular sites, thereby
also stimulating the E2P→E1P “backward” reaction (i.e. increasing kr ev ). An enhanced kr ev in
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Figure 5.5.: Potential changes in the arrangement of N- and P-domain during the E1P→E2P
conformational transition of gastric H,K-ATPase.1Comparison between the cryo-
EM structure of the gastric H,K-ATPase in the AlF4-bound, pseudo-E2P conforma-
tion (see also Figure 1.5) and the SERCA structure corresponding to an E1P-ADP
intermediate (SERCA E1AlF4-ADP structure by Toyoshima et al. (2004), PDB code
2ZBD. Color coding: wheat tube, N-domain; pink tube, P-domain. Other parts of
SERCA structure are omitted for clarity).

addition to the reduced forward rate constant kfw (as observed for the N-terminally deleted mu-
tants D13 andD29) is thus expected to have even more drastic effects on the turnover number.
Therefore, albeit causing only small effects at the rather shallow pH gradient applied here, the
destabilization of the E2-state by the N-terminal truncations will almost certainly slow down
H+ secretion under the pH conditions in the stomach.

5.3.2. Adverse conformational effects exerted by two contact sites between
a-subunit and the b-N-terminus

A surprising finding from the VCF experiments is that the more extensive deletion bD29 caused
a smaller shift towards the E1P-state than bD13 (see V0.5 values in Table 5.1 on page 81). The
two putative interaction sites between the b-N-terminus and the a-subunit proposed by the
recently published cryo-EM structure of the pig gastric H,K-ATPase may provide a rationale to
explain these rather unexpected effects: Apart from the aforementioned contact between b-
N-terminus and P-domain (probably around Arg-716 to Ala-719, see red arrow in Figures 1.5

1This figure was kindly provided by K. Abe, University of Kyoto, Japan.
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and 5.5), a stretch of the b-N-terminus located closer to the transmembrane domain also ap-
proaches the cytoplasmic stalk of a-TM3, which is connected to the A-domain (Figures 1.5 and
5.5, black arrow). Therefore, a truncation of the first 12 amino acids in bD13 may only disrupt
the interaction with the P-domain and thereby cause the strong E1P shift, whereas the more
extensive deletion in bD29 most likely affects both contacts, which might involve an additional
compensatory mechanism, as follows.

As outlined by Abe and colleagues, the contact between the b-subunit N-terminus and the
P-domain probably stabilizes the enzyme in E2P, thereby minimizing the reverse reaction with
ADP via E2P →E1P + ADP→ E1 + ATP. This was concluded from the putative changes in the
arrangement of the N- and P-domain during the E1P→E2P conformational transition, as pre-
dicted by comparison between the cryo-EM structure of the gastric H,K-ATPase in the pseudo-
E2P conformation (Abe et al., 2009) and a SERCA structure corresponding to a E1P-ADP inter-
mediate (SERCA E1AlF4-ADP structure by Toyoshima et al. (2004)). As illustrated in Figure 5.5,
the phosphate analogue (AlF4) in the E1P-ADP-like structure is in close proximity to the ADP
molecule bound to the N-domain, whereas in the pseudo-E2P structure of the H,K-ATPase the
phosphate analogue is separated from the ADP molecule due to an inclination of the P-domain
and an outward bending of the N-domain. Therefore, reverse transfer of the phosphate (bound
to Asp-385 in the P-domain) to ADP (bound to the N-domain), would require a large movement
of the P-domain, which is presumably prohibited by the tethering between P-domain and the
b-N-terminus. This inter-subunit interaction of the H,K-ATPase was therefore interpreted in
terms of a ‘ratchet’-like mechanism (Abe et al., 2009), which is probably disrupted for the E1-
shifted, D13 N-terminally deleted mutant.

Yet, another E2-favoring effect might be exerted by the A-domain’s TGES motif, which pene-
trates into the gap between the P- and the N-domain (shown in Figure 5.5, but also observed e.g.
in the SERCA E2P structure (Olesen et al., 2007)). Since the bound phosphate analog AlF4 in the
P-domain is obscured by the protrusion of this TGES-motif (which segregates the N-domain far
from the P-domain), neither water molecules nor ADP have access to the aspartylphosphate.
This therefore prevents back-transfer of the phosphate to ADP. Truncation of 28 b-N-terminal
amino acids (bD29 mutant) probably also disrupts the aforementioned second contact be-
tween N-terminus and a-subunit (close to TM3, indicated by the black arrow in Figure), which
may result in an unrestricted movement of the A-domain via the released TM3-A-linker. This
in turn may lead to an enhanced segregating effect of the TGES protrusion of the A-domain,
thereby compensating partially for the E1P-shift caused by the loss of the E2-stabilizing contact
between N-terminus and P-domain.

5.3.3. Comparison to the functional effects of b-N-terminally truncated
Na,K-ATPase

In this chapter, for the first time the functional relevance of the b-subunits’ N-terminal do-
main for H,K-ATPase transport activity was investigated in vivo. The results demonstrate that
in analogy to b-N-terminally deleted Na,K-ATPase, N-terminal truncation of the H,K-ATPase
b-subunit does not affect its chaperone-like functions, since the amount of a-subunit in the
plasma membrane determined by Western blot analysis was virtually unchanged for all four
investigated deletions. Thus, the N-teminus is apparently dispensable for a/b coassembly, mat-
uration and plasma membrane targeting of both oligomeric ATPases.

As a key observation, the recently published cryo-EM structure of the gastric H,K-ATPase
highlighted the close proximity between the P-domain of the a-subunit and the short N-
terminal tail of the b-subunit, suggesting an E2P-stabilizing interaction of the two subunits. The
results from this chapter on N-terminally truncated b-variants provide direct evidence that the
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b-N-terminus indeed assists in E2P-state stabilization and that this is critical for the enzyme’s
transport efficiency under in vivo conditions.

Considering crystal structures of the closely related Na,K-ATPase in the E2-state (Morth et al.,
2007; Shinoda et al., 2009), there is no indication for similar interactions between b-N-terminus
and a-subunit of the sodium pump. Since however the b-N-terminus of the Na,K-ATPase was
not completely resolved in these structures, it does not really provide an answer to the question
whether the inter-subunit interaction mediated by the H,K-ATPase b-N-terminus is conserved
among P2C-type ATPases.

As outlined in the introductory part of this chapter, truncation of almost the entire N-
terminal part of the Na,K-ATPase b-subunit had profound effects on the transport properties of
the enzyme: In a study from 1998, Hasler and colleagues demonstrated that the truncation re-
duced the apparent affinities for Na+ and K+, as determined by electrophysiological techniques
(Hasler et al., 1998). Since however, shorter deletions and multiple point mutations in the N-
terminus did not change the apparent ion affinities, the authors considered it more likely that
the truncation rather influences the affinities indirectly by inducing conformational changes in
other domains in the b-subunit. As several other studies showed that mainly the ectodomain
is implicated in modulating the ion affinities, they concluded that the truncation must cause
changes in this domain. Moreover, they proposed a shift in the position of the transmembrane
domain within the membrane, because this was observed for N-terminal truncations in other
type II proteins (asialoglycoprotein receptor and the invariant chain of MHCII antigen). As
a matter of fact, they provided evidence for this hypothesis by “glycosylation mapping” two
years later (Hasler et al., 2000). Of note, this extensive N-terminal truncation of the Na,K-
ATPase b-subunit resulted in an E2-shifted phenotype. According to these findings, a similar
E2-stabilizing effect of the Na,K-ATPase b-N-terminus does not seem very likely. However, po-
tential conformational effects have not been determined yet for shorter N-terminal deletions
of the Na,K-ATPase b-subunit .

Therefore, to complete the current investigation, we deleted the eight most N-terminal
amino acids of reporter construct b1S62C of the sheep Na,K-ATPase b-subunit. Since the cy-
toplasmic b-N-terminus of the Na,K-ATPase is shorter than that of the gastric H,K-ATPase, this
truncation results in a N-terminal domain comparable in length to the bD13 variant of the
gastric H,K-ATPase (see 5.6 A). This N-terminally truncated b-variant NaKb1S62CD8 was coex-
pressed with the wildtype sheep a1-subunit, labeled by TMRM and subjected to voltage jumps
in a high Na+/K+-free solution. Notably, the resulting voltage-dependent distribution of fluo-
rescence amplitudes is not significantly different from the one observed for full-length b1S62C
containing Na,K-ATPase complexes (see Figure 5.6 B and Table 5.3). Furthermore, as inferred
from the stationary pump currents at 10 mM K+, the ion transport activity of the Na,K-ATPase
is completely unaffected by the b-N-terminal truncation (Figure 5.6 B, inset).

Regarding the comparably shallow Na+ gradient under physiological conditions, an
analagous ‘ratchet’ like E2P-stabilization is probably not necessary to assist Na+ transport
of the sodium pump. This further supports our hypothesis that the E2P-state stabilization
mediated by the H,K-ATPase b-N-terminus is unique to facilitate proton transport against the
steep proton gradient across the parietal cell membrane, which is approximately 10,000-fold
higher than the typical transmembrane gradient for Na+ ions. Therefore, the mechanism of
E2P-state stabilization by the gastric H,K-ATPase b-N-terminus appears to be a distinctive
property of this enzyme.
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Figure 5.6.: Conformational E1P/E2P distribution and pump currents of b-N-terminally
truncated Na,K-ATPase. A: Partial amino acid sequences of the N-terminally
deleted Na,K-ATPase b-variant NaKb1D8 (dark cyan) and the wildtype sheep Na,K-
ATPase b1-subunit (in black). For comparison, the wildtype and N-terminally trun-
cated b-variants of the rat gastric H,K-ATPase are also shown (in grey). B: Voltage-
dependent distribution of fluorescence amplitudes 1-DF/F for Na,K-ATPase com-
plexes consisting of the sheep wildtype a1-subunit and either the unmodified re-
porter construct b1S62C (black squares), or the N-terminally deleted b-variant NaK-
b1D8 (circles in dark cyan). Inset: Stationary pump currents of the two constructs
at saturating K+ concentrations (10 mM). All data are means ± S.D. of 10-15 oocytes.

construct Boltzmann parameter stationary
(1-DF/F)-V curves pump currents
V0.5 (mV) zq (nA)

Na,Ka1wt/b1S62C -92.7 ± 7.7 0.70 ± 0.03 221 ± 85
Na,Ka1wt/b1S62CD8 -100.8 ± 7.5 0.68 ± 0.03 232 ± 38

Table 5.3.: Stationary pump currents and parameters from fits of a Boltzmann function to
(1-DF/F)-V distributions of wildtype or b-N-terminally deleted Na,K-ATPase. Val-
ues are means ± S.D. of 10-15 oocytes.
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Chapter 6. Summary and Conclusions

Summary

The Na,K-ATPase and gastric H,K-ATPase belong to the extensive class of P-type ATPases. These
ATPases use ATP hydrolysis for active transport of cations. Gastric H,K-ATPase and the ubiqui-
tous Na,K-ATPase share several similarities. The two ion pumps have closely related catalytic
a-subunits which have a high sequence homology (approximately 60% sequence identity) and
glycosylated b-subunits with lower sequence identity, but similar basic structural features. For
example, the membrane topology is identical: all known Na,K-ATPase b-isoforms and the H,K-
ATPase b-subunit are type II membrane proteins consisting of a short cytoplasmic N-terminus,
a single transmembrane domain and a large extracellullar C-terminal domain with conserved
disulfide bridges and N-glycosylation sites. The b-subunits of P2C-type ATPases are essentially
required for proper folding, maturation and plasma membrane targeting of the catalytic a-
subunits. In addition, it was shown that the b-subunits influence the transport activity of the
ion pumps, but the molecular mechanisms underlying this modulation are not well understood
so far, especially for the less extensively studied gastric proton pump.

In order to gain better insight into which parts of the b-subunits are responsible for their in-
fluence on ion transport of the respective catalytic a-subunits, mutational changes were intro-
duced in all three topogenic domains of the two b-subunits. Furthermore, since recent struc-
tural findings on the two ATPases have revealed potential interaction sites between a- and b-
subunit, the functional consequences of mutations in the affected regions (including some in
the a-subunit) were analyzed.

N-glycosylation of the ectodomain (Chapter 3)
In the large ectodomain, the highly conserved N-glycosylation sites were removed by Asn→Gln
mutations in all available Asn-X-Ser/Thr sequence motifs to investigate whether the huge sugar
moiety that contributes significantly to the molecular weight of the b-subunit influences the
transport properties of the catalytic a-subunit. Notably, the loss of glycosylation did neither
affect the b-subunits’ chaperone-like functions nor the ion transport activity of Na,K- and H,K-
ATPase complexes assembled from the glycosylation-deficient b-variants. Despite causing a
dramatic loss in molecular weight, even more subtle enzymatic properties like the E1P/E2P
conformational distribution or the kinetics of the E1P→E2P transition were not affected by the
lack of N-glycosylation for both ATPases. This was especially surprising for the gastric proton
pump, since previous studies which investigated glycosylation-deficient H,K b-variants in dif-
ferent expression systems showed severe effects on plasma membrane targeting, a/b coassem-
bly and ATPase activity. Yet, a possible explanation for these discrepancies may be that the
purification protocols used in these studies are responsible for the observed effects, since the
lack of N-glycosylation may render the ATPase molecules more susceptible to inactivation dur-
ing these procedures, whereas the almost native environment of intact Xenopus oocyte mem-
branes may efficiently protect the enzyme. However, these observations also suggest that (at
least for the gastric H,K-ATPase) the N-linked oligosaccharides may have a protective role in
vivo, where body temperature, low lumenal pH and the presence of proteolytic enzymes could
favour the inactivation of functional H,K-ATPase a/b complexes as well.

Conserved Tyrosines in the transmembrane domain (Chapter 4)
Inspired by a study of Hasler et al. (2001) which has shown that tryptophan replacements of
two highly conserved tyrosines in the transmembrane domain of the Na,K-ATPase b-subunit
had profound effects on the apparent ion affinites of the sodium pump, we examined whether
this phenotype is linked to changes in the E1P/E2P conformational equilibrium. Indeed,
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the mutation b-(Y39W,Y43W) resulted in a substantial shift of the E1P/E2P distribution to-
wards the E1P-state, which could be attributed to an increased backward rate constant of the
E1P→E2P conformational transition without affecting the forward rate constant. When the
corresponding double tryptophan substitution b-(Y44W,Y48W) in the gastric H,K-ATPase b-
transmembrane region was investigated, a similar shift towards E1P was observed that was also
reflected by the mutant’s reduced sensitivity towards SCH 28080 in Rb+ uptake measurements.
Remarkably, for the gastric H,K-ATPase, the mutation had even more dramatic consequences
for the apparent cation afffinities: the extracellular Rb+ affinity was substantially reduced and
H+ release from the extracellular binding sites was severely affected, too.

Since the recently published Na,K-ATPase crystal structures of the Rb+ occluded E2-state re-
vealed some residues in TM7 of the a-subunit which are at interaction distance to the two b-
tyrosines (Morth et al., 2007; Shinoda et al., 2009), a potential E2-specific contact to these amino
acids could result in an enhanced stabilization of the E2-state which is presumably disrupted
by the bulky tryptophan replacements in the examined b-mutants. This idea was further sub-
stantiated by the finding that for both ATPases, shifts toward E1P occured also for tryptophan
replacements of some of these a-TM7 residues. Furthermore, the kinetic changes in transient
currents or fluorescence changes observed for these Na,K- and H,K-ATPase a-TM7-mutants
closely resembled those of the b-(Y39W, Y43W) mutant, thus indicating a common molecular
origin for the E1-shifted phenotypes of a-TM7- and b-TM-mutants.

Since all described effects were consistently found for both Na,K-ATPase and gastric H,K-
ATPase variants, the proposed E2P-stabilizing a/b interaction is probably conserved among
P2C-type ATPases, although it is apparently of higher functional relevance for the gastric H,K-
ATPase (see conclusions).

Truncation of the cytosolic N-terminus (Chapter 5)
The research on N-terminally deleted b-variants was motivated by the recently published cryo-
EM structure of the gastric H,K-ATPase in the pseudo E2P-state (Abe et al., 2009). The electron
density suggested a potential E2P-stabilizing contact between b-N-terminus and the P-domain
of the a-subunit that was corroborated by pulse-chase experiments. Since, however, these
studies were carried out under rather unphysiological conditions (low ionic strength, 0°C), the
functional relevance of this putative interaction was investigated in Xenopus oocytes. Using
voltage-clamp fluorometry and SCH 28080 sensitivity measurements, we confirmed the E1P-
shifted phenotypes of two N-terminally deleted b-variants (HKbD13 and HKbD29). Further-
more, we showed that the forward rate constant of the E1P→E2P conformational transition is
affected by the truncation, which results in a reduced turnover number of these two b-mutants.

Some unexpected quantitative differences in the E1-shifts observed for the bD13 and bD29
mutants indicate that another putative contact between b-N-terminus and TM3-linker of the a-
subunit revealed by the Cryo-EM structure may as well influence the E1P/E2P conformational
equilibrium. Finally, since a similar N-terminal truncation of the Na,K-ATPase b-subunit did
neither affect the dynamic E1P/E2P equilibrium nor the K+ activated pump currents, the E2P-
stabilizing effect of the b-N-terminus is apparently a unique property of the gastric H,K-ATPase
which may be linked to significant functional consequences (see conclusions).
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Chapter 6. Summary and Conclusions

Conclusions

The research presented in this thesis has provided novel insights into the molecular interac-
tions between a- and b-subunits of Na,K- and gastric H,K-ATPase, having important functional
consequences for cation transport activity of the two related ATPases, especially for the gastric
proton pump (as briefly outlined below).

It was demonstrated that contacts between regions in the catalytic a-subunit and the acces-
sory b-subunit of P2C-type ATPase exist that significantly contribute to a stabilization of the E2P
conformation. Destabilization of the E2P-state caused by mutational changes in several parts of
the oligomeric enzyme (b-TM, a-TM7 or the b-N-terminus, in case of the H,K-ATPase) affected
either the apparent ion affinity or the turnover number. The E1P-shifting mutations obviously
reduce the dwell time in the E2P-state which is in agreement with the mutants decreased sensi-
tivity towards the E2P-specific inhibitor SCH 28080. For the gastric H,K-ATPase, a stabilization
of the E2P-state might be critical for proton pumping for the following reason: proton exchange
between the lumenally exposed proton-coordinating residues in the E2P conformation and the
stomach lumen is probably very slow, since their pKa may be close to the extremely low lumenal
pH under in vivo conditions. Therefore, a sufficiently long dwell time in the E2P-state might be
required to reach thermodynamic equilibrium. Since other P-Type ATPases are probably able
to release their respective ions from the E2P-state substantially faster due to the lower concen-
tration gradients, molecular mechanisms that enhance a stabilization of this intermediate may
be uniquely relevant for the gastric H,K-ATPase, although some E2-stabilizing a/b interactions
apparently also exist in the Na,K-ATPase.

Whereas these findings contributed to a better understanding of how the b-subunit of gastric
H,K-ATPase may assist the catalytic a-subunit in fulfilling its highly demanding task of proton
pumping against a million-fold proton gradient, the results from the studies on glycosylation-
deficient Na,K- and H,K-ATPase b-mutants suggest an additional function of the H,K-ATPase
b-subunit in protecting the protein from acidic denaturation or proteolytic digestion. Again,
although N-glycosylation is conserved among Na,K- and H,K-ATPase b-subunits, a need for
protective mechanisms exists only for the gastric H,K-ATPase, which operates in an extraordi-
narily harsh environment.

92



Acknowledgements

While I was working on this thesis, I enjoyed the help and company of many friendly individuals
whom I would like to thank in the following section:

First of all, I gratefully acknowledge the excellent supervision of Prof. Dr. Thomas Friedrich.
I am especially thankful for his encouragement, kindness, support, patience and valuable guid-
ance throughout my thesis. Many thanks also to Prof. Dr. Ernst Bamberg, head of the depart-
ment for Biophysical Chemistry at the Max-Planck-Institute for Biophysics in Frankfurt, where
I started my Ph.D. work. Furthermore, I would like to thank these two people (and the Max-
Planck-Gesellschaft zur Förderung der Wissenschaften, DFG SFB 472, SFB 740 and the Cluster
of Excellence “UNICAT”) for ensuring financial support throughout my Ph.D. work, for provid-
ing me with excellent facilities to pursue my experiments and for giving me many opportunities
to present my research at various international conferences. I thank Prof. Dr. Peter Hildebrandt
for reading this thesis and Prof. Prof. Dr. Roderich Süßmuth for presiding over my disputation.

I thank my friend and colleague Neslie, who also moved from Frankfurt to Berlin during her
thesis, for sharing countless unforgettable experiences in the lab, the office and “elsevier”. Spe-
cial thanks to her for preparing numerous delicious “NesTeas”. My research benefited enor-
mously from our collaboration with Kazuhiro Abe from Kyoto University in Japan. His cryo-EM
structure of the gastric H,K-ATPase was an invaluable inspiration for my investigations on the
proton pump. Additionally, I would like to acknowledge all the beautiful graphics and the im-
pressive artwork he prepared and kindly provided to us. I also greatly appreciate the numerous
helpful suggestions by David von Stetten and Volker Mosthaf concerning all LATEX typesetting
issues which sometimes gave me a hard time when I was writing this thesis. I am grateful to all
my other colleagues at the Max-Planck-Institute in Frankfurt and the Max-Volmer-Laboratory
in Berlin for providing an excellent working atmosphere and inspiring discussions. Finally, I
am forever indebted to my parents and Volker for their understanding, endless patience and
encouragement.

93





CHAPTER A

Supplementary data

95



Appendix

Sequence alignment of Na,K- and H,K-ATPase b-subunits

10. 20.
NaKb_brine_shrimp ....MADKKPD..EQFV..GSGPKET......KWQSFKGFVWNSE 31
NaKb_zebrafish .............MSKK..SENQRRA.....KSREQLERRDLHPR 25
NaKb1_nematode .....MEKKVDE.NATL..MNGVETTGPARDDVPETFREFLYNKK 37
NaKb1_fruit_fly .............MSKNNGKGAKGEFEFPQPAKKQTFSEMIYNPQ 32
NaKb1_electric_eel .............MARE..KSTDD.........GGGWKKFLWDSE 21
NaKb1_claw_frog .............MARD..KAKET.........DGGWRKFIWNAD 21
NaKb1_chicken .............MARG..KANDG.........DGNWKKFIWNSE 21
NaKb1_pig .............MARG..KAKE..........EGSWKKFIWNSE 20
NaKb1_sheep .............MARG..KAKE..........EGSWKKFIWNSE 20
NaKb1_rat .............MARG..KAKE..........EGSWKKFIWNSE 20
NaKb1_human .............MARG..KAKE..........EGSWKKFIWNSE 20
NaKb2_rat .............MVIQ..KEKKSCG.....QVVEEWKEFVWNPR 25
NaKb2_human .............MVIQ..KEKKSCG.....QVVEEWKEFVWNPR 25
NaKb3_claw_frog .............MAK...EENKGSE.....QSGSDWKQFIYNPQ 24
NaKb3_rat .............MTK...TEKKSFH.....QSLAEWKLFIYNPT 24
NaKb3_human .............MTK...NEKKSLN.....QSLAEWKLFIYNPT 24
HKb_claw_frog .............MATF..NEKKTCS.....QRMENFGRFVWNPD 25
HKb_chicken .............MATL..NEKKTCS.....ERMENFRRFVWNPE 25
HKb_pig .............MAAL..QEKKSCS.....QRMEEFQRYCWNPD 25
HKb_rat .............MAAL..QEKKSCS.....QRMAEFRQYCWNPD 25
HKb_human .............MAAL..QEKKTCG.....QRMEEFQRYCWNPD 25

transmembrane domain

30. 40. 50. 60.
NaKb_brine_shrimp TSQFMGRTAGSWAKITIFYVIFYTLLAGFFAGMLMIFYQTLDFK. 75
NaKb_zebrafish TGELFGRTARNWGLILLFYLVFYGFLAAMFVFTLWVMLQTLNDD. 69
NaKb1_nematode NGTVMGRTGKSWFQIIVFYIIFYAFLAAFWLTCLTIFMKTLDPK. 81
NaKb1_fruit_fly EGTFFGRTGKSWSQLLLFYTIFYIVLAALFTICMQGLLSTISDT. 76
NaKb1_electric_eel KKQVLGRTGTSWFKIFVFYLIFYGCLAGIFIGTIQVMLLTISDF. 65
NaKb1_claw_frog KKEFLGRTGGSWFKILLFYLIFYGCLAGIFIGTIQVLLLTISEF. 65
NaKb1_chicken KKELLGRTGGSWFKILLFYVIFYGCLAGIFIGTIQVMLLTVSEF. 65
NaKb1_pig KKEFLGRTGGSWFKILLFYVIFYGCLAGIFIGTIQVMLLTISEF. 64
NaKb1_sheep KKEFLGRTGGSWFKILLFYVIFYGCLAGIFIGTIQVMLLTISEF. 64
NaKb1_rat KKEFLGRTGGSWFKILLFYVIFYGCLAGIFIGTIQVMLLTISEL. 64
NaKb1_human KKEFLGRTGGSWFKILLFYVIFYGCLAGIFIGTIQVMLLTISEF. 64
NaKb2_rat THQFMGRTGTSWAFILLFYLVFYGFLTAMFTLTMWVMLQTVSDH. 69
NaKb2_human THQFMGRTGTSWAFILLFYLVFYGFPTAMFTLTMWVMLQTVSDH. 69
NaKb3_claw_frog KGEFMGRTASSWALILLFYLVFYGFLAGLFTLTMWVMLQTLDDS. 68
NaKb3_rat SGEFLGRTSKSWGLILLFYLVFYGFLAALFTFTMWVMLQTLNDE. 68
NaKb3_human TGEFLGRTAKSWGLILLFYLVFYGFLAALFSFTMWVMLQTLNDE. 68
HKb_claw_frog TSEFMGRTFAKWVYISLYYAAFYVIMVGIFALSIYSLMQTLSPY. 69
HKb_chicken TKLFMGRTLINWVWISLYYLAFYVVMTGIFALSIYSLMRTVNPY. 69
HKb_pig TGQMLGRTLSRWVWISLYYVAFYVVMSGIFALCIYVLMRTIDPY. 69
HKb_rat TGQMLGRTPARWVWISLYYAAFYVVMTGLFALCIYVLMQTIDPY. 69
HKb_human TGQMLGRTLSRWVWISLYYVAFYVVMTGLFALCLYVLMQTVDPY. 69

Î Î
Tyr Tyr
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Sequence alignment of Na,K- and H,K-ATPase b-subunits

70. 80. 90.
NaKb_brine_shrimp IPKWQNKDSLIGANPGLGFRPMPPEAQVDSTLIQFKHG.IKGDWQ 119
NaKb_zebrafish TPKYRDR...VA.SPGLVIRPN.S......LNIEFNRS.DPLEYG 102
NaKb1_nematode VPRFYGKGTIIGVNPGVGYQPWLKER.PDSTLIKYNLR.DQKSYK 124
NaKb1_fruit_fly EPKWKLQDSLIGTNPGLGFRPLSEQTE.RGSVIAFDGK.KPAESD 119
NaKb1_electric_eel EPKYQDR...VA.PPGLSHSPYAV.....KTEISFSVS.NPNSYE 100
NaKb1_claw_frog EPKYQDR...VA.PPGLTQLPRAV.....KTEISFSPS.DSNSYQ 100
NaKb1_chicken EPKYQDR...VA.PPGLTQVPQVQ.....KTEISFTVN.DPKSYD 100
NaKb1_pig KPTYQDR...VA.PPGLTQIPQSQ.....KTEISFRPN.DPQSYE 99
NaKb1_sheep KPTYQDR...VA.PPGLTQIPQIQ.....KTEIAFRPN.DPKSYM 99
NaKb1_rat KPTYQDR...VA.PPGLTQIPQIQ.....KTEISFRPN.DPKSYE 99
NaKb1_human KPTYQDR...VA.PPGLTQIPQIQ.....KTEISFRPN.DPKSYE 99
NaKb2_rat TPKYQDR...LA.TPGLMIRPKTEN.....LDVIVNIS.DTESWD 104
NaKb2_human TPKYQDR...LA.TPGLMIRPKTEN.....LDVIVNVS.DTESWD 104
NaKb3_claw_frog VPKYRDR...VS.SPGLMISPK.S....AGLEIKFSRS.KTQSYM 103
NaKb3_rat VPKYRDQ...IP.SPGLMVFPKPP....TALDYTYSMS.DPHTYK 104
NaKb3_human VPKYRDQ...IP.SPGLMVFPKPV....TALEYTFSRS.DPTSYA 104
HKb_claw_frog VPDYQDE...LK.SPGVTLRPDPYGD..EVIELFYNMA.DNKTYL 107
HKb_chicken EPDYQDQ...LK.SPGVTLRPDVYGH..RGLQIYYNAS.DNKTWE 107
HKb_pig TPDYQDQ...LK.SPGVTLRPDVYGE..KGLDISYNVS.DSTTWA 107
HKb_rat TPDYQDQ...LK.SPGVTLRPDVYGE..RGLQISYNIS.ENSSWA 107
HKb_human TPDYQDQ...LR.SPGVTLRPDVYGE..KGLEIVYNVS.DNRTWA 107

100. 110. 120. 130. 140.
NaKb_brine_shrimp YWVHSLTEFLEPYETLTSS...GQEFTNCDFDKP........... 150
NaKb_zebrafish QYVQHLESFLHQYNDSEQAK.....NDLCYGGTVPEQDG...... 136
NaKb1_nematode AYLEQMKTYLTKYDSNATETRE......CGAGDSNDDLEK..... 158
NaKb1_fruit_fly YWIELIDDFLRDYNHTEGRD.....MKHCGFGQVLEPT....... 152
NaKb1_electric_eel NHVNGLKELLKNYNESKQDG..NTPFEDCGVIPADYITRGPIEES 143
NaKb1_claw_frog EYVKSMDNFLSKYNNEKQ.G..SNMFEDCGTIPGPYHERGALNKD 142
NaKb1_chicken PYVKNLEGFLNKYSAGEQTD..NIVFQDCGDIPTDYKERGPYNDA 143
NaKb1_pig SYVVSIVRFLEKYKDLAQKD..DMIFEDCGNVPSELKERGEYNNE 142
NaKb1_sheep TYVDNIDNFLKKYRDSAQKD..DMIFEDCGNVPSELKDRGEFNNE 142
NaKb1_rat AYVLNIIRFLEKYKDSAQKD..DMIFEDCGSMPSEPKERGEFNHE 142
NaKb1_human AYVLNIVRFLEKYKDSAQRD..DMIFEDCGDVPSEPKERGDFNHE 142
NaKb2_rat QHVQKLNKFLEPYNDSIQAQ....KNDVCRPGRYYEQPDNG..VL 143
NaKb2_human QHVQKLNKFLEPYNDSMQAQ....KNDVCRPGRYYEQPDNG..VL 143
NaKb3_claw_frog EYVQTLNTFLAPYNDSIQAK.....NEFCPPGLYFDQDEE..... 138
NaKb3_rat KFVEDLKNFLKPYSVEEQKN.....LTDCPGGALFHQE....... 137
NaKb3_human GYIEDLKKFLKPYTLEEQKN.....LTVCPDGALFEQK....... 137
HKb_claw_frog PLVTSLCEFLPVYNKSVQEK....MNANCSDHTRISCAHQ..... 143
HKb_chicken GLVTMLQTFLTAYSPAAQHL.....NINCTSNTYFIQNTFD..GP 145
HKb_pig GLAHTLHRFLAGYSPAAQEG.....SINCTSEKYFFQESFL..AP 145
HKb_rat GLTHTLHSFLAGYTPASQQD.....SINCSSEKYFFQETFS..AP 145
HKb_human DLTQTLHAFLAGYSPAAQED.....SINCTSEQYFFQESFR..AP 145

Î
Cys1
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150. 160. 170. 180.
NaKb_brine_shrimp PQEGKACNFNVELLGDH.....CTKENN...FGYELGKPCVLIKL 187
NaKb_zebrafish ESLKKVCQFKRSLLYS......CSGMEDT.TFGYAKGQPCVIVKM 174
NaKb1_nematode NPDALPCRFDLSVFDKG.....CSEKSD...FGYKSGKPCVIISL 195
NaKb1_fruit_fly ....DVCVVNTDLFGG......CSKANN...YGYKTNQPCIFLKL 184
NaKb1_electric_eel QGQKRVCRFLLQWLKN......CSGIDD.PSYGYSEGKPCIIAKL 181
NaKb1_claw_frog EGMKKSCVFRREWLQN......CSGLND.PSYGFADGKPCVIVKL 180
NaKb1_chicken QGQKKVCKFKREWLEN......CSGLQD.NTFGYKDGKPCILVKL 181
NaKb1_pig RGERKVCRFRLEWLGN......CSGLND.ETYGYKDGKPCVIIKL 180
NaKb1_sheep QGERKVCRFKLEWLGN......CSGIND.ETYGYKEGKPCVIIKL 180
NaKb1_rat RGERKVCRFKLDWLGN......CSGLND.ESYGYKEGKPCIIIKL 180
NaKb1_human RGERKVCRFKLEWLGN......CSGLND.ETYGYKEGKPCIIIKL 180
NaKb2_rat NYPKRACQFNRTQLGN......CSGIGDPTHYGYSTGQPCVFIKM 182
NaKb2_human NYPKLACQFNRTQLGN......CSGIGDSTHYGYSTGQPCVFIKM 182
NaKb3_claw_frog .VEKKTCQFNRTSLGI......CSGIEDP.MFGYGEGKPCVIVKI 175
NaKb3_rat GPDYSACQFPVSLLQE......CSGVNDS.NFGYSKGQPCVLVKM 175
NaKb3_human GPVYVACQFPISLLQA......CSGMNDP.DFGYSQGNPCILVKM 175
HKb_claw_frog NENTKSCQFTTDMLGN......CSWEHD.HTFGYKSGKPCLFIKM 181
HKb_chicken NNTKLSCKFTSDMLQN......CSGITD.PTFGFPEGKPCFIVKM 183
HKb_pig NHTKFSCKFTADMLQN......CSGRPD.PTFGFAEGKPCFIIKM 183
HKb_rat NHTKFSCKFTADMLQN......CSGLVD.PSFGFEEGKPCFIIKM 183
HKb_human NHTKFSCKFTADMLQN......CSGLAD.PNFGFEEGKPCFIIKM 183

Î Î Î
Cys2 Cys3 Cys4

190. 200.
NaKb_brine_shrimp TDFG.......WRPEVY.NSSAEVPEDMPADLKSYIKDIETGNKT 224
NaKb_zebrafish NRIIG......LKPS..GD.......................... 185
NaKb1_nematode NRLIG......WRPTDY.QE.NSVPEEVKDRYKAGS......... 223
NaKb1_fruit_fly NKIFG......WIPEVYDKEEKDMPDDLKKVINETKTEER..... 218
NaKb1_electric_eel NRILG......FYPKPPKNGTDLPEALQANYNQYV.......... 210
NaKb1_claw_frog NRILA......FKPVPPQNNS.LPPEMTLNYNPYV.......... 208
NaKb1_chicken NRIIG......FKPKAPENESLPSDL.AGKYNPYL.......... 209
NaKb1_pig NRVLG......FKPKPPKNESLETYP.VMKYNPYV.......... 208
NaKb1_sheep NRVLG......FKPKPPKNESLETYP.VMKYNPYV.......... 208
NaKb1_rat NRVLG......FKPKPPKNESLETYPLTMKYNPNV.......... 209
NaKb1_human NRVLG......FKPKPPKNESLETYP.VMKYNPNV.......... 208
NaKb2_rat NRVIN......FYAG..ANQS........................ 195
NaKb2_human NRVIN......FYAG..ANQS........................ 195
NaKb3_claw_frog NRIIG......LKPE..GN.......................... 186
NaKb3_rat NRIIE......LVPD..GA.......................... 186
NaKb3_human NRIIG......LKPE..GV.......................... 186
HKb_claw_frog NRIIN......FVPG...NKTA....................... 194
HKb_chicken NRIIK......FYPG...NGTA....................... 196
HKb_pig NRIVK......FLPG...NSTA....................... 196
HKb_rat NRIVK......FLPS...NNTA....................... 196
HKb_human NRIVK......FLPS...NGSA....................... 196
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210. 220. 230. 240.
NaKb_brine_shrimp HMNMVWLSCEGETAND....KEKIGTITYTPFR......GFPAYY 259
NaKb_zebrafish ....PYINCTSKSVK........PLQMTSISPM.....RTIDRMY 213
NaKb1_nematode ....IAINCRGATNVD....QEHIGKVTYMPSN......GIDGRY 254
NaKb1_fruit_fly ..HEVWVSCFGHLGKD....KENFQNIRYFPSQ......GFPSYY 251
NaKb1_electric_eel ....LPIHCQAKKEED....KVRIGTIEYFGMGG...VGGFPLQY 244
NaKb1_claw_frog ....IPIHCQAKKEED....IEKIKEVKYYGMGG...FAGFPLTY 242
NaKb1_chicken ....IPVHCVAKRDED....ADKIGMVEYYGMGG...YPGFALQY 243
NaKb1_pig ....LPVHCTGKRDED....KEKVGTMEYFGLGG...YPGFPLQY 242
NaKb1_sheep ....LPVQCTGKRDED....KEKVGSIEYFGLGG...YPGFPLQY 242
NaKb1_rat ....LPVQCTGKRDED....KDKVGNIEYFGMGG...FYGFPLQY 243
NaKb1_human ....LPVQCTGKRDED....KDKVGNVEYFGLGN...SPGFPLQY 242
NaKb2_rat ....MNVTCVGKKDED....AENLGHFIMFPAN.....GNIDLMY 227
NaKb2_human ....MNVTCAGKRDED....AENLGNFVMFPAN.....GNIDLMY 227
NaKb3_claw_frog ....PKINCTSKTE.........DVNLQYFPDN.....GKIDLMY 213
NaKb3_rat ....PYITCITKEEN........IANIVTYPDD.....GLIDLKY 214
NaKb3_human ....PRIDCVSKNED........IPNVAVYPHN.....GMIDLKY 214
HKb_claw_frog ....PLVNCSAENGE........LGDVQYYPGND..TYGTIGLQY 225
HKb_chicken ....PRVDCSYVGDE......SRPLEVEYYPVN.....GTFNLHY 226
HKb_pig ....PRVDCAFLDQPR....DGPPLQVEYFPAN.....GTYSLHY 228
HKb_rat ....PRVDCTFQDDPQKPRKDIEPLQVQYYPPN.....GTFSLHY 232
HKb_human ....PRVDCAFLDQPRE...LGQPLQVKYYPPN.....GTFSLHY 229

Î
Cys5

250. 260. 270. 280.
NaKb_brine_shrimp YPYL...NVPGYLTPVVALQFG..SLQNGQAVNVECKAWAN.NIS 298
NaKb_zebrafish FPYYGKKTHKGYVQPLVAVKLLLKKEDYNSELIVECKVEGS.NLK 257
NaKb1_nematode YPYV...FTKGYQQPIAMVKFD..TIPRNKLVIVECRAYAL.NIE 293
NaKb1_fruit_fly YPFLN...QPGYLSPLVAVQFN..SPPKGQMLDVECRAWAK.NIQ 290
NaKb1_electric_eel YPYYGKRLQKNYLQPLVGIQFT..NLTHNVELRVECKVFGD.NIA 286
NaKb1_claw_frog YPYYGKLLQPDYLQPLIAVQFT..NITFDAEVRIECKAYGE.NID 284
NaKb1_chicken YPYYGRLLQPQYLQPLVAVQFT..NLTYDVEVRVECKEYGQ.NIQ 285
NaKb1_pig YPYYGKLLQPKYLQPLMAVQFT..NLTMDTEIRIECKAYGE.NIG 284
NaKb1_sheep YPYYGKLLQPKYLQPLLAVQFT..NLTMDTEIRIECKAYGE.NIG 284
NaKb1_rat YPYYGKLLQPKYLQPLLAVQFT..NLTLDTEIRIECKAYGE.NIG 285
NaKb1_human YPYYGKLLQPKYLQPLLAVQFT..NLTMDTEIRIECKAYGE.NIG 284
NaKb2_rat FPYYGKKFHVNYTQPLVAVKFL..NVTPNVEVNVECRINAA.NIA 269
NaKb2_human FPYYGKKFHVNYTQPLVAVKFL..NVTPNVEVNVECRINAA.NIA 269
NaKb3_claw_frog FPYYGKKTHVNYVQPVVAVKISPSN.FTSEEIAVECKIHGSRNLK 257
NaKb3_rat FPYYGKKRHVGYRQPLVAVQVIFGADATKKEVTIECQIDGTRNLK 259
NaKb3_human FPYYGKKLHVGYLQPLVAVQVSFAPNNTGKEVTVECKIDGSANLK 259
HKb_claw_frog FPYCGKKMQPNYTNPLVAVKLL..NPTLNKELSVVCKVSGH.GIT 267
HKb_chicken FPYYGKKAQPTYSNPLVAVKFL..NITKNVEVQIVCKIIGA.GIT 268
HKb_pig FPYYGKKAQPHYSNPLVAAKLL..NVPRNRDVVIVCKILAE.HVS 270
HKb_rat FPYYGKKAQPHYSNPLVAAKFL..NVPKNTQVLIVCKIMAD.HVT 274
HKb_human FPYYGKKAQPHYSNPLVAAKLL..NIPRNAEVAIVCKVMAE.HVT 271

Î
Cys6
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290. 300.
NaKb_brine_shrimp RDR..QRRLGSVHFEIRMD............ 315
NaKb_zebrafish NNDERDKFLGRVTFRVLVTE........... 277
NaKb1_nematode HDI..SSRLGMVYFEVMVEDK.PVEEKKEL. 320
NaKb1_fruit_fly YSGSARDRKGSVTFQILLD............ 309
NaKb1_electric_eel YSE.KDRSLGRFEVKIEVKS........... 305
NaKb1_claw_frog YHD.KDRFQGRFDVKFDIKSS.......... 304
NaKb1_chicken YSD.KDRFQGRFDIKFDIKSS.......... 305
NaKb1_pig YSE.KDRFQGRFDVKIEVKS........... 303
NaKb1_sheep YSE.KDRFQGRFDVKIEVKS........... 303
NaKb1_rat YSE.KDRFQGRFDVKIEVKS........... 304
NaKb1_human YSE.KDRFQGRFDVKIEVKS........... 303
NaKb2_rat TDDERDKFAARVAFKLRINKA.......... 290
NaKb2_human TDDERDKFAGRVAFKLRINKT.......... 290
NaKb3_claw_frog NEDERDKFLGRVTFKVKITE........... 277
NaKb3_rat NKNERDKFLGRVSFKVIAHA........... 279
NaKb3_human SQDDRDKFLGRVMFKITARA........... 279
HKb_claw_frog SDNPHDPYEGKVSFKLKIENKPLSSSAN... 295
HKb_chicken FDNVHDPYEGKVEFKLKIEDGAARDTSKKHV 299
HKb_pig FDNPHDPYEGKVEFKLKIQK........... 290
HKb_rat FDNPHDPYEGKVEFKLTIQK........... 294
HKb_human FNNPHDPYEGKVEFKLKIEK........... 291

X non conserved
X ≥ 75% conserved
X all match

Figure A.1: Sequence alignment of several Na,K-ATPase b-isoforms and H,K-ATPase b-subunits
from different species. The sequence alignment was adjusted manually according to Ax-
elsen & Palmgren (1998). Top numbering refers to the sheep Na,K-ATPase b1-isoform. N-
Glycosylation sites are shaded in orange, conserved regions in green as indicated in the
legend. Black triangles show the location of the 6 extracellular cysteines that are linked
in disulfide bridges. The two highly conserved tyrosines in the transmembrane domain
are enclosed in red frames. The three residues that are suitable for environmentally sen-
sitive TMRM-labeling upon mutation to cysteines are shaded in magenta in the sheep
Na,K-ATPase b1-isoform sequence. The figure was prepared in LATEX with TEXSHADE (Beitz,
2000).
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