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1. Introduction

All cells possess an array of membrane-bound enzymatic systems that perform various
processes essential for life. It is estimated that approximately 30% of genes may encode
membrane proteins [1]. A major functional class of these membrane-bound enzymes includes
those categorized as primary active transporters, called ATPases because they catalyze the
transport of molecules against an electrochemical potential by reactions directly linked to
ATP hydrolysis. The ATPases are categorized into three classes. F-type ATPases, V-type
ATPases, and P-type ATPases [2]. The P-type ATPases are broadly distributed and are
importance in maintaining cellular ionic homeostasis [3]. They are characteristically
dependent on the autophosphorylation, using ATP, of a conserved aspartic acid residue, and
the phosphoenzyme intermediate undergoes rapid turnover during the reaction cycle. The
phospho- as well as dephosphoenzymes exist in at least two distinct conformational states, E;
and E,, which have kinetic variables, e.g. affinities for substrates [4-8]. For this reason, the P-
type ATPases are aso caled E;-E, ATPases. The P,-type ATPases according to the
classification proposed by Palmgren and Axelsen [9], including Na'/K*-ATPase, H'/K"-
ATPase, and two main types of Ca’*-ATPases, are nonheavy metal ion pumps and have been
characterized in great detail [7, 10-13].

1.1Na'/K*-ATPase

1.1.1 Physiological function of the Na'/K*-ATPase

Na'/K*-ATPase (sodium pump, EC 3.6.1.37), amember of the P>-type ATPases, is an integral
membrane protein and exists ubiquitously in all animal cells [3, 14]. The pump transports Na’
ions out of the cell and K™ ions into the cell utilizing ATP as adriving force at stoichiometries
of 3:2:1 (Na":K":ATP), and produces both a chemical and an electrical gradient across cell
membranes [8, 15]. In genera, the Na" ion concentration is 10 mM inside and 140 mM
outside the cells and K ions exhibit an intracellular concentration of 140 mM and
extracellular concentration of 5 mM. In addition, the transmembrane potential difference is
about -50~-80 mV, the Na' transport is therefore against both a chemical and an electrical
gradient, and the K* ions are transported down an electrical gradient but against their
chemical gradient [15-17]. Because one positive charge per turnover is transported across the
membrane, the Na'/K*-ATPase generates outward, hyperpolarizing electrical current; it is
“electrogenic”. This electrogenic transport is very important for maintaining the resting
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membrane potential of cells and for the excitable activity of muscle and nerve tissue. The
gradient for Na' is also used as a free energy source for cotransport of other substances such
as sugars, amino acids, CI", and for countertransport of Ca®* or H* against gradients across cell
membranes. With the negative membrane potential, the intracellular concentration of
diffusible anions is lower than the extracellular. This compensates for the osmotic effect of
intracellular anions which cannot pass the membrane, and helps to regulate the cell volume. In
addition, the Na'/K*-ATPase present in organs such as intestine and kidney regulates fluid
reabsorption and electrolyte movement by establishing an ionic gradient across epithelial
membranes. The high K* concentration inside cells is also of importance for a number of
intracellular enzymatic reactions and cell growth and cell division in general [18, 19].
Approximately 23-28% of the ATP consumed in humans is utilized by the sodium pump [3,
20, 21].

1.1.2 Thereaction cycle of Na'/K*-ATPase

As shown in Schemel.1, the ion translocation is brought about by a series of conformational
changes coupled to the formation and breakdown of a phosphorylated aspartyl intermediate,
the hallmark of the P-type ATPase family [5, 22, 23]. The catalytic reaction begins with the
binding of three cytoplasmic Na’ ions at the transport sites of the E; form, which displays
high affinity for Na" and ATP in the presence of Mg®" ions. After phosphorylation of the
enzyme at Asp®® by the g-phosphate group of ATP, the Na' ions are occluded within the
membrane as indicated by brackets in Scheme 1 [24-27]. Following conformational changes
in the phosphoenzyme (E;P® E,P), the occluded Na' ions are released on the
extracytoplasmic side of the membrane. As shown in Scheme 1, it is proposed that one of the
Na' ions is released before the others and that this release is associated with the electrogenic
step [28, 29]. The E,P form of the Na'/K*-ATPase exhibits a high affinity for ouabain, a
specific inhibitor of the enzyme (E*,P»uabain). The ensuing dephosphorylation of the E;P
form is triggered by the binding of two extracytoplasmic K* ions which are subsequently
occluded within the membrane [30, 31]. Following ATP binding to the low affinity site, the
occluded K ions are transported to the inside of the membrane. At this point, the first cycleis
finished and the enzyme can enter the next reaction cycle again by a conformational change
from the E;ATP to the E;ATP form [32, 33]. The chemical energy released from hydrolysis of
the terminal phosphate of ATP is transformed into electrical energy [15, 34-36]. The Na'/K*-
ATPase turnover represents 10,000 cycles min™ [37] and requires about 42 kJmol/ per
turnover (i.e. per ATP utilized) [4]. In all, the pump characteristically exhibits at least two
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phenomenologically and structurally distinct conformations, E; and E,, which have distinct
kinetic variables, e.g. affinities for substrates [5, 38].

Extracelular

ouabain
Na* 2Na* oK +
E,P2Nat ) —

> E,P A E poK*

[E,*Px»uabain]

E,~P[3Na'] E,[2K*]

ADP Mgzl'/

ATP

M g2* E,ATP[2K*]
ATP J
E,ATP3Na* <~~~ EATP - : E,ATP2K*
3Na* 2K+ﬁ
| ntracellular

Scheme 1.1 Reaction scheme for Na'/K *-ATPase
A basic Albers-Post scheme describing the cycle of Na'/K*-ATPase is shown. Active Na™ and K™ ions
transport involves (i) Na-dependent phosphorylation from ATP and Na® ions occlusion, E;®
E;P(Na); (ii) Na" ions transport outward across the membrane coupled to E;P® E;P; (iii) Ko
activated dephosphorylation and K" ions occlusion, E;P® E,(K); and (iv) K ions transport inward
across the membrane coupled to Ex(K) ® E;, accelerated by ATP acting with low affinity. Occluded
ions are depicted in brackets (adapted from Glynn and Karlish, 1990).

1.1.3 Subunit composition and topology of the Na'/K *-ATPase

For most P-type ATPases, the exact topology of the membrane domain that permits specific
substrate transport is not known. The entire primary structure of Na'/K*-ATPase and other P-
type ATPases has been revealed using cDNA cloning and sequencing techniques [39-42].
Based on these primary sequences, hydropathy plots reveal that four strongly hydrophobic
amino acid stretches in the NHx-terminal third of the Na'/K'-ATPase are conserved
throughout the family of ion-transporting ATPases and are predicted to cross the membrane as
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a-helices (M1-My). The middle third of Na'/K*-ATPase has no hydrophobic stretches long
enough to span the membrane and is assumed to be folded as a globular domain on the
cytoplasmic surface of the membrane [43-45], which has been identified as the ATP binding
domain of the sodium pump. Hydropathy-based predictions vary greatly with respect to the
COOH-terminal third of the Na'/K*-ATPase; the number of the transmembrane (TM) spans
of the a subunit in this region varies from four to six in different models [46-50]. The total
number of hydrophobic spans of the a subunit is assumed to be either 8 or 10. Furthermore,
studies on this region using proteolytic analysis [48], b-galactosidase fusion proteins [51],
epitope tag insertion [52], electron microscopy [53] and site-directed chemical labelling [54]
supports a specific 10-TM segment model of the Na'/K*-ATPase and that both the NH,-
terminus and the COOH-terminus are in the cytosol. The b subunit has only a single TM
domain (Hb), a short cytoplasmic N-terminal domain and a large extracellular domain [11,
50, 55, 56]. Fig. 1.1 shows the predicted 10-TM model of the Na'/K*-ATPase al subunit

derived from b-galactosidase fusion proteins [51].

COOH

R
R
.

-
...............
o R

.
------------------------

-
----------------------
''''

----
........
-----------

....
.......
--------------

Fig. 1.1 Topological model of the Na'/K *-ATPase
The model shows the 10 TM spans of the a1 subunit of the Na"/K*-ATPase derived from studies using
b-galactosidase fusion proteins (Fiedler and Scheiner-Bobis, 1996) [51]. The cytoplasmic center

between M, and Ms transmembrane segments is shown with a dashed line. Both N- and C-termini are
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inside the cell. The b subunit displays only one TM span with a short N-terminus inside the cell and a
large C-terminus outside (Lingrel 1994) [21,51].

Functional Na'/K*-ATPase is an oligomeric enzyme comprised of at least one a subunit of
about 110 kDa and one 55-65 kDa glycoprotein b-subunit associated in an equimolar ratio.
The apparent molecular mass of the b subunit on SDS-PAGE is highly variable, depending
upon the degree of glycosylation, but the deglycosylated core protein is aways the same size
with approximately 35 kDa [14]. The a subunit, a polypeptide with 10 TM segments (H;-
Hi0), contains the ATP-hydrolyzing center on the large cytoplasmic protrusion (L4-Ls), cation
binding and occlusion sites within the membrane, and a receptor site for cardiac glycosides on
the extracellular surface [57]. The b subunit, with only a single TM domain, has the bulk of
its mass in the extracellular space containing 6 extracellular cysteine residues. It plays a major
role in the formation of the functionally mature and active ab complex and in the targeting of
the complex to the plasma membrane [58-60]. It also influences the holoenzyme’s enzymatic
and transport functions [61-64].

Although the Na'/K*-ATPase subunits are not linked by covalent bonds, the intersubunit
interactions are strong enough that the complex remains stable upon solubilization in nonionic
detergents, and subunits can be separated only using SDS [61, 65-67].

Another small, single-transmembrane protein, the so-called g subunit with a molecular weight
of 7.2 kDa, origindly is believed to be a third subunit of the pump. The g subunit was
discovered by Forbush [68] and later cloned in rat, mouse, cow, sheep [69], human [70], and
Xenopus laevis [71]. The g subunit has a tissue-specific distribution and is detected only in
kidney tubules by a specific monoclonal antibody [72, 73]. The g subunit has sequence
homology to a family of channel-inducing peptides including CHIF, mat 8, and
phospholemman [74, 75]. Although the g subunit does not appear to be necessary for normal
Na'/K*-ATPase activity, it might play a modulatory role in pump function in a tissue-specific
manner [72, 73, 76].

Isoforms exist for both the a (al, a2, a3, a4) and the b (b1, b2, b3) subunit [77]. The
different isoforms of the pump are expressed in a tissue- and devel opment-specific fashion,
and are to believed to be distinct in both function and modes of regulation [78-81]. The al
isoform occurs in most tissues, while the a2 isoform is predominant in skeletal muscle and is

also detected in brain and heart. The a3 isoform is limited essentially to neural and cardiac
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tissue. The a4 isoform was recently identified in rat testes and has been expressed in
mammalian cells [79, 80, 82]. The b2 isoform appears mostly on neura tissue while the bl is
ubiquitously expressed [42, 83]. The b3 isoform has been newly identified in mammals. The
proportion of b3 isoform in the rat is highest in lung and testes and is also present in liver and
skeletal muscle, whereas kidney, heart, and brain contain it only as a minor component of the
Na'/K*-ATPase [81, 84]. Pestov et al. have identified recently a novel b subunit isoform of
X,K-ATPase in human skeletal muscle designated by, (bmusie) Which is different from other b
subunits in the glycosylation and extension of its glutamic acid rich N-terminus. The b,
provides the only known example of the alternative splicing among the mammalian X,K-
ATPase b-subunit MRNASs [85, 86].

1.1.4 Nativeinhibitorsof the Na'/K*-ATPase

The Na'/K*-ATPase trandocates Na' and K* ions across the membrane against their
electrochemical gradient, resulting in the ionic homeostasis in animal cells. It ubiquitously
exists in the cell plasma membrane and is of great importance for cell physiology [15, 21, 87].
Na'/K*-ATPase is also a molecular target for some toxins, such as palytoxin, cardiac
glycosides, and sanguinarine. They bind to specific sites on Na'/K*-ATPase and strongly alter
the pump character and its functional features [26, 64, 88, 89]. Toxins are thus useful tools for
investigating the structure and properties of the ionophore of the Na'/K*-ATPase and its
molecular mechanism. Palytoxin and ouabain are the two most used tools in Na'/K*-ATPase
investigations.

Palytoxin (PTX) is synthesized by corals (palythoa species) and is the most potent animal
toxin known. First isolated by Moore et al. in 1971 [90], this large hydrophilic molecule with
a mass of 2680.17g/mol is about fifty times more toxic than the neurotoxin tetrodotoxin or
saxitoxin with an LDsg for rodents in the range of 10-120 ng/kg of body weight [91]. As
shown in Fig.1.2, PTX is a rather unique and large molecule with the molecular formula
Ci20H223N30s4. It consists of three residues connected by peptide bonds, i.e., a large amino
terminal polyhydroxy w-amino acid followed by a dehydro-b-analine residue and an
aminopropanol group. The number of free hydroxyl groups is 42 [90, 92]. A potent positive
inotropic effect suggests that the Na'/K*-ATPase is a target of PTX [93, 94]. Ishida
demonstrated an inhibitory effect of PTX on Na'/K*-ATPase from guinea-pig heart and brain
[89]. The presence of PTX-induced channels is reported on frog red blood cells treated with
PTX [95], in cultured aortic myocytes [96] and in excitable cells [97]. Furthermore, Scheiner-
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Bobis [64, 76] demonstrated a PTX-induced K* efflux from yeast cells only when they
expressed the mammalian Na'/K*-ATPase. A cysteine-scanning mutagenesis study suggests
that the PTX-induced channel formation is largely mediated by the TM segments of Na'/K*-
ATPase, and highlights the role of the 5th TM segment [98]. All this evidence points to the
Na'/K*-ATPase as the target of the toxin.

In al, PTX interacts specifically with the sodium pump, inducing channel formation and
resulting K™ efflux and Na" influx down their electrochemical gradients. It is thus a useful tool

in sodium pump investigation.

Fig. 1.2 Structure of the palytoxin

The structure of palytoxin was resolved by using NMR measurements [92].

Na'/K*-ATPase is specificaly inhibited by cardiac glycosides, a class of steroids with an
unsaturated lactone at the 17b position and a sugar moiety at the 3b position. Cardiac
glycosides are frequently used in the treatment of congestive heart failure and some
arrhythmia as their inhibition of Na'/K*-ATPase activity results in an increase in the force of
myocardial contractility or positive inotropy [99].
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Ouabain (Fig.1.3), a member of the cardiac glycosides, is highly polar and has been widely
used in biomedical studies as a specific inhibitor of the sodium pump [57, 100-102]. Ouabain,
which is an arrow poison of the African Ouabaio tree and of Strophanthus gratus plants, has
been also identified in blood plasma, adrenal glands, and the hypothalamus of mammals and
appears to function as an endogenous regulatory hormone [103].

Site-directed mutagenesis studies using ouabain-sensitive sheep or Xenopus laevis Na'/K*-
ATPase al isoforms have revedled that multiple amino acid residues in the putative
extracellular Hi-H,, Hs-Ha, and Hs-Hg loops and Hi and Hs TM regions of the a subunit are
involved in determining the enzyme's ouabain sensitivity [104-109]. Studies of chimeras of
the a subunit of Na'/K*-ATPase and H*/K*-ATPase [110] or Ca?*-ATPase [111] establish
that the large domains at both N- and C-terminal regions of the Na'/K*-ATPase are necessary
for achieving high-affinity ouabain binding. Ouabain preferentially stabilizes a
phosphorylated intermediate (E;P) in the reaction cycle of the Na'/K*-ATPase and thereby
stops ATP hydrolysis and active Na', K* transport across the plasma membrane [33]. PTX-
induced K* efflux can be inhibited by ouabain [26, 64, 101].

HOH,C
/ji
OH
H O
OH
OH OH

Fig. 1.3 Prototypical structure of the ouabain
Ouabain is composed of the basic steroid nucleus with a five-member lactone ring linked at C17 and
is a glycoside due to the presence of a sugar linked via C3. Its systematic name is 3-[ 6-deoxy-a-L-
mannopyranosyl)oxy] -1,5,11a,14,19-pentahydroxycar d-20(22)-enolid with a molecular weight of 729
g/mol [99].
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1.1.5 ATP interaction with the sodium pump

The sodium pump is a ubiquitous membrane complex that couples ATP hydrolysis and cation
transport. The chemical energy is converted into the electrical energy during the turnover: the
chemical energy released through ATP hydrolysis is the driving force of the cation transport
by the Na'/K*-ATPase [15, 27, 83]. Understanding the ATP interaction with the enzyme has
therefore been the focus of the studies on the sodium pump.

A three-dimensional microcrystal structure of the Na'/K*-ATPase with high resolution in the
presence of its substrates is certainly the most powerful means for understanding the
mechanism of its molecular function. Unfortunately, crystallography of integra membrane
proteins still remains difficult [112]. The structure of the Na'/K*-ATPase at 20-25 A
resolution reveals the overall shape of the protein and the distribution of mass of a and b
subunits [113]. The best microcrystal structure thus far available at 11-A resolution [114] only
clearly reveds cytoplasmic, transmembrane, and extracellular regions of the molecule with
densities separately attributable to a and b subunits. Hence, most information about the
functional mechanisms are from chemical modification and site-directed mutagenesis, i.e.
biochemical or molecular biochemical studies.

Asp369 is the phosphorylation site of the Na'/K*-ATPase during catalytic turnover [116] and
is located within the large cytoplasmic domain between the fourth and fifth TM segments (Ls-
Ls loop) of the catalytic a subunit [5]. The La-Ls loop consists of 420-440 amino acid
residues of around 45 kDa, including four of the most highly conserved P-type ATPase [21,
112]. It istherefore believed that ATP must originally bind to this globular domain during the
enzymatic cycle.

Gatto et al have overexpressed this large cytosolic loop (a 6-histidine-tagged fusion protein
called Hiss-a-loop) of the rat sodium pump in E. coli. Their results suggest that this Hiss-a-
loop binds nucleoside triphosphate with the same specificity as the intact native protein [112].
In sequence studies, this large globular cytoplasmic domain has been truncated at a different
C-terminal with a unique N-terminal and also successfully expressed in E. coli, and the
expressed truncated cytoplasmic domain of the sodium pump was found to have a
conformation that is similar to the homologous region in the native enzyme and the nucleoctide
binding site was retained in a fragment containing as few as ~250 amino acids (Ala345 to
Thr610) [118]. This evidence lends further support to the notion that this large catalytic center
supplies the ATP-binding site in the intact sodium pump.
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Based on this structural model, some amino acids within this cytoplasmic domain that are
thought to be important for ATP binding or hydrolysis have been also identified. For example,
Glud72, Lys480, Lys501, Gly502, Asp710, Asp714, Lys719, and Lys767 are al modified by
avariety of chemical agents in the absence of ATP but not in its presence, suggesting arolein
ATP binding [21, 112, 119-121]. Furthermore, replacement of Glu472 and Lys480 via
mutagenesis induces an inactivation of the enzymatic activity of the pump, probably by
arresting the a- and b-phosphate groups of ATP in an unfavorable position prior to hydrolysis
of the g-phosphate group; these residues are thus perhaps essential for ATP-recognition [122].
The "GDGVND segment in the M4-Ms loop is highly conserved in P-type ATPases and is of
great importance for Mg®* binding, phosphorylation, and energy transduction in the Na'/K*-
ATPase [123, 124]. Changing of the polar residues in this segment results in a reduction
(D™, N™3 or eimination (D™*) of the catalytic activity. The amino acids D"*° and N3
contribute to coordination of Mg®* during transfer of gphosphate of ATP to the
phosphorylation site Asp369, in the high energy Mg@E;P[3Na’] intermediate but do not
contribute to Mg binding in the E;P»ouabain complex [123]. Transition to E;P thus involves
a shift in Mg®* coordination away from D™°, N3 and the two residues become more
important for hydrolysis of the acyl phosphate bond at Asp369. Another amino acid residue
Cysh77, is believe to be a conformationally mobile residue in the ATP binding domain due to
its conformation-sensitive reactivity and its variable reactivity in different enzyme-cation
bound states [119]. This work indicates that structural changes in the ATP-binding domain are
transmitted through at least 100 of the amino acid residues in the primary structure and
suggests that the sequential binding of each of the two transported K ions produces changes
in ATP-binding domain [119]. Stable oxygen isotope exchange studies suggest that Lys™™
interacts with ATP, thought also to be an essential component of ATP interaction with the
Na'/K*-ATPase [125].

The outcome of the crystal structure studies of Ca’*-ATPase of sarcoplasmic reticulum at 2.6-
A resolution with two Ca?* ions bound in the transmembrane helix provides a helpful tool for
understanding the structure-function relationship of P-type ATPases, including the sodium
pump, at the molecular level [126]. This crystal structure reveals the functional architecture of
the cytosolic region of the Ca’*-ATPase with its corresponding amino acids in the electron-
density maps and the conformational changes in this region during ATP hydrolysis. In this
crystal structure, the cytosolic region of the Ca?*-ATPase includes a short N-terminal segment
(Met1-Glu58) and the loop (Trpl07-Ser261) between the Mo-M3 TM segment, folded in the A
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domain (adenosine binding site), and the large loop between the M4 and Ms TM segment
(cytoplasmic center), folded in separate P (phosphorylation ) and N (nucleotide binding)
domains (Fig. 1.4) [126, 127]. The N-domain is mobile in the presence of Ca’* but fixed in its
absence, and it comes close to the P-domain in the phosphorylated states by thermal
fluctuation and/or by conformational change induced by ATP-binding, thus transmitting the
phosphorylation signal to the Ca?* binding site. The A domain exists in another subunit
separated from the P and N domains and acts as an actuator or an anchor for the movement of
the N domain. The A domain is taken away from the cytosolic center induced by C&*-
binding. The large domain movements take place during the active transport [126]. Such

conclusions help to confirm former hypotheses and studies on Na'/K*-ATPase.

A
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F256
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Fig. 1.4 Architecture of the sarcoplasmic reticulum Ca*"ATPase

a-Helices are represented by cylinders and b-strands by arrows. Color changes gradually from the N-
terminus (blue) to the C-terminus (red). Three cytoplasmic domains are labeled (A, N, and P). T™M
helices (M;-Mjp) and those in domains A, N, and P are numbered. The model is oriented so that the
TM helix Ms is parallel to the plane of the paper. Several key residues are shown in ball-and-stick.
Asp351 is the phosphorylation site for Ca?*-ATPase ( from Toyoshima et al, 2000) [126].
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Although extensively studied, the structure-function relationship of the Na'/K*-ATPase and

its evolutionary connections with other enzyme families remain unclear.

1.2  Haloacid dehalogenase

1.2.1 Reaction mechanism of the haloacid dehalogenase

A new work suggests that the P-type ATPases aso belong to a large superfamily of
hydrolases structurally typified by the L-2-haloacid dehalogenase [128]. The L-2-haloacid
dehaogenase from Pseudomonas sp. YL (L-2-DEX YL; EC 3. 8. 1. 2), a member of the
superfamily of HAD hydrolases which comprises phosphatases, epoxide hydrolases, and L-2-
haloacid dehalogenases [129], catalyses the hydrolytic dehalogenation of L-2-haloalkanoates
to produce corresponding D-2-hydroxyalkanoates [130, 131]. As shown in Schemel.2, the

Aspl180 o
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H \H\o? H
ol )
\ \ O —L. R OH
R X /</ "R
(o] +
_ o 4+ H +
Aspl0 coo o 0 00
NH3 Ester-Intermediat Aspl0
NE
\/ Halogen Atom
Y
(o]
Lys151

Scheme 1.2 Proposed reaction mechanism of L-2-DEX YL
In the first step of the enzyme reaction, the relative nucleophile Aspl0 attacks the a-carbon of the
substrate to form an ester intermediate and a halide ion. In this step, Lys151 serves to stabilize the
excess hegative charge in the substrate/reaction intermediates. In the second step, the ester
intermediate is hydrolyzed by an activated water attacking on the g-carbon of the Aspl10, and the
Aspl0 is regenerated while the product is formed. The water is proposed activated by the nucleophile
Asp180.

reaction begins with a nucleophilic attack of AsplO on the a-carbon atom of L-2-

hal oalkanoates, causing the release of a halide ion and the formation of an ester intermediate,
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which is subsequently hydrolyzed by an activated water molecule restoring the side-chain
carboxyl group of the Aspl0 [132-134]. The putative reaction mechanism of the sodium
pump shows in Scheme 1.3, just as in the case of L-2 DEX YL, the aspartate (Asp369)
carboxyl oxygen can initiate a nucleophilic attack on the electron-rich g-phosphate bond of
ATP, resulting in phosphoester formation (phosphorylation). The phosphoenzyme is
subsequently hydrolyzed (dephosphorylation) and the free energy of hydrolysisis utilized for

ion transport.
NH,
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CH CH o-
Asp369 I I
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Scheme 1.3 Proposed reaction mechanism of the Na'/K *-ATPase

The Asp369, Lys691, and Aps714 residues of the sodium pump correspond to Aspl0, Lysl51, and
Asp180 in L-2-EDX YL, respectively. As in the case of L-2 DEX YL, the reaction begins with a
nucleophilic attack of the aspartate (Asp369) carboxyl oxygen on the electron-rich g-phosphate bond
of ATP, resulting in phosphoester formation (phosphorylation). The phosphoenzyme is subsequently
hydrolyzed (dephosphorylation) and the free energy of hydrolysis is utilized for ion transport. The
Lys691 residue is believed to stabilize the excess negative charge in the substrate/reaction
intermediates and Asp714 coordinate a water molecule (in red) that is directly involved in ester
intermediate hydrolyze.

1.2.2 Thecrystal structure of L-2-haloacid dehalogenase

L-2-DEX YL is a homodimeric enzyme formed by two identica subunits. Each 26-kDa
subunit consists of 232 amino acid residues whose sequence has been deduced from the gene
sequence [135]. Its crystal structure at 2.5-A resolution reveals the existence of two
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structurally distinct domains in each subunit (Fig.1.5a). The core domain, comprising about
65% of all the residues, is an a/b sandwich formed by a six-stranded parallel b-sheet flanked
by five a-helices with the topology of a Rossmann fold (b strand order 3-2-1-4-5-6)
(Fig.1.5b). The subdomain, inserted into the core domain, has a four helix bundle structure
providing the greater part of the interface for the dimer formation [135]. The identified
nucleophilic residue Aspl0 is located at the C-terminus of the b1-strand in the core domain
[135, 136]. The other functional residues, Thrl4, Argdl, Ser118, Lysl151, Serl75, Asnl77
and Aspl80, detected by site-directed mutagenesis experiments, are arranged around the
nucleophile in the active site [130, 135]. This typical haloacid dehalogenase fold, the so-
called Rossmann fold, has been found in the crystal structure of Ca®*-ATPase [126]. In the X-
ray analysis of the L-2-DEX YL crystal structure, there is a water molecule close to Aspl0,
Serl75, Asnl77 , and Aspl80. The latter three residues are supposed to enhance the
nucleophilicity of the water molecule for hydrolysis of the ester intermediate and Lys151 is
involved in stabilizing the excess negative charge in the substrate/reaction intermediates [128,
130, 137].

Fig. 1.5 Crystal structure of the L-2haloacid dehalogenase ps(L-2-DEX YL)
a. The backbone of the Rossmann fold is coloured from blue at the N-terminus to red at the C-
terminus. The inserted subdomain is gray. Catalytic residues are coloured as follows: Asp in yellow,
Lysin green, Arg in purple. b. Rossmann fold from L-2-DEX YL. The active site Asp10 is located at
the b1-loop (green).
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Protein sequence comparison shows a high sequence homology between these two enzymes.
Sequences homologous to the dehalogenase core domain are referred to as the
phosphorylation or P domain and the inserted domain (140-240 residues in the ATPase) as the
adenosine-binding or A domain [128, 136].

1.3 Question outcome

L-2-DEX YL is a well studied member of the HAD hydrolases superfamily and has been
characterized in great detail with regard to reaction kinetics utilizing chemical modification
and site-directed mutagenesis [130, 131, 133, 134]. Structura studies using electron
microscopy and X-ray analysis has provided considerable additional information [132, 135,
137]. As dready described, the Na'/K*-ATPase has a significant sequence similarity between
its P domain and the core domain of the L-2-DEX YL. Furthermore, they aso have in
common the use of an aspartyl ester intermediate during their reaction cycle, the dynamics of
which, in the pumps, are closely linked to the occlusion and transport of cations across the
membrane. Structure comparison suggests the phosphorylation domain of the P-type ATPase
adopts a Rossman fold of L-2-DEX YL (Fig.1.4) [126, 136]. Such events support the
evolutionary connection between the haloacid dehalogenases and P-type ATPases [129, 134,
138, 139].

It is thus proposed that the P-type ATPase evolved by fusion of a HAD superfamily
phosphatase domain with a transmembrane protein, for example, that of a permease [128].

If this hypothesis is tenable, what role do the residues, which correspond to those of the
critical amino acids for the activity of the haloacid dehalogenase, play in the function of the
sodium pump? Is the functiona mechanism similar to or the same as that of haloacid
dehalogenase?

By protein sequence comparison, we have found that amino acid residues Lys691 and
Asp714, located in the phosphorylation domain of the sodium pump a subunit, correspond to
the Lys151 and Aspl80 in L-2-EDX YL, which are absolutely conserved in the HAD
superfamily and P-type ATPases (Fig. 1.6).
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(Lysisy)
JLys691 &

Fig. 1.6 Structure of the catalytic site of a haloacid dehalogenase from Pseudomonas ps
The important amino acid residues in haloacid dehalogenase are signed in brackets and the
corresponding amino acid residues in Na'/K*-ATPase al subunit are marked in bold. The crystal

region of sodium pump was adapted from Stockes& Green [136] and Aravind et al [128].

In the crystal structure, Lys151 and Aspl80 are located around the phosphorylation site
Aspl0, which islocated at the end of bl. Lys151 islocated approximately at the beginning of
the a;-helix, and Aspl80 in the ag-helix. Nine water molecules in this region form a
complicated hydrogen bond network with important functional residues such as Ser118,
Thr44, and Asnl76. The crystal structure of the intermediate of L-2-DEX YL demonstrates
that the orientation of the carbonyl group C*=0" (side chain) in the ester intermediates varies
according to the substrate used, and the carbonyl oxygen is oriented toward N* (N atom in the
side chain) of Lys151. The Lys151 is tightly hydrogen-bonded to the unesterified oxygen O™
of Aspl0, and thus acts as a component residue of the oxyanion hole for stabilizing the
negative charge accumulated on the O™, resulting in a nucleophilic attack on the C% atom of
the Aspl0 by an activated water [137, 140].
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Aspl80, however, activates the water molecule utilized for ester bond hydrolysis together
with Asnl77, and these residues are hydrogen-bonded with the side chain of Aspl0. The
formation of proper hydrogen bonds between the water molecule and the side chains of
Serl75, Asnl77, and Aspl80 is essential for the hydrolysis of the ester. Lys151 makes a salt
bridge to the active-site aspartate residue and activates the water molecule that hydrolyses the
acyl intermediate; thereby, Lys151 probably also plays arole at this step [137, 141].
Side-directed mutagenesis studies suggest that Lys151 and Aspl80 are essential for the
enzymatic activity of the L-2-DEX YL [130, 133].

We therefore selected these two amino acid residues as targets for our experiments,
exchanging them via site-directed mutagenesis for other residues. All mutant a subunits were
coexpressed with respective b subunits in Saccharomyces cerevisiae, which does not contain
endogenous Na'/K*-ATPase [62, 64, 76]. To determine the yeast transformation efficiency
and characterize the mutant Na'/K*-ATPase, PTX-induced K* efflux from intact yeast cells
expressing either native or mutant Na'/K*-ATPase and the related inhibitory effect by ouabain
were assessed. Furthermore, ATPase activity and ouabain binding characteristics under

various conditions were determined.

Our findings support that Aravind’s proposal is most likely correct: Lys691 is essential for the
phosphorylation process and Asp714 for the dephosphorylation process of the sodium pump.
Nonconservative mutants of both amino acids are completely inactive and do not display any
partial reactions typical for the sodium pump. On the other hand, conservative mutants of
Lys691 remain most likely unphosphorylated while conservative mutants of Asp714 are
probably phosphorylated but remain arrested in this state by not being able to hydrolyze the
phosphoric ester bond formed between Asp369 and the terminal ATP phosphate. Thus,
Lys691 and Asp714 residues on the sodium pump a subunit are critical for its enzymatic
activity.
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2. Materials and M ethods

2.1 Materials

2.1.1 Cdl strainsand Plasmids

2111 Cdl strains

E. coli (Escherichia coli) strain DH5aF¢with the genotype F¢f 80d lacZDM 15 recAl endAl
gyrA96 thi-1 hsdR17(r’,mk ") SupE44 relAl deoR D(lacZY A-argF)U169, which was used as
replication system for plasmid with native or mutated cDNA of Na'/K'-ATPase, were
purchased from Gibco (Eggenstein/Germany).

The Saccharomyces cerevisiae yeast cell line 30-4 with genotype Mat-a trpl ura3 Vn2 GAL”

was used as heteroexpression system for either native or mutant Na'/K*-ATPase.

2.1.1.2 Plasmids

Plasmid pBluescript?a KS Il + (pKS") containing ampicillin selectivity (Stratagene, La
Jolla/lCA) was used as the cloning vector for mutagenesis of the Lys691 and Asp714 in the al
subunit of Na'/K*-ATPase and subcloning the substitution into E. coli. DH5aF . Its structure
isshownin Fig.2.1.

Apal

polylinker

pBluescript KSI 1+

ECORV
.(Bgl I1)
2961 bp

Kpnl
T3
BssHII

Fig.2.1 Map of the plasmid pBluescript KSI1I +
The plasmid represents a high copy number ColE1-based phagemid and a large versatile polylinker
with T; and T; promoters and ampicillin resistance to E. coli. * The restriction site ECORV has been

modified into a Bglll site..
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Plasmid pCGY 1406ab containing cDNA encoding both the sheep kidney al subunit and the
dog kidney bl subunit of Na'/*-ATPase [62] was used as the yeast expression vector. As
shown in Fig.2.2, this plasmid presented the 2um replication origin from yeast and the
pBR322 replication origin from E. coli, and provided ampicillin resistance to bacteria and
tryptophan auxotrophy to yeast cells. The mRNA-synthesis of the al subunit and the bl
subunit were driven by copper metallothioini promotor (CUPL) and phosphoglycerate kinase
promotor (PGK), respectively. The PGK-terminator served as the terminator of transcription
for both molecules [64].

PGK CUP1
promotor promotor

Direction(s) of transcription

PGK
transcription terminator
pCGY 1406ab

Yeast 2mm 13,8 kb

origin Replication

PGK

Yeast TRP, - .
' transcrlptlon terminator

sel ectable marker

ga\'ecxab pBR322

Fig.2.2 Map of the plasmid of pCGY 1406ab

This figure shows the gene-card of the shuttle vector pCGY1406ab (adapted from Horowitz et al.)
[62].

2.1.2 Oligonucleotides
All of the oligonucleotides, which served either as linkers of the plasmid construction or as
primers for the PCR, were obtained from Roth (Karlsruhe/Germany).
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Table2.1 Oligonucleotides for pKS" construction

1 5 CCTTAAGGGTGACCAS3

2 S GATCTGGTCACCCTTAAGGGGCC3

Table2.2 Primersfor introduction of Lys691 mutationsin al subunit
by inverse-PCR

Mutation oligonucleotide sequence

Native Lys691 |5 TCTCCGCAGCAGGAACTCATCATTGTG3
Lyst9lAla |5 TCTCCGCAGCAGGCGCTCATCATTGTG3
Lys691Arg |5 TCTCCGCAGCAGAGGCTCATCATTGTG3
Last91Asp |5 TCTCCGCAGCAGGATCTCATCATTGTG3
5 GGTCCTCGCGAACACAATCTCCGTGTG3

Reverse primer with a new restriction site Nrul as the

diagnostic signal.

Table2.3 Primersfor introduction of Asp714 mutationsin al subunit
by inverse-PCR

Mutation oligonucleotide sequence

Native Asp714|5 GACGGTGTCAATGACTCCCCGGCTTTG3
Asp714Ala |5 GACGGTGTCAATGCATCCCCGGCTTTG3
with anew restriction site Nsil

Asp714Arg |5 GACGGTGTCAATCGATCCCCGGCTTTG3
with anew restriction site Clal

Asp714Glu |5 GACGGTGTCAATGAATCCCCGGCTTTG3
with an increased restriction site Cfr10I

5 TCCAGTTACAGCCACAATGGCACCCTG3
Reverse primer

2.1.3 Restriction endonucleases and other modifying enzymes

The restriction endonucleases, T4 DNA ligase, T4 DNA polymerase, T, polynucleotide kinase
and Tag Polymerase used for PCR with their corresponding buffers were purchased by MBI
Fermentas (Vilnius/Litauen) and Biolab (New England); the shrimp Alkaline Phosphatase
was obtained from United State Biochemical Corporation (Cleveland/OH), the lysozyme , and
RNase were purchased from Boehringer (Mannheim/Germany)
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2.1.4 Antibodies

Both monoclonal antibodies against the b; subunit (anti-b) and a; subunit (anti-a) of the
Na'/K*-ATPase used for detection of the subunits of the sodium pump are immunoglobulin G
(IgG) derived from mouse (Alexis Corporation, Darmstadt/Germany). The antibody against
mouse 1gG coupled to HRP (horse radish peroxidase) served as the secondary antibody in
Western blotting (Amersham Pharmacia Biotech, Freiburg/Germany).

2.1.5 Buffersand Medium

All solutions and glassware used in molecular cloning were sterilized by autoclaving at 120°C
(glucose contained solutions at 110°C) for 1 h with an overpressure of 1.2 bar or by filtration
through a 0.2-um sterile filter (Sigma, Deisenhofen/Germany).

All agueous solutions and buffers were prepared with double-distilled, deionized water
(ddH,0) obtained from Milli-Q* water system from Millipore.

The content of individual solutionsis listed at the end of the corresponding method section.

2.1.6 Other enzymes, chemicals, biochemicals and kits

Nitrocellulose membrane (NC Membrane) and Whatman 3MM Chromatography paper used
in Western blotting were from Schleicher & Schuell (Dassel/Germany) and Biometraa
(Gottingen/Germany), respectively. Bovine serum abumin (BSA) was purchased from
Boehringer Ingelheim (Heidelberg/Germany).

Palytoxin, which was isolated from Palythoa caribaeorum, was obtained from Dr. L. Béress
from Christian-Albrechts-University (Kiel/Germany) and ouabain was from Sigma
(Deisenhofen/Germany).

The Netzmittel and K*-Standard solution used in K* efflux measurement were the products
from Eppendorf (Hamburg/Germany). Pyruvate kinase (PK) and lactate dehydrogenase
(LDH), used in Na'/K*-ATPase activity assay, and the protease inhibitors such as leupeptin,
pepstatin, and phenylmethylsulfonylfluoride (PMSF), used in membrane preparation were
obtained from Boeringer Mannheim GmbH (Mannheim/Germany). Coomasie blue R-350 for
SDS-polyacrylamide gel staining was from Serva (Heidelberg/Germany). The prestained
protein marker with the protein mass spectrum of 122, 79, 47, 33, 24, and 20 kDa was from
PeQ Lab (Erlangen/Germany). The DNA Marker of GeneRuler™ 1-kb DNA ladder and | -
DNA / Eco47111/Eco91l were from IBM Fermentas (Vilniug/Lithuania). The Na'/K*-ATPase
from the pig kidney was a gift from Prof. Dr. Schoner (Institute of Biochemistry, Justus-
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Liebig University, Germany). Agarose for agarose gel electrophoresis was from AGS GmbH
(Heidelberg/Germany). The polyacrylamide Gel 40 used for SDS-PAGE and the scintillation
solution of Rotiszint®2200, used for scintillation counting, were from Roth
(Karlsruhe/Germany).

[*H]Ouabain (22.5 Ci/mmol) was from Alexis Corporation (Darmstadt/Germany). The K odak
X-ray film used in chemiluminescence photography was obtained from INTEGRA
Biosciences (Fernwal d/Germany).

The JETsorb kit used in DNA extraction from agarose gels was ordered from Genomed (Bad
Oeynhausen/Germany); the GFX micro plasmid preparation kit, used for plasmid isolation
from E. coli, and the ECL™ Western blotting system RPN 2108 kit for protein detection,

were obtained from Amersham Pharmacia Biotech (Freiburg/Germany).

All other chemicas and biochemicals were purchased by Sigma (Deisenhofen/Germany),
Roth (Karlsruhe/Germany), or Merck (Darmstadt/Germany)

2.2 Equipment

The flame photometer, which was used for determination of the K™ efflux from the yeast cells,
and the thermocycler used in PCR were from Eppendorf (Hamburg/Germany). The
electroporator used for plasmid transformation was obtained from PeQ Lab
(Erlangen/Germany). The scintillation counter wallac 1409 used to determine radioactivity
was from Wallac (Turku/Finland). The Semi-dry blot for the electrophoretic transfer of the
protein from SDS-polyacrylamide gel into the NC membrane was from BioRad
(Frankfurt/Germany). The gel documentation system for the detection of DNA bands in
agarose gels after electrophoresis was from Biostep (Erzg./Germany). The Bead Beat used for
breakage of the yeast cells was from Ebel (Hamburg/Germany), and the glass bead with a
diameter of 0.25 to 0.3 mm was from Braun Melsungen GmbH (Melsungen/Germany). The
L-70 ultracentrifuge was a product of Beckman (USA).

All other equipment such as centrifuges, incubators, electrophoresis sets, and photometers
were the general facilities of a biochemical and molecular biological |aboratory.
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2.3 Methods

2.3.1 Introduction of mutationsinto shuttle vector pCGY 1406ab

2.3.1.1 Construction of the plasmid pKS™-AS

The pKS" was constituted by inserting an Apal-Bglll linker to generate a BStEII site between
Apal and Bglll sites.

The oligonucleotides (Table 2.1) were dissolved in sterile H,O to reach a final concentration
of 20 pmol/ul at RT. Both oligonucleotides were mixed in equimolar amounts and heated to
90°C for 1 min, and the DNA alowed to anneal by natural cooling down at RT forming an
oligolinker with the new restriction site of BstEll and the cohesive site of Apal and Bglll at
both end, respectively (Fig. 2.3). This linker applied in a 100-fold molar excess over the
plasmid was ligated into the commercialy available bacterial pKS' digested with restriction
enzyme of Apal and Bglll, and this pKS" plasmid with BstEll site was called pKS'-BtEll.
The pKS'-BstEIll plasmid was then digested with Bglll and BStEIl to obtain a 2937 bp long
BstEII-Bglll fragment as a vector which was purified from a 1% agarose gel after
electrophoresis. An other BstEll-Bglll fragment with 1010 bp from the sheep sodium pump
al subunit cDNA served as an insert was then placed into the same restriction site of the
pKS'-B<tEIl plasmid using T, DNA ligase, this plasmid with 3947 bp was denoted as pKS'-

AS and served as the vector for site-direct mutagenesis.

5 CCTTAAGGGTGACCA3
3CCGGGGAATTCCCACTGGTCTAGS
Apal BstEIl  Bglll

Fig.2.3 Oligonucleotide linker with BStEII restriction site
The new restriction site of BStEIl was indicated with underline and the cohesive site of Apal

and Bglll at both end were in bold.

2.3.1.2 Culture and storage of the E. coli

The rate of the growth is dependent on the medium, the genotype of the strain, the
temperature and the degree of the aeration. The rate of the growth can be monitored by
withdrawing aliquots and measuring the optical density at a wavelength of 600 nm (ODeoo)
[142]. For E. coli strain DH5aF¢ 1 ODggo =1~ 10™ cells/ml.
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A single clone of E. coli strain DH5aF¢transformed with plasmid DNA was inoculated in 5
ml LB-medium with 0.1 mg/ml ampicillin (ampicillin must be omitted for untransformed E.
coli) and was incubated at 37°C with 156 rpm shaking overnight. 500 pl of the culture was
centrifuged by 3,000 rpm at 4°C for 5 min and the supernatant was discarded. The bacteria
pellet was dissolved in 15% glycerol and could be kept for long-term storage at —70°C.

For daily use, the short-term storage was performed using. 1 ul of the overnight culture
diluted in 1 ml LB-medium. This was well mixed and ca. 50-100 pl of the dilution was
spotted in the center of a LB-agar/ampicillin plate. The cells was spread over the entire
surface of the agar and incubated at 37°C overnight. The bacterial clone on the plate tightly
wrapped in parafilm could be maintained for several months at 4°C. The rest of the culture
was used for isolation of the plasmid DNA (see Methods 2.3.1.4).

LB-Medium: 10 g/L Bacto-trptone, 5 g/L Bacto-yeast extract; 10 g/L NaCl; pH 7.5
L B-Agar/Ampicillin-Plate: LB-medium with 15 g/L Bacto™ agar-agar, and 0.1 mg/ml ampicillin
15% (w/v) Glycerol: 15 g Glycerol in 100 ml dest. H,O

2.3.1.3 Introduction of the plasmid DNA into E. coli

A rapid and simple method of transforming E. coli by cDNA is electroporation [143, 144].
High-voltage electric pulses can induce the cell plasma membrane to fuse and the cells can
take up exogenous DNA from the surrounding solution, apparently through the holes
momentarily created in the plasma membrane.

To prepare the fresh electrocompetent cells of E. coli DH5aF¢ a single clone of the E. coli
DH5aF¢ was incubated in 5 ml LB medium at 37°C under continuos shaking at 140 rpm
overnight. Then, 2 ml of the overnight culture were transferred into 200 ml of LB medium
and incubated continuos to reach a ODggo value of 0.5 corresponding to a cell density of
1" 10" cellg/ml. All following steps were performed on ice. The culture was centrifuged at
4°C for 20 min at 5,000 rpm and cooled on ice for 15 min. The cell sediments were carefully
washed twice with 200 ml ice-cold ddH,O, centrifuged as above. The cell pellet was
suspended in 20 ml ice-cold ddH,O and split into 100 ul aliquots for use. For storage of the
electrocompetent cells, ice-cold glycerol was added into the washed cell suspension with an
final concentration of 10%. At this point, the electrocompetent cells could be kept in aiquots
at —70°C for along term.

The ligated plasmid DNA was precipitated (see Methods 2.3.1.7) to decrease the ionic
strength in the DNA sample. A total of 0.1 pg plasmid DNA was then mixed with 100 pl
fresh prepared electrocompetent cells and transferred into the electroporation cuvette which
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was placed on ice. The electroporation was performed using the following e ectroporation
program: High Voltage (volt) 2300, Capacity (nF): 0025, Shunt (ohm): 0156, Pulse (msec): 5

One ml SOC solution was then immediately added into the electroporated cell suspension and
the mix was transferred into a 1.5 ml Eppendorf tube and incubated at 37°C for 1 h.
Alternatively, 50 ul of the culture were spread on the surface of a LB-agar plate with 0.1
mg/ml ampicillin, and incubated at 37°C overnight. Transformed E. coli cells containing the

plasmid grew overnight. The formed colonies were picked for minipreparation.

SOC-solution: 20 mM Glucose, 2% Bacto-tryptone, 0.5% Bacto-yeast-extract, 0.05% NaCl

2.3.1.4 Isolation of the plasmid DNA from E. coli

The mini-boiling plasmid preparation method is one of the widely used methods of plasmid
DNA isolation from small culture volumes and gives high yields of plasmid DNA [199].

An overnight culture of 4.5 ml was centrifuged at 4°C for 10 min under 3,000 rpm, the
supernatant was removed by aspiration. The bacterial pellet was resuspended in 0.35 ml STET
solution, 25 pl of afreshly prepared lysozyme solution (10 mg/ml in 10 mM Tris/HCI, pH8.0)
was added and mixed by vortexing for 3 sec. The reaction mix was then placed in a boiling
water bath for 40 sec and centrifuged immediately after for 10 min at RT in an Eppendorf
centrifuge. The pellet was removed with a platinum loop, 42 pl ice-cold 10 M ammonium
acetate and 420 pl ice cold isopropanol were added to the supernatant. Following incubating
at —20°C for 15 min, the supernatant was centrifuged at 4°C for 15 min at 13,000 rpm, the
plasmid pellet was washed twice with ice-cold 70% ethanol and then dried by treatment in a
vacuum desiccator for 1-2 min. The plasmid DNA was dissolved at the desired concentration

with TE buffer or sterile H,O for following experiments or stored at —20°C.

The plasmid, which was used for DNA sequencing and transformation into S. cerevisiae 30-4
or was served as template of PCR, was isolated from E. coli with the GFX micro plasmid prep
kit performed according to the manufactures instructions.

Briefly, 4.5 ml overnight culture was centrifuged at 4°C for 5 min at 3,500 rpm, the
supernatant was discarded. The cell pellet was suspended in 300 pl solution | (100 mM
Tris’/HCI, pH7.5, 10 mM EDTA, 400 ng/ml RNase I) and was then carefully mixed with 300
m solution 1l [188 mM NaOH, 1% (w/v) SDS ] and 600 ul solution Il (acetate and
chaotropic buffer) sequentially by head to head shaking for 10-15 times, respectively. The
reaction mix was centrifuged at 13,000 rpm for 10 min at RT. The supernatant was transferred
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into the column incubated for 1 min at RT, and centrifuged as above. 300 pl solution |11 was
added into the column, after 1 min at RT, the column was centrifuged again. The column was
then washed using 400 ul wash buffer (TrissEDTA in 80% ethanol). The plasmid DNA held

in the column was eluted in an appropriate volume of sterile ddH-O.

STET-solution: 8% (w/v) Saccharose, 0.5% (w/v) Triton X-100*, 50 mM EDTA, and 10 mM Tris’HCI, pH 8.0
TE-buffer: 10 mM Tris/HCI, 1 mM Na,;EDTA, pH 8.0

2.3.1.5.Quantification of DNA

Spectrophotometric determination, based on the measuring of the amounts of UV irradiation
absorbed, is widely used to measure the amounts of DNA or RNA in a preparation. Readings
are taken at wavelengths of 260 nm and 280 nm. The reading at 260 nm allows calculation of
the concentration of nucleic acids in the sample. An OD of 1 corresponds to approximately 50
pg/ml for the double-stranded DNA. The ratio between the readings at 260 nm and 280 nm
provides an estimate for the purity of the nucleic acid. Pure preparation of DNA has an
OD.60/OD2go Value of 1.8 [199].

We used this spectrophotometric method for determination of DNA concentration in a sample
with the Specd Smart 3000 photometer (PeQL ab/Germany).

2.3.1.6 Endonucleaserestriction analysis

Each restriction enzyme has a set of optimal reaction conditions, which are given on the
information sheet supplied by the manufacturer. When DNA is to be cleaved with two
restriction enzymes, the digestion can be carried out simultaneously, if both enzymes work in
the same buffer. If not, the enzyme that works in the buffer of lower ionic strength is used
first. After inactivation of the first enzyme at 65°C for 20 min, the appropriate amount of salt
and the second enzyme can be added and the incubation continued. Alternatively, the DNA
that has been digested by the with first enzyme can be precipitated (see Methods 2.3.1.7) and
prepared for digestion with another enzyme [199].

Reactions typically contain 0.2-1.0 ug DNA in afinal volume of 10 or 20 pl as the example
followed:

8ul  DNA (0.8 ugin sterile H,O)

1pl  restriction endonuclease

1l 10" appropriated digestion buffer
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The reaction mix was prepared and incubated at the recommended temperature for 2 h. To
stop the reaction the mix was placed at 65°C for 20 min.

2.3.1.7 Precipitation of DNA

The most widely used method for concentrating DNA is precipitation with ethanol. The DNA
precipitate which is alowed to form at low temperature (-20°C or less) in the presence of
moderate concentrations of monovalent cations is recovered by centrifugation and dissolved
in an appropriate buffer at the desired concentration ([145]).

A total of 2-3 volumes of ice-cold ethanol can be used in the presence of 0.1-05 M
monovalent cations at low temperature. In this work ammonium acetate was generally used,
because it was more easily removed by washing with 70% ice-cold ethanol than the other salts
(e.g. NaCl or Na-acetate). Glycogen was used for precipitation of very short DNA molecules
(< 400 bp) or very small amounts (< 0.1 pg/ul) improving the precipitation efficiency [146].
The following was atypical DNA precipitation reaction set:

17 ul DNA sample
3ul NH4OAc (3 M, pH 4.6)
60 pl  ethanol (ice-cold)

0.5ul  glycogen (20 pg/pl)
The reaction mixture was mixed well and stored at —20°C for 30 min to allow the DNA to
precipitate. The mix was then centrifuged a 4°C for 30 min a 13,000 rpm
(Eppendorf/Germany). Then, the supernatant was discarded. The DNA pellet was carefully
washed twice with ice-cold 70% ethanol to remove any solute that could be trapped in the
precipitate. The DNA precipitate was dried and redissolved to the desired concentration with
TE buffer or sterile ddH,O depending upon the further applications.

2.3.1.8 Separation of the DNA fragment using agar ose gel electrophoresis

The standard method used to separate, identify, and purify DNA fragments is electrophoresis
in agarose gels. The electrophoretic migration rate of DNA through agarose gels is dependent
upon the molecular size of the DNA, the agarose gel concentration, the conformation of the
DNA, and the current applied [147]. The location of DNA within the gel can be determined
directly using low concentration, the fluorescent or intercalating dye ethidium bromide [148].
In this work 0.8-1% agarose gels were used in the absence of ethidium bromide for
separation, identification, and purification of the DNA. Typically, 10 ul of the DNA sample
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from restriction analysis or PCR was mixed with 2.5 pl of 6 DNA loading buffer and were
loaded into the slots of the submerged gel. GeneRuler™ 1 kb DNA Ladder (0.5 mg DNA/mI)
and | -DNA/Eco47111/Eco91l (0.5 mg DNA/mI) were used to control the DNA size. The
electrophoresis was performed in TAE running buffer at 5 V/cm for an appropriate time. The
gel was stained in 0.5 pg/ml ethidium bromide at RT for 15 min with agitation. The DNA
fragments were photographed directly under UV-illumination of Biostep.

TAE: 40 mM Tris/acetate, 1 mM NaEDTA, pH 8.0;
6" DNA loading buffer: 30% glycerin (w/v), 0.25% bromphenolblau (w/v), 0.25% xylenolcyanol

2.3.1.9 Extraction of the DNA fragment from the agar ose gels

The DNA fragments can be separated using gel electrophoresis. To recover the DNA
fragments from the agarose gel we used the JETsorb-DNA extraction Kit.

The dlice of the gel with the target DNA band was cut out under UV light (I of 300-360nm to
minimize damage to the DNA) and weighted. then, 100 mg of gel slice were mixed with 300
pl of buffer A1l and 10 ul of JETSORB suspension and incubated at 50°C for 15 min. The
suspension was mixed every 3 min during the incubation to avoid the sedimentation of the
JETSOB beads. The culture was then centrifuged at 13,000 rpm for 1 min a room
temperature. The pellet was washed again with 300 pl buffer A1l to recover JETSORB
minibreads, and then was washed with 300 pl buffer A2. The pellet was dried completely (not
overdried) in a speedvaccum for 1-2 min to be free of ethanol. After this, the pellet was
resuspended with 20 pl TE or sterile HO and was incubated at 50°C for 5 min to elute the
DNA. After centrifugation as above, the DNA supernatant was transferred into a new tube
and was stored ready for use.

JETSORB suspension: With aDNA capacity of 7.5 pug/ 10 ul JETSORB suspension
Buffer Al: contains concentrated NaClO,, TBE-Solublizer, sodium acetate
Buffer A2: contains ethanol, NaCl, EDTA and Tris/HCI

2.3.1.10 Inverse polymerase chain reaction % inverse-PCR

The PCR is based on the DNA polymerase-catalyzed doubling of target DNA with each cycle,
and leads to an exponential amplification of specific DNA sequences by using repeated cycles
involving heat denaturation, primer hybridization, and primer-extension (polymerization)
[199].
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The introduction of mutations was performed using inverse-PCR corresponding to the
protocol by Sakai et al [149] and Hemsley et al [150]. The constructed plasmid pKS'-AS
served as the template. The annealing temperature, which influences the specificity of the
PCR reaction, was calculated based the “2+4 (G/C) rule” using the computer program Vect
NT 1 [151, 152], and the time of the strand extension was adapted to the length of the target
strand to be reproduced.

Typically, 20 ng of pKS'™-AS plasmid DNA were added into the appropriate buffer with 2
mM MgCl,, 0.12 mM dNTPs, 1 uM each of forward and reverse primer, 2 U Taq polymerase
to a fina volume of 100 pl. The reaction was cycled 28 times in a thermocycler with the
following temperature program:

Temp. Rouning Time
Denaturation 94°C, 25°C 1 min
Primer annealing 53.7°C 25/°C 1min
Extension 72°C 25°C 4.5 min

This was done 28 times and followed once aend step at 72°C for 10 min.

The PCR-products were separated by 1% agarose gel electrophoresis, and were purified by
using the Kit of JETsorb (see Methods 2.3.1.9 ) from the agarose gels.

2.3.1.11 Blunt-ending of the 3"-end of PCR-products

The PCR-products are not blunt-ended, because Taq polymerase lacks 3" to 5° exonuclease
activity and has a tendency to add an extra dA residue to the 3"-end of each strand, giving rise
to a single-nucleoctide 3"-extension (A-overhang) at each end of the fragment . This 3 -extra
added dA can be removed in a combined exonuclease/repair reaction with T4 DNA
polymerase in the presence of all four deoxynucleoside triphosphate. T, DNA polymerase
possesses a 5® 3 polymerase activity and a 3® 5" exonuclease activity, and it is more
active upon single-stranded DNA than double-stranded DNA. In addition, the activity on
double-stranded DNA is blocked by the 5® 3" polymerase activity, therefore, a blunt end can
be formed by using this enzyme[153, 154].

Routinely, 2 pg PCR product were incubated with 2 U T, DNA polymerase in the presence of
50 uM ATP, 100 uM dNTPsin the T, DNA polymerase buffer at 4°C for 20 min. Afterwards
the reaction was stopped by heating at 65°C for 20 min.
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2.3.1.12 Phosphorylation of the DNA

The DNA used for phosphorylation was purified by agarose gel electrophoresis or density
gradient centrifugation to remove low molecular-weight nucleic acid, which would have
provided a much larger proportion of the 5° ends. Ammonium ion is a strong inhibitor of
polynucleotide kinase, thereby DNA should be free from ammonium salts [155].

A total of 1 pg of blunted PCR-product was incubated with 2 U T, DNA polynucleotide
kinase and 50 uM ATP at 37°C for 1 h in the buffer provided by the T, DNA polynucleotide
kinase supplier. Then, the reaction mix was heated to 65°c for 20 min to inactivate the

enzyme.

2.3.1.13 Dephosphorylation of the DNA
To avoid self-ligation of the vector DNA fragment in intended ligations alkaline phosphatase
was used to removing 5 -phosphate residues from the DNA fragment.

This reaction was carried out by incubating 1 pg DNA with 2 UT, DNA akaline phosphatase
in corresponding buffer at 37°C for 1 h. The enzyme was inactivated by heating to 65°C for

20 min.

2.3.1.14 Ligation of the DNA

T, DNA ligase, a single polypeptide, catalyzes the formation of a phosphodiester bond
between adjacent 3"-OH and 5 -phosphate termini in DNA.

The molar ratio of the insert:vector is also an important parameter to consider. The larger the
size difference, the bigger the ratio of insert to vector required [156].

Mixture for self-ligation:

11.4 pul phosphorylated PCR-DNA (0.054 pg/pl)
1,5 pl 10" T, DNA ligase buffer
0.6 pl Taligase (1U /ul)

As an example, for the ligation between alinker and a vector DNA
10 ul  dephosphorylated vector DNA (2914 bp, 0.06 pmol/pl)
6 pl  DNA-linker (23 bp, 10 pmol/ul)
1l T4DNA ligase
2yl 10° T, DNA ligase buffer
1yl sterile H,O
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are incubated 4°C overnight (12-16 h). The ligated DNA can then be used to transform E.

coli, in order to verify the efficiency of the ligation.

2.3.1.15 DNA sequencing analysis

Sequencing is often used to map and identify mutations (e. g. point mutations and deletions)
and to verify the orientation and structure of recombinant DNA constructs. In this work the
DNA sequencing was performed to confirm mutations generated by oligonucl eotide-mediated
mutagenesis. As shown in Fig.2.1, the universal T3 promotor could be used annea an
appropriate sequencing primer. The plasmid containing either original or mutated DNA
sequence were prepared according to the method of GFX micro plasmid prep kit (see
Methods 2.3.1.4) and were dissolved in sterile H,O at a concentration of 50 ng/pl. The
sequencing reaction was performed in an automated DNA sequencer coupled with the
computer software of Sequence Editor 2. The DNA sequence could be read using Chromas
curve (Chromas 1.45) [157].

2.3.2 Heterologous Expression of the native and mutated Na'/K*-ATPasein S. cerevisiae
cells

Y east cells do not contain endogenous sodium pump. They are therefore very suitable for the
heterologous expression of the sodium pump and its mutants, because this allows to address
their properties without the interference of endogenous Na'/K*-ATPase [64, 76].

2.3.2.1 Culture and storage of yeast cells

A single clone of yeast cells 30-4 expressing native or mutant Na'/K*-ATPase was incubated
in 10 ml YNBU medium at 30°C overnight. The culture was continuously shaken at 180 rpm
on aorbital shaker. Then, 5 ml of the culture were centrifuged at 4°C for 5 min at 3,500 rpm,
the cell pellet was then resuspended in 150 ul of 15% glycerol and stored at —70°C. In this
way stocks remain viable for several years.

The remaining 5 ml of the culture was transferred to 200 ml of YNBU and incubated till
reaching the desired ODgq vaue.

For large scale cultures, the 5 ml culture was transferred to 1.3 | YNBU medium with 13 ml

100 fold supplement mix, and further incubated before use.

YNBU medium: 1.7 g/l yeast nitrogen base without amino acids, 5 g/l ammonium sulfate, 20 g/l glucose,
20mg/l uracil
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100" supplement mix: 2g/l adenine, L-histidine/HCI, L-arginine/HCI, and L-methionine, respectively; 3g/l L-
tyrosine, L-leucine, L-isoleucine, L-lysine/HCl, individual; 5g/I L-phenylalanine; 10g/l L-
glutamate acid, and L-aspartate acid, respectively; 15¢/l L-valine; 20g/l L-threonine; 40g/I
L-serine (45)

2.3.2.2 Introducing plasmid DNA into yeast cells

The plasmid pCGY 1406ab containing cDNA of the Na'/K*-ATPase was introduced into
yeast cells 30-4 according to the protocol of Gietz et al [158, 159].

A single yeast cell clone of 30-4 cells was inoculated into 5 ml YPD medium and was
incubated at 30°C and continuos shaking at 180 rpm for 12-16 h till an ODeggo value of 0.6-0.8
was reached. The cells were then centrifuged at 3,500 rpm at a temperature of 4°C. The
sediment was washed with 0.1 M LiOAc in TE buffer pH 7.5 and was suspended again in
100 pl of the same solution. After incubation at 30°C for 1 h, ca. 1 pug of plasmid DNA and 5
pl of RNA carrier were added into the reaction sample and the incubation continued for an
additional 30 min. The reaction sample was mixed carefully with 700 pl solution containing
40% (w/v) of polyethylenglycol and 0.1 M LiOAc, pH 7.5 and was incubated at 30°C for
another 1 h. The mixture was then heated to 42°C for 2h, and centrifuged under the conditions
described above to sediment the cells. The sediment was suspended in 100 pl TE, pH 7.5 and
spread on a Y NBU-plate, before 72 h incubation at 30°C.

YPD medium: 10 g/L Bacto-yeast extract; 20 g/L Bacto-peptone; 20 g/L D(+)-glucose monohydrate
YNBU-plate: YNBU medium with 20 g/l Bacto-agar-agar

2.3.2.3 Palytoxin-induced K™ efflux from the yeast cells expressing the native or mutated
sodium pump

Palytoxin (PTX), the mostly potent animal toxin known, acts through the Na'/K*-ATPase,
causing Na' ion influx and K* ion efflux from vertebrate cells with both ions following their
electrochemical gradients [95, 160-162]. S. cerevisiae becomes PTX-sensitive and lose
intracellular K* ions only when they express both a and b subunits of the mammalian Na'/K"-
ATPase [26, 64, 163]. The determination of the PTX-induced K* efflux was performed by the
method of Scheiner-Bobis et al [64].

Single yeast clone expressing either wild-type or various mutant Na'/K*-ATPases were grown
overnight at 30°C in 5 ml YNBU. The cell suspensions were transferred into 200 ml YNBU
medium and grown for an additional 24 h. Cells were then sedimented at 4°C by
centrifugation for 5 min at 3,500 rpm and washed twice using 50 ml HBC buffer. The cells
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were diluted in HBC buffer with 200 mM NaCl to reach a cell density of 5 10° cellsml and
incubated at 30°C for 2 h with various concentrations of palytoxin. The total reaction volume
was 1 ml. Thereafter, cells were centrifuged for 2 min at 13,000 rpm, the supernatant was
collected, and the concentration of K* ion was determined by flame photometry. The total K*
concentration of the cells was measured after cell membranes were dissolved by incubation
in 0.01% LiDS at 65°C for 30 min.

HBC buffer: 10 mM Hepes, 0.5 mM borate, 1 mM CaCl,, pH 7.5
Palytoxin was diluted in HBC buffer with 0.1% BSA

2.3.2.4 Ouabain inhibition of palytoxin-induced K™ efflux from yeast cells expressing the
native or mutated sodium pump

Ouabain, a cardioactive steroid, inhibits the PTX-induced K* efflux from yeast cells
expressing the Na'/K*-ATPase, which is the unique known receptor of ouabain [164-166].

A suspension of 5" 10° yeast cells/ml expressing either wild-type or mutant Na'/K*-ATPase
was incubated in the same buffer as in the palytoxin experiment described above at 30°C for 2
h with a defined concentration of palytoxin and various concentrations of ouabain. The cells
were then sedimented and the concentration of K™ in the supernatant was determined by flame
photometry.

2.3.2.5 Microsomal membrane protein preparation

The membrane preparation was performed as described formerly [62]. Thus, the large scale
yeast culture was grown to reach an ODgyo value of 2-3. The yeast cells were collected by
centrifugation at 9,500 rpm in an RC-5B centrifuge using the GSA rotor at 4°C for 10 min.
The cells were suspended in ice-cold ddH,O and centrifuged at 4,000 rpm at 4°C for 10 min,
and this wash step was repeated once. The wet weight of the cells was estimated, and the cell
pellets at this point could be frozen at —70°C.

The cells were thawed in 2 ml Y east Breakage Buffer (YBB) per gram wet-weight of cells at
37°C. The cell supernatant and 10 ml beads were then added into the Bead Beater's inner
chamber, and a little more YBB was added to fill the chamber up to 3 mm from the rim. The
cells were beaten 8 times for 15 sec with 105-sec intervals. After the eighth beating, the
suspension was separated from the beads and transferred into a cold tube on ice. The beads
were washed twice in YBB, each time including six repetitions of 10-sec beating followed by
a 30-sec rest. The broken cells were centrifuged at 4°C for 20 min at 4,000 rpm, and the
supernatant was centrifuged again at 4°C for 10 min at 9,500 rpm, in an RC-5B centrifuge
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with an AS 2.8 rotor to remove the cell debris. To pellet the cell membrane fragment, the
suspension was centrifuged at 4°C for 1 h at 48,000 rpm, in a Beckman ultracentrifuge with a
Ti70 rotor. The membrane fragments were homogenized in 26 ml imidazole buffer,
ultracentrifuged again, as above, for 30 min, and rehomogenized in the appropriate volume of
imidazole buffer. The membrane preparation was divided in to aliquots, frozen in liquid
nitrogen, and then stored at —70°C until the SDS extraction.

YBB: 200 mM Tris/HCI, pH 7.5, 10 mM MgCl,, 10% (w/v) glycerin, 1 mM EDTA, 2 mM DTT, 0.2 mM PMSF,
0.5 mg/ml leupeptin, 0,7 mg/ml pepstatin
Imidazole buffer: 25 mM imidazole, 1 mM disodium EDTA, pH 7.5

2.3.2.6 Protein assay

The protein assay was performed according to the method of Lowry [167, 168]. Protein
sample (10 to 40 pl) were incubated with 0.5 ml ddH,O, 3.5 ml 10% N&COs;, and 0.5 ml
0.1% CuSO, for 15 min at room temperature. During the incubation, the Folin—Ciocalteus-
phenol reagent was diluted 1:3 with steril H,O. The reaction was mixed with 0.5 ml diluted
Folin-Ciocalteus phenol reagent and incubated for another 15 min. The protein concentration
was determined from the absorbency at 578 nM using a spectrophotometer. BSA (0.7%)
served as a standard.

2.3.2.7 SDS extraction of Na'/K *-ATPase from a membr ane preparation

Microsomal membrane protein (3.6 mg/ml) was mixed with 50 mM imidazole, 2 mM
disodium EDTA, pH 7.4, and 3 mM freshly prepared disodium ATP. SDS (4 mg/ml) was then
added dropwise into the mix with continuous stirring to a final concentration of 1 mg/ml. The
extraction was continued for 30 min at RT, starting with the first drop of SDS. The mixture
was then carefully placed on the top of a prepared discontinuous sucrose gradient consisting
of 9 ml of 50% and 8 ml of 20% sucrose in imidazole buffer and centrifuged at 4°C for 2 h at
48,000 rpm in a Beckman ultracentrifuge. The protein band at the sucrose gradient interface
was collected using a Pasteur pipette, diluted with at least a 3-fold volume of imidazole
buffer, and ultracentrifuged as above for 1 h. The protein pellet was homogenized in an
appropriate imidazole buffer using a glass homogenizer. The protein homogenate was
aliquoted and immediately frozen in liquid nitrogen. This extracted microsomal protein was
stored at —70°C.

Imidazole buffer: 25 mM imidazole, 1 mM Na,EDTA, pH 7.4
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2.3.3 Binding of [®*H]ouabain to yeast membranes containing wild-type or mutant
Na'/K *-ATPase

The inhibition of the Na'/K*-ATPase by ouabain is stoichiometric and relatively stable, and is
at least partially competitive with K* [165, 166, 169, 170]. Ouabain inhibits the Na'/K*-
ATPase by binding to the E,-P phosphoenzyme form of the enzyme, which has a high affinity
for ouabain, and forms the [E2* Pouabain] complex [5]. This complex can be measured using
[*H] ouabain.

2.3.3.1[*H]ouabain binding in the presence of P,

To determine whether the mutations had an effect on P/enzyme interaction, 250 ug
microsomal membrane protein from yeast cells expressing either the wild-type or the mutant
Na'/K*-ATPase was incubated at 30°C for 30 min with various concentrations of [*H]ouabain
in the presence of 10 mM TrigHCI, pH 7.5, and 5 mM Tris/PO4, pH 7.5 with or without 5
mM MgCl; in afina volumeof 500 ul. Thereafter, the protein was pelleted by centrifugation
at 13,000 rpm for 2 min in a bench-top centrifuge and washed twice with 500 pl ice-cold
ddH,O. The protein was dissolved in 250 pl of 1 N NaOH at 75°C for 15 min. After
neutralization with 250 pl of 1 N HCI, 450 ml of scintillate fluid were added and the amount
of bound [*H]ouabain was determined by scintillation counting. The nonspecifically bound
[*H]ouabain was estimated in the presence of 1 mM nonradioactive ouabain. Maximum
ouabain binding (Bma) and dissociation constants (Kp) were calculated from a Scatchard
analysis[171, 172].

2.3.3.2 Inhibition of [*H]ouabain binding by K *

The binding of ouabain to Na'/K*-ATPase is at least partially competitive with K* ions [101,
173]. To determine whether this property was retained by mutant Na'/K*-ATPase, a total of
250 pg yeast membrane containing either wild type or mutant Na'/K*-ATPase was incubated
at 30°C for 30 min with various concentrations of KCI in the presence of 10 mM Tris/HCI,
pH 7.5, 5 mM Tris/PO,, pH 7.5, and 100 nM [*H]ouabain with or without 5 mM MgCl; in a

final volumeof 500 pl. The amount of bound [*H]ouabain was measured as described above.

2.3.3.3 Binding of [*H]ouabain as a function of Mg**

The binding of [®H]ouabain to Na'/K*-ATPase requires Mg** ion [101, 174]. To examining
whether the mutations of Na'/K*-ATPase have an effect on the Mg?*/enzyme interaction, a
total of 250 pg microsomal protein containing either wild-type or mutant Na'/K*-ATPase was
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incubated at 30°C for 30 min with various concentrations of MgCl in the presence of 10 mM
Tris’HCI, pH 7.5, 50 nM [*H]ouabain, and 5 mM Tris/PO,, pH 7.5 in afinal volumeof 500 pl.
lonic strength was kept constant by adding choline chloride. The amount of bound
[*H] ouabain was determined as described above.

2.3.3.4[*H]ouabain binding to the phosphoenzyme formed from ATP

In the presence of ATP, Mg®, and Na', Na'/K*-ATPase is phosphorylated with a
conformational change from the nonphosphorylated form (E;) to the phosphoenzyme form
(E2-P). Ouabain binds with high affinity to this E,-P phosphoenzyme [5].

A total of 250 ug of mocrosomal protein containing either wild-type or mutant Na'/K*-
ATPase was incubated at 30°C for 30 min with 10 mM Tris/HCI, pH 7.5, 100 mM NaCl, and
100 pM Tri/ATP with or without 5 mM MgCl,. The final volume of the sample was 500 pl.
The amounts of bound [*H]ouabain and the nonspecific binding were determined as described

above.

2.3.4 Na'/K*-ATPase activity assay
The overall activity of Na'/K*-ATPase was determined with aliquots microsomal protein in
the presence or absence of ouabain using the coupled spectrophotometric assay [176]. The
formation of ADP by Na'/K*-ATPase was linked via phosphoenolpyruvate (PEP), pyruvate
kinase (PK), lactate dehydrogenase (LDH), and NAD" to the formation of NADH plus H* as
shown in Scheme 2.1. The formation of NADH plus H* could be measured at 366 nm as a
function of time in a spectrophotometer (I = 3400 liters/mol/cm).
SDS-extracted microsomal protein (100 pg) was incubated in the presence or absence of 200
MM ouabain in a mixture containing 100 mM NaCl, 60 mM NH4Cl, 3 mM MgCl,, 3 MM Na-
ATP, 0.4 mM phosphoenolpyruvate, 0.7 mM NADH, 60 mM imidazole/HCI, pH 7.5, 1.25
U/ml pyruvate kinase, and 1.5 U/ml lactate dehydrogenase at 37°C in afinal volume of 1 ml.
The decline of the absorption at 366 nm was followed during the incubation. The ouabain-
inhibited fraction of the overall ATPase activity of the sample was used to distinguish the
sodium pump activity from other ATPases contained in the microsomal protein.

ATP Nat/K+-ATPase ADP + Pi

>

ADP + PEP pyruvate kinase » ATP + pyruvate

Pyruvate + NADH'H'®  'ataedehydrogenase , lactate NAD*

Scheme 2.1 Principle of the PK/LDH linked Na'/K *-ATPase activity assay
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2.3.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is a genera method to separate DNA or protein. In this work, it was used to
separate the al and b1 subunits of Na'/K*-ATPase according to the method of Laemmli and
Weber [87, 177]. Prestained protein markers with molecular weights of 122, 79, 47, 33, 24,
and 20 kDa were used.

A total of 15 pg of microsomal protein containing either native or mutant Na'/K*-ATPase
was suspended in 10 pl of loading buffer. After incubation for 3 min at 94°C, proteins were
separated by SDS-PAGE on 7.5% gels (for the a1l subunit) or 6.5% gels (for the b1 subunit)
in 0.376 M Tris’HCI, pH 8.8, 0.1% SDS, 0.08% APS, and 0.08% TEMED. A 5% stacking gel
in 0.120 M Tris/HCI, pH 6.8, 0.1% SDS, 0.1% APS, and 0.05% TEMED was used. Na'/K"*-
ATPase (50 ng) from pig kidney was used as the positive control, and 15 pg of microsomal
protein from untransformed yeast served as the negative control. Prestained protein markers
(0.1 pg) were run in paralel with the protein sample at 100 V for 2-2.5 h. After briefly
washing with HO, the gel to be stained was fixed in 20% trichloreacetate (TCA) for 20 min
and stained thereafter with Coomassie broil blue R350 in 10% acetic acid (HOAC) at 50°C for
15 min. The gel was destained by washing 3 times with 10% HOAc for 10 min. The gel was
air-dried wrapped in foil after 20 min in conservation solution.

SDS-PAGE running buffer: 20 mM Tris, 100 mM glycine, 0.1% SDS

conservation solution: 10% glycerine, 25% ethanol

Loading buffer: 5% (v/v) b-mercataptoethanol, 5% SDS, 4 M urea, 125 mM Tris/HCI, pH 6.8, 12.5% (v/v)
glycerol, and 0.05% bromophenol blue

2.3.6 Western blotting

Western blotting is a method of protein detection involving the transfer of proteins from a
polyacrylamide gel onto a membrane of nitrocellulose or nylon, which bind protein strongly
[178, 179]. These bound proteins are then available for analysis by a variety of specific
protein-ligands interactions, most commonly using antibodies [180, 181].

After SDS-PAGE, the protein was transferred onto nitrocellulose (NC) membrane following
the instructions provided by the commercially available ECL Western blotting system PRN
2180 kit. The polyacrylamide gel was equilibrated in the transfer buffer for 30 min, with the
Whatman 3MM filter paper and NC membrane also being wetted in this buffer. The protein
was transferred to the NC membrane by 15 V for 1 h using the semi-dry (BioRad) method
with a transfer stack in this order (bottom to top): 3 layers of Whatman paper, the NC
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membrane, then the SDS-polyacrylamide gel, and finally 3 layers of Whatman paper. After
washing 1~ for 15 minand 2 ° 5 for min in PBS-T under continuosly shaking, the NC
membrane was blocked at 4°C overnight using 5% blocking reagent in PBS-T. After washing
again as above, the membrane was incubated with the primary antibody (Ab) against the al
subunit or b1 subunit of the Na'/K*-ATPase at RT for 2 h. Both antibodies were 1gG from
mouse and were diluted in blocking reagent by 1:2500. As the secondary Ab, an HRP
(horseradish peroxidase)-coupled Ab against mouse 1gG was used with a dilution of 1:2500 in
blocking reagent. The membrane was washed again as above and was incubated with diluted
secondary Ab at RT for 1 h. It was then washed with PBS-T as described above. For the
detection of the protein bands, the membrane was incubated with an 1:1 mix of reagents 1 and
2 (provided by the kit) a RT for 1 min, and wrapped in plastic foil. At this point, the
membrane could be exposed onto a Kodak X-ray film, which was then developed as a
permanent record. The membrane, wrapped in foil, could be stored at 4°C for several months.

Transfer buffer: 12.5 mM Tris base, 96 mM glycine, 0.1% SDS, 20% (v/v) methanol, pH 9.2 to 9.4
PBS-T: 20 mM NaH,PO,, 80 mM Na,HPO,, 100 mM NaCl, 0.1% (v/v) Tween 20, pH 7.5

2.3.7 Measurement of *0 exchange between P, and H,0 **

The method developed by Stempel and Boyer [183] was used with the adaptions made by
Faller [202] to measure the distribution of *20 isotopomers [P'%0;'°0,] formed as a function
of time when Na'/K*-ATPase catalyzes oxygen exchange between P, and H,O. The exchange
reaction was started by the addition of enzyme to 0.5 ml of a solution containing 2 mM
[180]P., 20 mM KCI, 2 mM MgCl;, 0.1 mM DTT, 5 mM NaN3 in 0.1 M Tris-HCI, pH 7.4
with or without 0.1 mM ouabain, and adjusted to a 200 mM ionic strength with choline
chloride. The enzyme concentration and incubation time at 30°C were chosen to give a final
average %0 enrichment (AE = S;P'®0,°0,/4SP*®0;*°0y;, 0 £ j £ 4) ranging from 40% to
80% so that significant amounts of all five isotopomers were formed. The reaction was
guenched, and P; was isolated by applying the reaction mixture to a column (0.5 4 cm) of
Dowex AG 1-X4 (100-200 mesh, CI" form). After successive washes with 10 ml of H,O (18
MW), the column was acidified with 3.5 ml of 30 mM HCI, and the phosphate was eluted with
an additional 5 ml of 30 mM HCI [182]. Approximately 95% of the phosphate was recovered,
lyophilized, and converted into volatile triethyl phosphate by reacting with diazoethane [183].
The product was analyzed on a polar capillary column with a Hewlett-Packard 5972A GCM S

operated in the SIM mode. Masses 155-163 were measured and corrected for spillover from



2. Materials and Methods Methods 39

unprotonated diethyl phosphate. The calculation of the fraction of Pi containing from zero to
four 80 atoms as a function of time from the starting distribution of phosphate isotopomers
was based on the equations derived by Hackney’ [184].

** This experiment was performed by departments of Med CURE, University of California,
Los Angeles, Vaglahs.
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3. Results

3.1 Sequence comparison
The Na'/K*-ATPase and the L-2-DEX YL share a similar reaction mechanism by forming a
aspartyl ester intermediate that is subsequently hydrolyzed during the catalytic cycle [134].
Protein sequence comparison provides further evolutionary information about these two
divergent enzymes [128, 136]. Using a standard gap BLAST program, the sodium pump did
not show any similarity to the haloacid dehalogenase, but iterated sequence comparison and
position-specific iterated BLAST (PSI-BLAST) [185, 186] dtarting from haloacid
dehalogenase have shown that these enzymes share three statistically significant motifs (Fig.
3.1) with P-type ATPase [138]. The first of these motifs (DLYGT in L-2-DEX YL, and
DKTGT in Na'/K*-ATPase) contains an absolutely conserved aspartate (Aspl0 in L-2-DEX
YL, Asp369 in Na'/K*-ATPase), which covalently binds an a-hydroxy acid in L-2-DEX YL
and a phosphate in Na'/K *-ATPase [ 133, 187]. The second motif contains a strictly conserved
hydroxyl residue of serine or threonine; these two motifs are separated by large inserts of
variable size as shown in Fig. 3.1. The third motif contains a strictly conserved lysine residue
(Lys151 in L-2-DEX YL, Lys691 in Na'/K*-ATPase) and an absolutely conserved aspartate
(Asp180 in L-2-DEX YL and Asp714 in Na'/K*-ATPase). If these residues are replaced via
mutagenesis, the haloacid dehalogenase loses or strongly reduces its enzymatic activity [129,
130, 133].
Motif | Motif Il Motif 111

10 118 151 180
L-DEX_PS 9FBLYGTL (101) LSNGS (26) VYKPD (19) VSSNAWBA 181
DHIB_ Xa 7 FBAYGTL (99) LSNGA (26) VFKPH (19) VSSNGFBV 177
PSP MJ 10 ABVDSTV (82) ISGGF (44) KGKVI (14) IGDGATEM 174
PMA1 sp 368 SBKTGTL (234) VIEGDH (75) QQKLI (14) TGDGVNBA 715
1EUL 350 SBKTGTL (264) ITGDN (53) SHKSK (14) TGDGVNBA 708

Fig.3.1 Sequences surrounding the three motifs of the haloacid dehalogenase
superfamily in rat Na'/K*-ATPase. L-DEX_ps: haloacid dehalogenase from Pseudomonas;

DHIB_Xa: haloacid dehalogenase from Xantho; PSP_MJ: phosphoserine phosphatase from
Methanococcus jannaschii; PMAL sp: Na'/K*-ATPase al chain from sheep kidney; 1EUL:
Ca?*-ATPase from human sarcoplasmic reticulum. The absolutely conserved Asp residue in
motif | and 111 is marked in red, the highly conserved Lys residue in motif I11 is labeled in
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blau, and the highly conserved residue Ser/Thr is shown in green. The alignment is based on
those of Koonin [201] and Aravind et al. [126], which were obtained with iterative

approaches using haloacid dehalogenase as the starting sequence.

3.2 Introduction of the mutationsinto the vector pKS-AS

3.2.1 Plasmid construction

As shown in Fig. 2.3, the annealed linker presented a new restriction site of BStEll and two
cohesive ends of Apal and Bglll site, respectively. This linker was inserted into the pKS' to
generate a new BStEIl site near the Bglll site (pKS'-BStEII). A Bglll-B<tEll fragment
consisting of 1010 bp cDNA of the Na'/K*-ATPase al subunit from sheep kidney was cut
from the plasmid pCGY1406ab using Bglll and BstEll restriction endonucleases and
subsequently ligated into the same site of the newly linked pKS*-BtEll. At this point, the
pKS'-AS with 3947 bp was constructed and could be used as template for site-directed
mutagenesis by inverse-PCR.

The plasmid construction was controlled by restriction analysis. The pKS" was cleaved once
by the Hinl endonuclease but not by BstEll, and it showed only one band of 2944 bp after
digestion with these two enzymes in comparison to the linked pKS'-BstEll plasmid, which
demonstrated two bands with 1848 bp and 1096 bp shown in Fig. 3.2.1.

bp

Fig. 3.2.1 Redtriction analysis of the pK S’ plasmid with BStEll site on 1% agarose gel.
Plasmid DNA (0.3 pg) was digested with Hinl and BstEll at 37°C for 2 h . lane 1: pKS™ with a
band of 2944 bp; lane 2: pKS -BstEll with two bands of 1848 bp and 1096 bp; lane 3: 1 kb
DNA ladder
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The newly constructed plasmid pKS*-AS was confirmed using so-called linearization and
insert-releasing. For linearization, the pKS™-AS was digested with Bglll to check the size of
the enzyme, and for insert-releasing, cleaved with the enzymes Bglll and BstEIl to release the
1010-bp length cDNA fragment from the al subunit of the Na'/K*-ATPase. The plasmid
pKS'-B<tEII consisting of 2944 bp was used as the control. As shown in Fig.3.2.2, the pKS'-
AS showed upon linearization one band with 3947 bp (total length) and upon double cleavage
two bands with 2937 bp and 1010 bp (insert) in comparison with the control, which showed
only one band of 2944 bp upon single digestion and 2937 bp (a 7-bp band was run out) upon
double digestion.

Fig. 3.2.2 Restriction analysis of the pK S'-AS plasmid on 1% agar ose gel.
Plasmid DNA (0.6 png) was digested with Bglll or Bglll and BstEIll at 37°C for 2 h.
lane 1: 1 kb DNA ladder;
lane 2: pKS'-BstElI digested with Bglll showed a band of 2944 bp;
lane 3: pKS'-AS digested with Bglll presented a band with 3947 bp;
lane 4: pKS'-BstEII digested with Bglll and BstEll showed a band of 2937 bp
lane 5: pKS'-ASdigested with Bglll and BstEll showed two bands of 2937 bp and 1010 bp

3.2.2 Mutagenesis by inverse-PCR
PCR was performed as described in point 2.3.2.10 of the methods chapter. The constructed
3947 bp-length pKS'-AS, which contained 1010-bp cDNA fragment of the a1 subunit of the
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Na'/K*-ATPase from sheep kidney, was used as a template for the PCR. The primer pairs for
each mutation are listed in Table 2.2 and Table 2.3. The annealing temperature was generally
calculated based on the lower melting temperature of the two primers. In the case of bad yield
or low specificity of the PCR-product, the annealing temperature of the reaction cycle was
empirically modulated to adapt the reaction. Table 3.1 shows the individual annealing

temperature used for the various mutations.

Table 3.1 Annealing temperaturein PCR for individual mutations
Mutation of theal subunit  K691A KG691R K691D D714A D714R D714E
Annealing Temperature (°C) 51 53 53 54 54 52

The PCR products were separated on a 1% agarose gel and extracted using a JETsorb Kit (see
Methods 2.3.1.9) from the gel. The PCR yield was in the range of 2 to 4 ug per 100 ul
reaction mixture. After a series of treatments, including removal of the 3° A-overhang, 5
termini phosphorylation, and self-ligation, the PCR products were transformed into competent
E. coli DH5aF . The target PCR products showed a band with ~3947 bp as the template on
the 1% agarose gel (Fig. 3.2.3).
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Fig. 3.2.3 The PCR productson a 1% agar ose gel
PCR products of each mutant (8ul) were loaded and the gel was run at 100 V for 1 h.
Lanes 1,5: GeneRuler ™ 1 kb DNA Ladder: lane2: Lys691Ala; lane 3:Lys691Arg; lane 4:
Lys691Asp: lane 6: Asp714Ala; lane 7: Asp714Arg; lane 8: Asp714Glu in pKS'-AS
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3.2.3 Confirmation of the introduced mutationsin the plasmid pKS'-AS

The wild-type or mutant plasmid pKS*-AS was isolated from E. coli, and the mutations were
verified using restriction analysis and DNA sequencing analysis.

For the three Lys691 mutants Lys691Ala, Lys691Arg, and Lys691Asp, the restriction
endonuclease Nrul was used as a diagnostic tool whose restriction site was generated by a
silent mutation in the reverse primer. Therefore, after digestion with Nrul, they showed a band
with 3947 bp as shown in Fig. 3.2.4.

LA e
2000 '_ _-u——3947bp
=

20000 ¢
1500~ .
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Fig. 3.2.4 Restriction analysis of pKS™-ASincluding Lys691 mutants on 1% agar ose gel
0.2 pg DNA was digested with Nrul in corresponding buffer at 37°C for 2h. Lane 1:
GeneRuler™ 1 kb DNA ladder; pKS'-AS (lane 2,3) showed only the non-digested DNA bands
(relaxed and supercoiled forms) ; Lys691Ala, Lys691Arg, and Lys691Asp mutation in pKS'-AS
(lane 4,5,6) showed a band with 3947 bp

In the Asp714 mutants, a diagnostic restriction site for Nsil was generated by the Asp714Ala
mutation and a Clal site by the Asp714Arg mutation. For the Asp714Glu mutant generation,
however, the number of Cfr10l sites increased from 2 to 3. Hence, the diagnostic digestions
were performed in different combinations for each mutation of the Asp714, each with its
individual native plasmid control. As shown in Table 3.2, Asp714Ala digested with Nsil and
Bglll demonstrated two bands of 700 bp and 3247 bp compared to one 3947 bp band for the
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control. Asp714Arg digested with Clal and Bglll also showed two bands of 697 bp and 3250
bp with one control band of 3947 bp. Asp714Glu was digested only with Crf10l and
presented three bands of 1074 bp, 1710 bp, and 1163 bp in comparison with the control
exhibiting two bands with 1163 bp and 2784 bp (Fig. 3.2.5).

Table3.2  Restriction analysisof the Asp714 mutationsin pKS™-AS

Mutation  restriction enzyme  number of cleavage imaging on 1% agarose gel

Asp7l4Ala Nsil + Bglll 1+1 700 bp, 3247 bp
wild-type 0+1 3947 bp

Asp714Arg Clal + Bglll 1+1 697, 3250 bp
Wild-type 0+1 3947 bp
Asp714Glu Cfr10l 3 1075, 1710, and 1162 bp
Wild-type 2 2785 bp, 1162 bp
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Fig. 3.25 Restriction analysis of pKS'-ASincluding Asp714Glu mutant on 1%

agarose gel. 0.2 ug DNA of wild-type or Asp714Glu in plasmid pKS'-ASwas
digested with Cfr10I at 37°C for 2 h. The plasmid pKS'-AS (wild-type) showed two
bands of 2785 bp and 1162 bp and Asp714Glu in pKS'-AS showed 3 bands of 1075

bp, 1710 bp, and 1162 bp
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The ligation site of the PCR product was determined with the restriction nucleases PpuMI
(Lys691 mutants) or Esp3l (Asp714 mutants), which recognize only one restriction site just
across the ligation site of the desired cDNA fragment in the native and the mutant pKS™-AS,
to screen the plasmids without a deletion mutation that would be generated by using the T4
DNA polymerase. As shown in Fig. 3.2.6, each mutation showed a bands of 3947 bp as the
native pKS'-AS.
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Fig. 3.2.6 Therestriction analysisby PpuM|I or Esp3l endonucleases
0.2 pg of native (lane 2, 9), Lys691Ala (lane3), Lys691Arg (lane 4), Lys691Asp (laneb),
Asp714Ala (laneb), Asp714Arg (lane 7), and Asp714Glu (lane8) in pKS'-AS were incubated
with PpuMI or Esp3l at 37°C for 2 h, respectively. Each mutant showed a band of 3947 bp as
the wild-type. Lane 1 and 10: GeneRuler™ 1 kb DNA ladder

The verified mutant clones were confirmed using DNA sequencing as described at point
2.3.1.15 of the methods chapter to determine that the mutation was generated in the desired
site, that no random mutations occurred during the inverse-PCR, or that no deletion mutations
were generated by T, polymerase during the blunt-ending of the PCR products. For each
mutant, a BstElI-Ncol fragment with 353 bp that contained the target mutation was
sequenced. This 353 bp-length ¢cDNA fragment was then replaced into the pKS'-AS to
replicate in E. coli. The Chromas curve of the sequencing analysis was not shown.



3. Results 47

3.3 Expression of the native or mutant Na'/K*-ATPasein yeast cell line 30-4

3.3.1 Introduction of the mutationsinto the shuttle vector pCGY 1406ab

To express the mutant Na'/K*-ATPase in S cerevisiag, the plasmid pCGY1406ab was
digested with restriction endonucleases Bglll and BstEIl to remove the 1010 bp original
cDNA fragment of the a1 subunit of the Na'/K*-ATPase and replaced with the corresponding
mutated 1010 bp cDNA fragment from the plasmid pKS'-AS. After replacement, the plasmid
pCGY 1406ab containing wild-type or mutant Na'/K*-ATPase was transformed into E. coli
cell strain DH5aF as described in point 2.3.1.3 of methods chapter. The 12833 bp-length
Bglll-BstEll fragments were dephosphorylated to avoid self-ligation of the incompletely
cleaved linear pCGY 1406ab fragments.

In order to confirm successful introduction of the mutated sequences into the pCGY 1406ab
shuttle vector, restriction analysis was carried out.

For Lys691 mutations, Nrul endonuclease cleaved the plasmid pCGY 1406ab twice, showing
two bands of 2578 bp and 11265 bp on the agarose gel, while the wild type plasmid showed
only one band with the whole length of 13843 bp (Fig. 3.3.1).

2323 ww — 2578bp

Fig. 3.3.1 Restriction analysis of Lys691 mutants on al cDNA of the Na'/K*-ATPasein
plasmid pCGY 1406ab
0.2 pg DNA was digested with desired restriction endonucleases at 37°C for 2 h.
lane 1: lambda DNA/Eco47111/Eco91l (BstEIl) marker;
lane 2: pCGY1406ab digested with Nrul with a band of 13843 bp;
lane 3-5: Lys691Ala, Lys691Arg, Lys691Asp digested with Nrul with two bands of 11265 and 2578 bp
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The restriction analysis and its results for Asp714 mutations are shown in Tab. 3.3. Fig. 3.3.2
is arepresentative restriction analysis of Asp714Ala mutant digested with Nsil.

Table3.3 Restriction analysis of the Asp714 mutationsin pCGY 1406ab

mutation  restriction enzyme  number of cleavage distinct on 1% agarose gel

Wild-type Nsil 3 8105 bp
Asp714Ala 4 7300 + 805 bp
Wild-type Clal 3 3855 bp
Asp714Arg 4 2299 + 1556 bp
Wild-type Cfr10l 8 4404 bp
Asp714Glu 9 4404 bp disappeared

Fig. 3.3.2 Restriction analysis of Asp714Ala mutant on al cDNA of the Na'/K*-ATPase

in the plasmid pCGY 1406ab
0.2 ug DNA was digested with desired restriction endonucleases at 37°C for 2 h.
lane 1: lambda DNA/Eco47I111/Eco91l (BstEIl) marker
lane 2: pCGY1406ab digested with Nsil with 3 bands of 8105, 4678 and 1911 bp
lane 3-5: Asp714Ala digested with Nsil with 4 bands of 7300, 4678, 1911 and 805 bp
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3.3.2 Confirmation of the expression of the native or mutant Na'/K *-ATPasein yeast

The identified shuttle plasmid pCGY 1406ab containing either native or mutated Na'/K*-
ATPase was transformed into the yeast cell line 30-4. To ensure that either native or mutant
Na'/K*-ATPases were adequately expressed in yeast cells, the microsomal protein isolated
from yeast cells (see Methods 2.3.2.7) were probed in a Western blot with a monoclonal
antibody raised against the Na'/K*-ATPase al or b1 subunit. As shown in Fig. 3.3.3, the wild
type and each of the mutated Na'/K*-ATPase demonstrated approximately 110 kDa of al
subunit as the positive control of kidney Na'/K*-ATPase from pig. The antibody did not
recognize any protein of ~110 kDa corresponding to the wild type or mutant Na'/K*-ATPase
al subunits in microsomal protein from nontransformed 30-4 yeast cell. Fig. 3.3.4 shows the
b1 subunit of the wild-type and all of the mutants of Na'/K*-ATPase expressed in yeast cells
with a molecular weight of ~39 kDa in SDS-polyacrylamide gels. In the case of al subunit

detection, nontransformed yeast cells were used as the negative control.

, O X~ AY A
\\b!é 3 ¥ 3’ ~\%(o N & R R R \0}-
Q v v Ny’ N ¢ g T R
' ' 122 kDa
Py PR pe—
79 kDa

Fig. 3.3.3 Expression of each mutated Na'/K *-ATPase a1 subunit in yeast cells

15 ny of the yeast cell membranes containing either wild-type or mutant Na'/K*-ATPase were
separated by 7.5% SDS-PAGE and then transferred to a nitrocellulose membrane (NC membrane).
The blots were subsequently probed with monoclonal antibody against al subunit of the Na'/K"-
ATPase as primary antibody and horseradish peroxidase-coupled anti-mouse 1gG as secondary
antibody. The Na'/K*-ATPase purified from pig kidney was used as the positive control. The

nontransformed yeast cell membrane was used with the same procedure as the negative control.
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Fig. 3.3.4 Expression of each mutated Na'/K *-ATPase b1 subunit in yeast cells

15ng of the yeast cell membranes containing either wild-type or mutant Na'/K*-ATPase were
separated by 6.5% SDS-PAGE and then transferred to a nitrocellulose membrane (NC membrane).
The blots were subsequently probed with monoclonal antibody against b1 subunit of the Na'/K”-
ATPase as primary antibody and horseradish peroxidase-coupled anti-mouse 1gG as secondary
antibody. The nontransformed yeast cell membrane was used with the same procedure as a negative

control.

The Western blot demonstrated that both the wild-type and mutated Na'/K*-ATPases were
successfully co-expressed with sheep al and dog b1 subunit of the sodium pump.

3.4  Functional detection for mutated al subunit of the Na'/K*-ATPase expressed in
yeast

3.4.1 PTX-induced K" efflux from yeast cells expressing either wild-type or mutant
Na'/K *-ATPase
PTX acts on Na'/K*-ATPase, causing formation of a channel within the enzyme [64, 91] that
allows ions to flow down their electrochemical gradient. As expected, yeast cells expressing
wild type Na'/K*-ATPase displayed a significant PTX-induced K" efflux with an ECs value
of 17.8 + 2.7 nM where the nontransformed yeast cells did not show any PTX-induced K*
efflux effect (Fig.3.4.1 and 3.4.2). The interactions of PTX with each of the Lys691 or
Asp714 mutated Na'/K*-ATPases were affected: the ECsp values obtained with cells
expressing the Lys691Arg or Asp714Glu mutation in Na'/K*-ATPase were about 7-fold
(117.6 £ 23.8 nM) or 4-fold (76.5 + 3.6 nM) higher than that of the wild-type, respectively,
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and the maximal K* efflux from the cells was 68.1 + 17.5% and 70.9 + 28.7% compared with
the wild-type with a corresponding value of 72.2 + 8.4%.

The other 4 mutations, Lys691Ala, Lys691Asp, Asp714Ala, and Asp714Arg, however, were
very insensitive to PTX. The PTX-induced K* efflux was strongly reduced with a normalized
K" efflux percentage value of 21.1% and 14.4 for Lys691Ala and Lys691Arg, respectively,
and 3.8% and 5.4% for Asp714Ala and Asp714Arg in the presence of 2 uM PTX,
respectively (Fig.3.4.1 and 3.4.2).
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Fig 3.4.1. PTX concentration dependence of the K™ efflux from the yeast cells expressing
wild-type or Lys691 mutant of Na'/K *-ATPase. Yeast cells (5" 10° cells/ ml) expressing either
wild type (H), or Lys691Arg (A), Lys691Ala(" )and Lys691Asp (&) mutants of Na'/K*-ATPase, or
nontransformed yeast cells (W) were incubated with various concentrations of PTX at 30°C for 2 h as
described in Methods 2.3.2.3. Cells were then centrifuged, and the K™ concentration in the
supernatant determined by flame photometry. The percentage of K* efflux was normalized based on

the total [K*] measured in the presence of LiDS and the so-called 0-value obtained from the samplein
the absence of PTX.
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Fig 3.4.2. PTX concentration dependence of the K™ efflux from the yeast cells expressing
wild-type or the Asp714 mutants of Na'/K *-ATPase. Yeast cells (5" 10° cells / ml) expressing
either wild-type (M), or mutants Asp714Ala (N), Asp714Arg (O) and Asp714Glu (%) of Na'/K*-
ATPase, or nontransformed yeast cells (W) were incubated with various concentrations of PTX at
30°C for 2 h as described in “Methods’ 2.3.2.3. Cells were then centrifuged, and the K*
concentration in the supernatant determined by flame photometry. The percentage of K efflux was
normalized based on the total [K'] measured in the presence of LiDs and the so-called 0-value
obtained from the sample in the absence of PTX. The inset shows the PTX-induced K* efflux by
Asp714Ala (N) and Asp714Arg (O) mutants of Na'/K*-ATPase.

3.4.2 Ouabain inhibition of the PTX-induced K™ efflux from yeast cells expressing
either mutant or wild-type Na'/K *-ATPase

Ouabain, a potent and specific inhibitor of the Na'/K*-ATPase, inhibits the K™ efflux induced
by PTX [26, 64, 101]. Hence, determination of the ECsy value for ouabain inhibition of the
PTX-induced K efflux allows one to obtain a measure of the relative affinity of the yeast-
expressed Na'/K*-ATPase for ouabain.

PTX-induced K* efflux from yeast cells expressing wild type Na'/K*-ATPase was completely
inhibited by ouabain (Fig.3.4.3) with an ECso value of 5.13 = 0.71 pM in the presence of 50
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nM PTX. The corresponding values obtained from cells expressing the Lys691Arg or
Asp714Glu mutant of Na'/K*-ATPase were 131 + 13 uM by 200 nM PTX and 2520 + 342
MM by 100 nM PTX. For the other four mutations, Lys691Ala, Lys691Asp, Asp714Ala, and
Asp714Arg, the ouabain inhibition was determined in the presence of 800 nM PTX and
showed also a concentration-dependent ouabain inhibition (data not shown). The ECso values
under these conditions were 144 pM and 210 pM for Lys691Ala and Lys691Asp,
respectively, and 221 pM and 225 pM for Asp714Ala and Asp714Arg, respectively (Table
3.5).
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Fig.3.4.3 Ouabain-inhibition of the palytoxin-induced K* efflux from yeast cells
expressing either wild-type or Lys691Arg and Asp714Glu mutants of Na'/K *-ATPase

Yeast cells containing wild-type (M) or Lys691Arg (A) and Asp714Glu (k) mutants of Na'/K*-
ATPase were incubated with defined concentrations of PTX and various concentrations of ouabain at
30°C for 2 h, as described above. A: Determination of K* concentration in the supernatant. B:
Determination of ECs, values for inhibition of the PTX-induced K* efflux by ouabain. The ECs, value

is the negative of the intercept with the abscissa.
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Table.3.5 M easurement of the palytoxin and ouabain effect (+ SD)

sodium ECs, for PTX ECs, for ouabain ouabain binding with ATP
pump (nM) (uM) (pmol/mg protein)
Wild-type 17.8+2.7 5.13+0.71 0.715 + 0.026
Lys691Ala n. d. 114* 0.051 + 0.024
Lys691Arg 118 + 24 131 +13 0.084 + 0.018
Lys691Asp n. d. 210*

Asp714Ala n. d. 221* 0.042 £ 0.021
Asp714Arg n. d. 225* 0.034 £ 0.020
Asp714Glu 765+ 3.6 2520 + 342 0.055 + 0.017

*: in the presence of 800 nM palytoxin with very low K* efflux; n. d: not determined

35 Measurement of [*H]ouabain binding to yeast membranes containing native or
mutant Na'/K *-ATPase

Ouabain binds with the highest affinity to Na'/K*-ATPase upon formation of a
phosphoenzyme intermediate (E»-P form) to form an [E2* Pxouabain] complex [5]. Any case
which reduces the stability of the E-P form of the enzyme can reduce the [*H]ouabain affinity
to the Na'/K*-ATPase. Mg* is necessary for activity of Na'/K*-ATPase as shown in its
reaction cycle in Scheme 1.1 and the binding of [®H]ouabain to enzyme requires Mg?* ion
[101, 174]. To testify whether Mg®* coordination was affected by the mutant Na'/K*-ATPase,
the ouabain binding properties were determined in the presence and absence of Mg?* ion.

3.5.1 Binding of [*H]ouabain to phosphoenzyme formed from P;

In the presence of P, and Mg®* ions, the Na'/K*-ATPase is phosphorylated in a back-door
phosphorylation fashion [15]. This ouabain binding can be inhibited by K* ions, causing a
reduction of ouabain binding affinity [101, 173].

3.5.1.1 [*H]ouabain binding in the presence of P,

To determine whether the mutations have an effect on enzyme/phosphate interaction, the
microsoma membrane containing wild-type or mutant Na'/K*-ATPase was incubated with
various concentrations of [*H]ouabain in the presence of Mg®* and Pi to form a
(E2P*[®H]ouabain) complex which was determined by a liquid scintillation counter.

As expected, the microsomal membrane containing wild-type Na'/K*-ATPase demonstrated
clear [*H]ouabain binding (Fig. 3.5.1) with a dissociation constant (Kp) of 20.0 + 3.9 nM
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while none of the mutant Na'/K*-ATPases shown a binding to [*H]ouabain under these
conditions. The maximal binding (Bma) of [*H]ouabain to wild-type Na'/K*-ATPase was
0.809 + 0.069 pmol (mg of protein)™ calculated from the Scatchard plot.

[*H]ouabain bound
(pmol/mg protein)

0.00 0.01 0.02 0.03 0.04

bound/free

Fig. 3.5.1 Scatchard analysis of [*H]ouabain binding to wild type Na'/K *-ATPase in the
presence of Mg?* ions and P. 250 pg membrane protein were incubated at 30°C with a reaction
mixture as described in point 2.3.3.1 of Methods chapter for 30 min. The Kp value was calculated
from the Scatchard plot. No ouabain binding was detected in similar experiments involving the Lys691
and Asp714.

In the absence of Mg ions, Lys691Arg and Asp714Glu demonstrated an ouabain binding
effect at the high concentration of 100 nM [*H]ouabain; the Kp values were not able to be
determined under these conditions (data not shown).

3.5.1.2 Inhibition of [*H]ouabain binding by K*

Ouabain binding is at least partially competitive with K* [101, 173]. Alternatively, it was
thought that in the presence of K*, the enzyme is dephosphorylated, causing a conformational
change from the E,-P to the E, form, causing a low affinity of the enzyme for ouabain,
thereby, the binding of [*H]ouabain is reduced .

Fig. 3.5.2A is a representation of this experiment in the presence of Mg®". The binding of
[*H]ouabain to yeast membrane containing wild-type Na'/K*-ATPase displayed a decreased
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binding to [*H]ouabain with increasing K* concentrations. The relative affinity (Kosvalue) of
K* for binding to [*H]ouabain was 2.43 + 0.64 mM calculated from a Scatchard plot (inset);
the relative affinity of each of the mutated Na'/K*-ATPases was not able to be determined.
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Fig. 3.5.2 Inhibition of [*H]ouabain binding by K*. 250 pg membrane protein were incubated
with a reaction mixture as described in Methods.2.3.3.2 for 30 min. A shows the inhibitory effect of K*
on ouabain binding to yeast membranes expressing the wild-type sodium pump in the presence of
Mg?* ions. The inset shows the determination of the Ky for the effect of K" on ouabain binding. The
Kos value is the negative of the intercept with the abscissa. B is a representation of the ouabain
binding as a function of K* concentration in the absence of Mg** ions. (l)-wild-type, (0)-Lys691Arg,
(*)-Asp714Glu

In the absence of Mg?* ions, membrane preparations expressing either the wild-type or the
mutated sodium pump demonstrated a similar decreased [*H]ouabain binding with an increase
in K* concentration as shown in Fig. 3.5.2B. The Kgs value representing K* affinity for
ouabain binding to the enzyme was 2.34 = 0.71 mM obtained with the wild-type sodium

pump. The values obtained for the mutant sodium pumps were similar to the wild-type
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enzyme with the exception of Asp714Ala and Asp71Arg mutations with a Kosvalue of 9. 9 £
1.2 mM and 15.4 + 2.0 mM, respectively (summarized in Table 3.6).

3.5.1.3 Binding of [*H]ouabain as a function of Mg**

Ouabain binding to the sodium pump requires Mg?* [101, 174]. In this work, choline chloride
was used to equilibrate the ion strength. Y east membranes containing either wild-type or each
of the mutated sodium pumps were incubated with various concentrations of MgCl; in the
presence of P, and [*H]ouabain as described in Methods point of 2.3.3.

In contrast to the wild-type Na'/K*-ATPase, the yeast membrane expressing either Lys691
(Lys691Ala, Lys691Arg, and Lys691Asp) or Asp7ld (Asp7l4Ala, Asp7l4Arg, and
Asp714Glu) mutated Na'/K*-ATPases showed a decreased binding of [*H]ouabain as a
function of an increase Mg”* concentration, while the wild-type sodium pump showed an
increased binding of [®H]ouabain. Fig. 3.5.3 shows a representation of the results from this
experiment. The Kos values of Mg?* for [®H]ouabain binding to the various mutants of the
sodium pump were 0.26 £ 0.05 mM (Lys691Ala), 0.76 + 0.04 mM (Lys691Arg), 0.36 = 0.05
mM (Lys196Asp), and 0.14 + 0.03 mM (Asp714Ala), 0.12 £ 0.06 mM (Asp714Arg), 1.24 +
0.19 mM (Asp714Glu) while that obtained for the wild-type sodium pump was 0.30 = 0.07

mM. The Kqsvalues are summarized in Table 3.6.

[3H]ouabain bound
(pmol/mg protein)

T
0.2 1.0 25 5.010.0
MgCl, (mM)

Fig. 3.5.3 Binding of [*H]ouabain as a function of Mg®". 250 ug protein from a membrane
preparation expressing either wild type (M), Lys691Arg (0), or Asp714Glu(*) were incubated with
various concentration of Mg®* in a reaction mixture as described in point 2.3.3.3 of Methods chapter

at 30°C for 30 min. The amounts of [ ®H] ouabain bound were measured as above.

3.5.2 [*H]ouabain binding to phosphoenzyme formed from ATP
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In the presence of Na* and Mg**-ATP, the Na'/K*-ATPase hydrolyzes ATP and becomes
phosphorylated by the g-phosphate group of ATP at Asp369 of the a subunit [5, 76]. As
shown in Scheme 1.1, the Na' ions are occluded within the protein at this step and
subsequently released into the extracellular space. The phosphorylated enzyme is now capable
of binding to ouabain with a high affinity and forms a stable complex of [E; Puabain],

which can be measured using [*H]ouabain.

As expected, yeast membranes containing wild-type Na'/K*-ATPase demonstrated binding of
[*H]ouabain with a Bnex of 0.715 + 0.026 pmol/mg protein in the presence of 100 pM ATP.
The maximal binding of [®H]ouabain to each mutant of Na'/K*-ATPase was strongly reduced.
The Bmax Of [*H]ouabain binding was in the range of 0.04 to 0.07 pmol (mg of protein)™, as
summarized in Tab 3.6 is excluded Lys691Asp mutant, which did not show an effect upon
[*H] ouabain binding.

0.75

o
al
<

(pmol/mg praotein)
©
o

[*H]ouabain bound

- 0B O = =

native K691A K691R D714A D714R D714E

Fig. 3.5.5 [*H]ouabain binding to the phosphoenzyme formed from ATP . 250 pg
membrane protein were incubated with a reaction mixture containing 10 mM Trig/CL, pH 7.5, 100
mM NaCl, 100 nM ATP and 5 mM MgCl, at 30°C for 30 min. 3[H]ouabain bound was calculated
using a Scatchard plot analysis.

When Mg** ion was omitted from the incubation mixture, neither the wild-type nor any of the
mutant sodium pumps showed any detectable affinity for ouabain (data not shown).

Table 3.6 Measurement of the ouabain binding properties (+ SD)
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sodium Kp valuefor Kos for K* Kosfor Mg™
pump ouabain with Mg® lack Mg
(nM) (mM) (mM) (mM)

Wild-type 20.0+ 3.9 243+ 0.64 2.34+0.73 0.30 £ 0.07
Lys691Ala n. d. n.d 256+1.01 0.26 + 0.05
Lys691Arg n. d. n.d 3.28+0.84 0.76 £ 0.04
Lys691Asp n. d. n.d 2.23+0.95 0.36 + 0.05
Asp714Ala n. d. n. d 99+12 0.14+ 0.03
Asp714Arg n. d. n. d 154+ 20 0.12 + 0.06
Asp714Glu n. d. n. d 3.28+0.65 1.24+0.19

n. d.: not determined

3.6 Na'/K*-ATPase activity assay

The Na'/K*-ATPase couples ATP hydrolysis (ATPase activity) and cation transocation to
transfer chemical energy into electrical energy as the driving force [15]. The specific ATPase
activity of Na'/K*-ATPase was calculated as the ouabain-inhibited portion in the total ATPase

activity of the sample, using SDS-extracted yeast membrane proteins containing either wild-
type or the mutants.

The specific ATPase activity of the SDS-extracted membrane protein containing wild-type
Na'/K*-ATPase was 32.2 + 8.5 % of the total ATPase activity of 27.5 + 9.1 mU sodium
pump/(mg microsomal protein), while that obtained from the Lys691Arg mutant was 3.6

1.4 %. The ATPase activity of the remaining mutations, Lys691Ala, Lys691Asp and
Asp714Ala, Asp714Arg, and Asp714Glu was undetectable.

3.7 Measurement of *0 exchange between P; and water

The amount of **0 exchanged between 2 mM P, and water in the presence and absence of
ouabain by yeast membranes containing wild-type and mutant Asp714Glu sodium pump are
shown as a function of timein Fig. 3.6.

Y east membranes containing Asp714Glu mutant displayed only a modest *30 exchange with
surrounding water when compared to the wild-type enzyme. The Lys691Arg mutant did not
show any 20 exchange under the same conditions. The *20 exchange activity calculated from
the difference between the slope of the least-square straight lines drawn through the points
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obtained with or without ouabain present, are 24% for the Asp714Glu mutant and 75% of the

total measured *®0 exchange activity for the wild-type enzyme.
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Fig. 3.6 Ouabain-sensitive 0 exchange activity. The amount of *0 exchanged in microatom
per milligram of protein is plotted against the time in hours. Yeast SDSextracted membranes
containing either wild-type (square) or Asp714Glu mutant (circle) were incubated at 30°C over a
period of 24 h. Open symbols mean that ouabain was present and closed symbols mean that ouabain
was absent. The Lys891Arg mutant did not show any **O exchange activity under these conditions
(This experiment was carried out in department of Med CURE, University of California, Los Angeles,
Vaglahs).
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4. Discussion

The Na'/K*-ATPase (sodium pump) is an active ion-motive ATPase of animal cell
membranes. It converts the energy of ATP hydrolysis into an electrochemical gradient of Na'
and K" ions across the membrane. Under physiological conditions, three Na' ions are moved
out of the cell and two K™ ions into the cytoplasm per molecule ATP hydrolyzed [21, 188]. To
perform this task the enzyme goes through a cycle of conformational transitions,
phosphorylation and dephosphorylation steps, and ion binding, occlusion, and release
reactions [5, 25, 30]. Several functional and structural properties of the Na'/K*-ATPase have
been revealed, such as the presence of a phosphorylation site and its location [5], the existence
of occlusion states [25, 30, 34], or the finding of an extracellular access channel [29, 189,
190]. Since the phosphorylation site and cation binding sites are well separated from each
other in the tertiary structure [191-194], the coupling of enzymatic and transport functions
must be indirect and require conformational changes as a link between ATP hydrolysis and
the trandocation event. Little is known about the nature of these conformational changes
during the enzymatic cycle.

A new work recently suggests that Na'/K*-ATPase is also a member of the hydrolase
superfamily called haloacid dehalogenases (HAD) [128]. The L-2-EDX YL is a wel
characterized member of the HAD superfamily; it catalyses the hydrolytic dehalogenation of
L-haloalkanoates to produce the corresponding D-2-haloalkanoates [195]. The catalytic
reaction begins with a nucleophilic attack of Aspl0 on the a-carbon of the substrate L-2-
haloalkanoates and results in formation of an ester intermediate, which is subsequently
hydrolyzed to release the D-2-haloalkanoate products (Scheme 1.2) [131, 133]. The crysta
structure and mass spectrometric monitoring reveal the enzymatic reaction mechanism and
some unique amino acid residues such as Aspl0, Serl118, Lys151, and Aspl80, which are
crucial for forming and hydrolyzing the intermediate [132, 137]. Site-directed mutagenesis
furthermore indicates such amino acid residues are essential for enzymatic activity [130].
These enzymological studies of L-2-DEX YL have provided critical information on the
structure and function of Na'/K*-ATPase, which has a very similar reaction mechanism to L-
2-DEX YL ([128]). Recent studies on the crystal structure of Ca®*-ATPase from sarcoplasmic
reticulum have revealed that the phosphorylation domain of this ATPase has a high three-
dimensional structural similarity to that of L-2-DEX YL, and some essential amino acid
residues are conserved between these two proteins [126, 136].
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Using the standard gap BLAST program, the sodium pump did not show any similarity to the
haloacid dehalogenase, but iterated sequence comparison and position-specific iterated
BLAST (PSI-BLAST) [185, 186] starting from haloacid dehalogenase have shown that these
enzymes share three statistically significant motifs with the predicted P domain of the Na'/K*-
ATPase (Fig. 3.1). Thefirst of these motifs contains an absolutely conserved aspartate (Aspl0
in L-2-DEX YL, Asp369 in sheep Na'/K*-ATPase al subunit) which covalently binds an a-
hydroxyl acid in L-2-DEX YL and phosphate in Na'/K*-ATPase [133, 187]. The second
motif contains a strictly conserved hydroxy! residue, serine or threonine. These two motifs are
separated by large inserts of variable size as shown in Fig. 3.1. The third motif contains a
highly conserved lysine (Lys151 in L-2-DEX YL, Lys691 in Na'/K*-ATPase) residue and an
absolutely conserved aspartate (Asp180 in L-2-DEX YL and Asp714 in Na'/K*-ATPase).
These three motifs comprise atypical haloacid dehalogenase Rossmann fold (Fig. 1.5, 1.6).

In order to investigate whether Lys691 and Asp714 play the same key function for the
catalytic mechanism of the sodium pump as the corresponding amino acids do for the activity
of the haloacid dehalogenases, mutants of the sodium pump were produced in yeast and
investigated for their properties.

Lys691, which according to Aravind's proposal [128] should be involved in the hydrolytic
process of the terminal phosphate group of ATP during the self-phosphorylation process of
the enzyme at Asp369, was atered to a neutral amino acid (Ala), altered in a non-conservative

way (Glu), or replaced by preserving the positive charge (Arg).

Asp714 should coordinate a water molecule according to the same model, thus producing an
increased nucleophilicity of the water oxygen and resulting in a nucleophilic attack of the
latter on the phosphoric atom to cleave the phosphoric ester formed between Asp369 and ATP
terminal phosphate. Asp714 was mutated also in a conservative (Asp714Glu),
nonconservative (Asp714Arg) and neutral way (Asp714Ala).

Therole of Lys691

Based on Aravind's proposal, Lys691, especially its positive charge, should be absolutely
essential for the phosphorylation process of the enzyme by ATP. The positively charged e-
amino group of the lysine increases the electrophilicity of the g-phosphoric atom, enabling it
to be attacked by the carboxyl group of Asp369, a reaction leading to the phosphorylated
intermediate of the sodium pump called E;~P. Thus, the expectation, if the model is correct,
was that neither the neutral nor the nonconservative mutations of Lys691 should lead to
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functional enzymes. The conservative mutant Lys691Arg, on the other hand, was expected to
display some of the properties of the native enzyme.

In order to ensure that changes in enzymatic properties were not due to altered protein
expression, Western blots were carried out to verify the presence of the proteinsin question in
the membrane preparations used (Fig.3.3.3 and 3.3.4).

As expected, Lys691Ala and Lys691Asp were inactive in all respects. Not only was an
ATPase activity detected in membrane preparations, but these enzyme also more or less
completely failed to interact with the highly sodium pump-specific inhibitors ouabain or
paytoxin.

The Na'/K*-ATPase is the unique receptor for ouabain [101]. Phosphate interaction at the
catalytic phosphorylation site, Asp369 in the sheep al isomer, induces a conformational
change in the sodium pump which increases the affinity of the enzyme for ouabain [64]. Thus,
catalytic ATPase activity and ouabain binding are linked through this phosphorylation site,
which supports the use of [*H]ouabain binding as a method for probing the functional
properties of Na'/K*-ATPase.

The affinity of the sodium pump for ouabain is closely linked to enzyme cycling. The effects
of enzyme substrates on the protein-drug interaction has been demonstrated: Mg®* and P,
stimulate ouabain binding in the absence of monovalent cations [101, 174], and Mg*" and
ATP stimulate ouabain binding in the presence of Na' [173, 175]. These ouabain binding
properties can be antagonized by the addition of K* ion to the equilibrium medium.
Presumably, K" induces a conformational change in the Na'/K*-ATPase from the E,P to the
E, form (Scheme 1.1); this conformational change lowers the ouabain affinity of the enzyme.
Mg*" is required for the maximal enzymatic activity [196].

Palytoxin is also a specific Na'/K*-ATPase inhibitor. This toxin is synthesized by coral
(Palythoa spp) and is the most potent animal toxin known. Palytoxin induces a channel
formation within the sodium pump, and causes K* efflux and Na' influx down their
electrochemical gradients in animal cells but not in bacterial or yeast cells [91, 95]. Yeast
cells become sensitive to palytoxin only when expressing with functional mammalian sodium
pump [64]. This evidence supports the belief that the Na'/K*-ATPase is the target of
palytoxin. Ouabain completely inhibits the palytoxin-induced K* efflux from yeast cells
expressing the mammalian sodium pump [64].

Palytoxin is known to interact with the E; conformational state of the enzyme and its
phosphorylated derivatives. This conclusion is supported by experiments on reside-
reconstituted Na'/K*-ATPase [197]. Binding experiments with radioactively labeled palytoxin
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indicating that palytoxin acts on the E;-P conformer of the enzyme induced by cytosolic ATP
and Na" (Scheme 1.1), and approximately 50% of the maximum palytoxin binding is obtained
in the presence of ADP, which cannot be utilized by the pump to induce the E;-P
conformational state [160]. Although the phosphorylation of the Na'/K*-ATPase is not
absolutely required for the binding of palytoxin, ATP and phosphorylation promote palytoxin
binding to the Na'/K*-ATPase [26, 160].

In contrast to the Lys691Ala and Lys691Asp mutants, the conservative mutant Lys691Arg
retained some of the partia activities of the wild-type enzyme, although it completely failed
to display any ATPase activity, indicating that this mutant enzyme is not capable of
undergoing all conformational transitions required for the accomplishment of the catalytic
cycle.

In the presence of phosphate and Mg?*, which in the wild-type enzyme induce the E,-P
conformational state and alow the binding of ouabain, the mutant was not able to bind
ouabain. Thus, the [Ex-P-ouabain] complex was not formed by this enzyme.

On the other hand, yeast cells expressing this mutant become sensitive to palytoxin and lose
cytosolic K*. Their sensitivity to palytoxin was with an ECsp value of 118 + 24 nM clearly
reduced by almost 10-fold below the sensitivity of cells expressing the native sodium pump,
where the ECso value under the same conditions was 17.8 + 2.7 nM.

In contrast to the binding experiments in the presence of Mg®* and phosphate, ouabain was
recognized by the mutant under these conditions and inhibited the palytoxin-induced K*
efflux from the yeast cells. The ECs, for the ouabain effect, however, was about 131+ 13 pM,
while the corresponding value obtained with cells expressing the native sodium pump was
5.13+ 0.71 pM.

As verified earlier with mutants of Asp369 [76], which is the phosphorylation site of the
sodium pump, phosphorylation of the enzyme is not required for paytoxin-induced channel
formation, although ATP promotes the reaction. Yeast cells that express this Asp369Ala
mutant are sensitive to palytoxin and loose upon exposition to the toxin their intracellular K.
The ECs for palytoxin is under these conditions 6.2 + 0.9 nM. In these experiments it also
become clear that not only palytoxin but also ouabain can interact with nonphosphorylated
forms of the enzyme, since the palytoxin-induced K* efflux from cells expressing this mutant
was inhibited by ouabain with an 1Csp of 210 + 15 uM [76].

Thus, the fact that palytoxin induces a K* efflux from cells expressing the Lys691Arg mutant
does not alow one to distinguish whether the enzyme retains its capability of becoming
phosphorylated or not. If phosphorylation occurs, one should expect that the
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dephosphorylation of this mutant enzyme should be possible, since other amino acids
involved in the dephosphorylation process remained unaltered. Therefore, 0O exchange
experiments were carried out using ATP with ®O-labeled terminal phosphate. In these
experiments, one expects the phosphorylated enzyme to dephosphorylate by getting
hydrolyzed [184]. Thus, depending upon the numbers of hydrolyses and back-
phosphorylations, the *®0-labeled phosphate will exchange several of the labeled oxygen
atoms with unlabeled water oxygen, thus producing various species of labeled phosphate that
can be detected in a mass spectrometer [182,183]. No ‘20 exchange, however, was detected
with membrane preparations containing the Lys691Arg mutant, allowing one to assume that
phosphorylation does not take place with this mutant and that it is in unphosphorylated form
that interacts with palytoxin or ouabain in the K* efflux experiments with whole yeast cells.

This proposal can also serve as an interpretation of the data concerning ouabain binding to
membrane preparations containing the Lys691Arg mutant. There, binding was not detectable
in the nM ouabain range investigated unless Mg** was omitted. Mg®* (and ATP or ADP) are
present in the cell, thus shifting the conformation of the mutant enzyme that is localized in the
plasma membrane towards the E; conformational state that binds ouabain with low affinity. In
the membrane preparations, however, when Mg®" is omitted from the reaction mixture, an
Ei« E; transition with the equilibrium towards the E, form [198] allows ouabain binding also

at nM ouabain concentrations.
Theroleof Asp714

P-type ATPases such as the sodium pump appear to be members of a superfamily of
hydrolases structurally typified by the L-2-haloacid dehalogenases. In the dehalogenase L-2-
DEX YL, awater molecule that is directly involved in catalysis is coordinated by Aspl180.
Based on Aravind's proposal [128], the corresponding amino acid Asp714 of the sodium
pump a subunit, especially its negative charge, should be absolutely essential for the
dephosphorylation process of the enzyme. According to his proposal, the negatively charged
carboxyl group of the aspartate side chain should interact with a water hydrogen, thus
resulting in increased nucleophilicity of the water oxygen. This enables the oxygen to attack
the phosphorus atom of the phosphoric ester formed between Asp369 and the ATP terminal
phosphate and to cleave (hydrolyze) the | atter.

The prediction based on this model is that neither of the Asp714Ala or As714Arg mutants
should retain any ATPase activity, which was found to be the case. Other sodium pump-
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associated activities were not detected with these mutants either, despite sufficient expression
of the mutant proteins (Fig. 3.3.3 and 3.3.4).

In contrast, the Asp714Glu mutant retained some of the enzymatic properties, although no
overall ATPase reaction was detected with SDS-extracted membrane preparations from yeast
cells expressing this mutant.

Thus, cells expressing the Asp714Glu mutant were sensitive to palytoxin and released
intracellular K™ upon exposure to the toxin. The ECs for palytoxin was 76.5 + 3.6 nM for this
reaction. This palytoxin-induced K* efflux, however, was aimost completely insensitive to
ouabain (Fig. 3.4.3). The ECs, for ouabain that was estimated from the slow inactivation of
the K* efflux was greater than 2.5 mM, indicating either a very wesk interaction of the mutant
with the cardiac steroid or a very stable formation of a mutant/palytoxin complex. The
relatively high ECsy for paytoxin and the incapacity of membrane preparations from cells
expressing this mutant to bind ouabain in the presence of Mg?* and inorganic phosphate
indicate, however, that the Asp714Glu mutant has a rather reduced affinity for ouabain.

On the other hand, omitting Mg”>* and allowing ouabain to bind to the membranes are
consistent with the assumption made above that Mg?* shifts the enzyme conformation towards
the Ej-associated conformational states. In this case, this should be the E;-P conformational
state, since ®0-exchange was detectable with membranes containing this mutant.
Nevertheless, the exchange rate was highly reduced in comparison to that obtained with the
native enzyme, indicating — as expected — that the dephosphorylation process is
substantially affected by the mutation.

Besides these conclusions, the investigation of the two conservative mutants has provided
new insights into the interaction of the enzyme with its ligands Mg?*, ouabain and K*. Due to
the mutations it was possible to show here, that Mg** arrests the enzyme in the E;-
conformational state and the turn to the E, can only proceed when phosphorylation by the
terminal phosphate of ATP has taken place in the presence of Na'. This is in good agreement
with earlier results obtained from inactivation experiments of the Na'/K*-ATPase with Mg*'-
ATP analogous. In these it could be demonstrated that the Cr'"' derivatives of 8-N3-ATP and
3-N3zp ATP inactivate the enzyme by arresting it in the E; conformational state and that
addition of Mg® accelerates the inactivation reaction without alowing any further

conformational transitions [200].

Interactions with ouabain were aways thought to take place at the phosphorylated E;
conformational state of the enzyme: A possible binding of the steroid to the E; conformational
state was never easy to address, since addition of ATP or phosphate would both result in the
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formation of the stable [Ex* P-ouabain] complex. In addition, since intermediates of ouabain
with the enzyme in the E; state are rather difficult to isolate, the [Ex-P] conformation was
always the one to investigate and possibly because of this it was established as the ouabain
binding state.

With the mutants investigated here, however, it becomes apparent, that when Mg which
arrests the enzyme in the E; conformation is omitted, the E;« E; transition of the enzyme

allows binding of ouabain to the unphosphorylated E; state.

Finally, the fact that K™ inhibiting ouabain binding to the unphosphorylated E, conformational
state gives us the possibility to attempt an explanation of this phenomenon. With native
enzyme where binding of ouabain in the presence of phosphate and Mg?* has often been
shown to be reduced when K is included in the reaction mixture, it is aways a disputable
issue, whether reduced ouabain binding is due to a K*-induced dephosphorylation or due to a
direct competition between K* and ouabain [101, 173]. Although no competition experiments
were performed here with the Lys691 and Asp714 mutants, the fact that K™ reduces ouabain
binding although no phosphorylation occurs is somehow indirectly pointing out to the
possibility that K* and ouabain might compete for binding sites, which might overlap without
being identical.

Nevertheless, the overal conclusion of the investigations described here is that Aravind's
proposal is most likely correct: Lys691 is essential for the phosphorylation of the sodium
pump and Asp714 for the dephosphorylation process (Fig. 4.1). Nonconservative mutants of
both amino acids are completely inactive and do not display any partial reactions typical for
the sodium pump. On the other hand, conservative mutant of Lys691 remains most likely
unphosphorylated, while mutants of Asp714 are probably phosphorylated but remain for the
most part arrested in this state by not being able to hydrolyze the phosphoric ester bond
formed between Asp369 and the terminal ATP phosphate.
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Fig. 4.1 Proposed haloacid dehalogenase fold of the sodium pump a subunit

This structural model was drown by MolMol. The arrangement of corresponding important amino
acids of the sodium pump a subunit was based on the analogue of amino acids in the crystal structure
of the Ca®"-ATPase [126]. As the case in Ca**-ATPase, the residue Lys691 is located approximately
at the beginning of the a7-helix and the Asp714 in the a8-helix in motif 111, respectively, and they are
arranged around the active site Asp369. The carbonyl oxygen of the phosphorylation site Asp369 is
oriented toward an N atom in the side chain of the positive charged residue Lys691. The Lys691 is
tightly hydrogen-bonded with the unesterified oxygen O™ of Asp369 stabilizing the negative charge
accumulated on the O™. The Asp714 residue probably keeps or fixes the water molecule to make a
hydrogen bond with the esterified oxygen, stabilizes the transition state during the ester hydrolysis.
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5. Summary

P-type ATPases such as the sodium pump appear to be the members of a superfamily of
hydrolases structurally typified by the L-2-haloacid dehalogenases. In the haloacid
dehalogenase L-2-DEX YL, Lys151 serves to stabilize the excess negative charge in the
substrate/reaction intermediates and Aspl80 coordinates a water molecule that is directly
involved in ester intermediate hydrolyze. To investigate the importance of the corresponding
Lys691 and Asp714 of the sodium pump a subunit, sodium pump mutants were expressed in
yeast and analyzed for their properties.

The Lys691Ala, Lys691Asp, Asp714Ala, and Asp714Arg mutants were enzymatic inactive,
not only with respect to ATPase activity, but also to non interaction with the highly sodium
pump-specific-inhibitors ouabain or palytoxin.

In contrast, the conservative mutants Lys691Arg and Asp714Glu retained some of the partial
activities of the wild-type enzyme, although they completely failed to display any ATPase
activity. In the presence of P, and Mg, none of the mutant sodium pumps were able to bind
ouabain: the [Ex*P-ouabain] complex was not able to be formed by the mutant enzymes.
When Mg®* was omitted, however, both Lys891Asp and Asp714Glu mutants displayed
ouabain binding only at 5 mM P.. Mg?* caused a reduction in ouabain binding with an ECs of
0.76 £ 0.11 mM and 1.24 = 0.21 mM, respectively.

On the other hand, yeast cells expressing Lys691Arg and Asp714Glu mutants are sensitive to
palytoxin and lose their intracellular K*. Their sensitivity to palytoxin, with ECsp value of 118
+ 24 nM and 76.5 £ 3.6 nM, respectively, was clearly reduced by amost 7- or 4-fold below
that of the native sodium pump (17.8 = 2.7 nM).

In contrast to the binding experiments in the presence of Mg®* and phosphate, ouabain was
recognized by the mutants under these conditions and inhibited the palytoxin-induced K*
efflux from the yeast cells. The ECs for the ouabain effect was 131 + 13 pM for Lys691Arg
,and greater than 2.5 mM for the Asp714Glu mutant, while the corresponding value obtained
with cells expressing the native sodium pump was 5.13 + 0.71 pM.

Experiments with *%O-labeled Pi demonstrated that only a modest 0 exchange with
surrounding water occurred for Asp714 and no '®0 exchange was detected with the
Lys691Arg mutant.

In conclusions, Lys691 and Asp714 are very important for the conformational transition of
the sodium pump: Lys691 is essential for the phosphorylation process and Asp714 for the
dephosphorylation process. Thus, Lys691 and Asp714 residues of the sodium pump a subunit

are essentia for the enzymatic activity.
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6. Zusammenfassung

Die Natriumpumpe, eine P-Typ-ATPase, scheint zur Superfamilie der Hydrolysen zu gehdren.
Aufgrund ihrer Faltungsstruktur mifie sie as L-2-Haoazid-Dehalogenase klassifiziert
werden. In der Haloazid-Dehalogenase L-2-DEX YL dient die Aminosdure Lys151 der
Stabilisierung der Uberschiissigen negativen Ladung bel der Substratbindung bzw. der
Entstehung von Reaktions-Zwischenprodukten. Aspl80 koordiniert ein Wassermolekil,
welches direkt bei der Hydrolyse des Ester-Intermediats beteiligt ist. Die beiden Aminosauren
konnte Lys691 und Asp714 der Natriumpumpe entsprechen. Um ihre Bedeutung fur die
Katalyse zu untersuchen, wurden Mutanten dieser Aminosauren in Hefezellen exprimiert und
ihre Eigenschaften untersucht.

Die Mutationen Lys691Ala, Lys691Asp, Asp714Ala, und Asp714Arg waren vollig inaktiv.
Die konservativen Mutanten Lys691Arg und Asp714Glu zeigten einige Teil-aktivitdten des
Wildtyp-Enzyms, waren aber ohne ATPase-Aktivitét. In Anwesenheit von P und Mg?* zeigte
keine der Mutanten eine Ouabainbindung: Der [Ex* P-ouabain] Komplex konnte bei keiner der
Mutanten gebildet werden. Ohne Zugabe von Mg zeigten die Lys691Asp- und Asp714Glu-
Mutanten jedoch eine Ouabainbindung bei 5 mM P,. Somit bewirkte Mg®* eine Reduktion der
Ouabai nbindung.

Hefezellen, welche die Mutanten Lys691Arg oder Asp714Glu exprimierten, waren sensitiv
gegeniiber Palytoxin und verloren K. Thre Sensitivitét gegeniiber Palytoxin, mit einem ECso
Wert von 118 + 24 nM bzw. 76,5 £ 3,6 nM war deutlich reduziert und lag sieben- bzw.
vierfach unter der Sensitivat von Hefezellen, die den Wildtyp exprimierten (17,8 = 2,7 nM).
Dieser Palytoxin-induzierter K*-Efflux wurde durch Ouabain gehemmt. Der ECso Wert fiir
den Ouabaineffekt betrug 131 £ 13 uM bei der Lys691Arg Mutanten und war 2,5 mM oder
grofRer bei der Agp714Glu Mutanten. Der entsprechende ECsp Wert nicht-mutierter
Natriumpumpen lag bei 5.13 + 0.71 uM.

| sotopenauistauschexperimente mit **0-markiertem P, zeigten bel der Mutanten Asp714Glu
nur einen geringen *0O Austausch mit dem Umgebungswasser (H,*°0) und keinen %0
Austausch bei der Lys691Arg Mutante.

Schlussfolgernd, Lys691 und Asp714 sind sehr wichtig fur die Konformationsiibergénge der
Natriumpumpe. Das Lys691 ist wichtig fir den Phosphorylierungsprozess, Asp714 fir den
Dephosphorylierungsprozess. Beide Aminosauren Lys691 und Asp714 der a Untereinheit der

Natriumpumpe sind hier a's essentiell fir die enzymatische Aktivitdt nachgewiesen worden.
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