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ABSTRACT

The balance between concentrations of Na and Kaoress cell membranes is a fundamental
property which is utilized in numerous physiologigaocesses. The establishment of the
concentration gradient is carried out by’Md-ATPase (also called sodium pump), which
was first identified in the late 1950s in Aarhus thg Danish scientist J. C. Skou. Né&'-
ATPase is heterodimeric membrane protein consisthghree subunitsa, 3, andy). It
belongs to the family of P-type ATPases, which eisergy for ion translocation through the
cell membrane from ATP hydrolysis and the pumpimgcpss involves a phosphorylated
intermediate. For the proper function of ‘N&'-ATPase, M§" cations must be present in
cytoplasm as an essential cofactor (Skou 1960)aee of importance of NéK*-ATPase in
many physiological processes, inhibition of itshatt can cause serious illnesses in humans
and can be the main reason for the toxicologicices of numerous drugs. Recently, high-
resolution crystal structure of N&K*-ATPase was described (Morth et al. 2007, Shinodé e
2009).

Alkaloids are one of the largest groups of plantoselary metabolites, and they are
interesting for their biological activities. Sangaiine (SG), the benzo[c]phenanthridine
alkaloid, exhibits multiple biological effects, particular antimicrobial and antiinflammatory
activities, for which it is used in dental hygiepeducts and feed additives. On the other
hand, SG is linked to toxic effects on humans saglihe formation of leukoplakia and the
syndrome termed epidemic dropsy. From the cherpmialt of view, in a solution, there is an
acido-basic equilibrium between the cationic- {5&nd pseudobase (SGOH) forms of SG,
and in the gastrointestinal tract, SG is convetteliologically inactive dihydrosanguinarine
(DHSG). All the forms exhibit fluorescence. M&'-ATPase has been proposed as a possible
target of these alkaloids.

We combined the steady-state and time-resolvedrdboence techniques to distinguish
fluorescence properties of the individual SG foansl to study their changes expected upon
the interactions with proteins. In the study, whigye SG was incubated with NK*-ATPase,
evaluation of the SG fluorescence characteristrowiged valuable information about the
structural details of the SG/enzyme interactiongrddver, we were able to identify 5G
binding site on NaK*-ATPase.

Large cytoplasmic loop of N&K*-ATPase located between fourth and fifth transmemér

helices of itsa-subunit (C45) contains both phosphorylation andPAlinding sites. It was
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shown that it retains its tertiary structure evdrew separated from the rest of the protein, and
can thus still bind ATP (Kubala et al. 2003). Weedismethods of intristic tryptophan
fluorescence measurement and molecular dynamic laions to study conformational
changes of isolated large cytoplasmic loop of/K&ATPase (C45) induced by cytoplasmic
ligand binding (i. e., M§ and/or ATP). Our experiments revealed that bindihg TP in the
absence of Mg induced the open C45 conformation, while presaridélg”* stabilized the
closed conformation. Moreover, we introduced a howethod for monitoring changes in
electrostatic surface potential (ESP) caused byrabtytoplasmic ligands binding. Our data
indicate that the effect of the ligand binding @&t nestricted only to the close environment of
the binding site and that the information is intfaansmitted also to the distal parts of the
molecule.
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Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

LIST OF PUBLICATIONS

This thesis is based on the following papers, wihighreferred to in the text by their Roman

numerals I-V.

Janovskd M, Kubala M, Simanek V, Ulrichova J (2009) Fluoresme of
Sanguinarine: fundamental characteristics and aisadf interconversion between
various formsAnal. Bioanal. Chem. 395, 235-240

Il. Janovskd M, Kubala M, Simanek V, Ulrichova J (2010) Fluoresme of
Sanguinarine: Spectral changes on interaction waithno acids.Phys. Chem.
Chem. Phys., Submitted

[l Janovskd M, Kubala M, Simanek V, Ulrichova J (2010) Interaati of
sanguinarine and its dihydroderivative with the I{a-ATPase. Complex view on
the old problemToxicol. Lett. 196, 56-59

V. Grycova L, Sklenovsky P, Lansky ZJanovska M, Otyepka M, Amler E,
Teisinger J, Kubala M (2009) ATP and magnesiumeddgnformational changes
of the Nd/K*-ATPase cytoplasmic headpie@&ochim. Biophys. Acta 1788, 1081-
1091

V. Kubala M, Gryova L, Lansky Z, Sklenovsky Rlanovska M, Otyepka M,
Teisinger J (2009) Changes in the electrostatitase potential of the N&™-
ATPase cytoplasmic headpiece induced by the cyapta ligand(s) binding.
Biophys. J. 97(6), 1756-1764

LIST OF PUBLICATIONS \%



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

CONTENTS
ACKNOWLEDGEMENTS
ABSTRACT
LIST OF PUBLICATIONS
CONTENTS
LIST OF ABBREVIATIONS
L INTRODUCGCTION ...ttt e e et e e st e e s et e e e s e eesenata e e eraaeeearans 10
L. 1P -TYPEATPASE SUPERFAMILY....cuuiuiitiitiitiittitieteetietieteeteetseserssstassieteesaetieneesaesieraennees 10
L 2N A K AT PASE ...ttt ettt e e e e et st e st e et e e st e st e st e e eaeeseeeeeeeenneans 11
I o Y | o 11 L 13
O £ TN | 010 L S 15
2 7S | o o | 17
1.2.4 Active transport and ATP hydrOlYSIS ....eceeeevvrrniiiiiiiiieeeeeeeieeeeeeeiei e 18
1.2.5 Large cytoplasmic Segment CA45 ... 19
1.2.6 Physiological role of N#K -ATPASE..........cccceieeiieeeeeeeeeeeeeesee s eee e 21
L B S ANGUINARINE .ttt titeet ittt et e e e et e et e et st s e s eeta s ea s aa et s e b s sn s snseansessssnsssnsrnnnnnssnes 23
1.3.1. Photophysical and photochemical propertiesamguinaring.............ccceeeeeeeeene.. 24
P2 1Y T 27
3 MATERIALS AND METHODS......oe ettt e enaa s 28
G T I =X ] = N =T 28
3.2SITE-DIRECTED MUTAGENESIS AND FUSSION PROTEIN EXPRESSION AND PURIFIC®N... 29
3.3TRYPTOPHAN FLUORESCENCE QUENCHING......cuuiittiitieniitniitieeniisneetsrsernssssesnersneens 30
3.4TIME-RESOLVED FLUORESCENCE MEASUREMENTS ... .ccvvueiirieererieeerineeessnesessnnens 30
3.5MOLECULAR DYNAMICS MODELING AND SIMULATIONS ...uiivniitiiiniiieetieenieeneenseenesnennss 13
3.6 ELECTROSTATIC POTENTIAL CALCULATIONS. ... cittutieiitieeeetieeeesteesestnesessnseesenssneeeenns 32
3.7EXCITATION AND EMISSION SPECTRA OFSGAND DHSG ... 32
3.8DEPENDENCE ON Bl ...cciiiiiiiiii ettt e e e e et e e et e e e et e e e eaa e e e eaanas 33
3.9 DECAY-ASSOCIATED SPECTRA: 1ttt tttutitnitttettttttetiesttesttteetsrneensrte ettt 34
3.10FLUORESCENCE SPECTRA OF HEPATOCYTES INCUBATED WIT$ GORDHSG ............... 34
3.11DETERMINATION OF THE DISSOCIATION CONSTANT FROM THE STEADBTATE
FLUORESCENCE EXPERIMENTS. ..uuttttuuittttteeertneeestnaeeestneessrnnsessessneessseessssnsessssnserernaeees 35
3.12SGAND DHSGFLUORESCENCE QUENCHING ....cutittitietietietnieteetiesniesneesinennneeneenns 36
3.13INHIBITION OF NA /K™ -ATPASE ACTIVITY .veeiuteeitieetieeteeseteeeeeseteeseeeseteeseessnessressaneas 36
4 RESULTS AND DISCUSSIONS ...ttt et e e rvmee e eees 37
4.1INTERACTION OF BENZQC]PHENANTHRIDINE ALKALOIDS WITH NA*/K*-ATPASE.......... 37
4.1.1 Fluorescence properties of SG and DHSG (POPEY.......ccovvvevvvviiiiiiiiieeeeeeeeeee, 37
4.1.2 SG-to-DHSG metabolization in hepatocyteS€pap..........ccevvvvevvveveiieiiiiiiienn, 40
4.1.3 Spectral changes expected upon interactidb&&oand DHSG with proteins (paper
S 40
4.1.3.1 SOIVENT EFfECES v e 40
4.1.3.2 Interactions with amino acids reSIdUES .. .univiveeiiieieeeee s 41
4.1.3 Interactions of SG and DHSG with W& -ATPase (paper 1) .........cccceveevvenenen. 43
4.2 INTERACTIONS OF CYTOPLASMIC LIGANDS WITHNA /K *-ATPASE ISOLATED LARGE
CYTOPLASMIC LOOPCAS ..ottt ot s s s et s st s e e s e s et s ebsen s aneeansrnnnsd 46

CONTENTS \



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

4.2.1 Conformational changes caused by ligand-ligdpaper IV).......ccccccvvvvvvennnnnnn. 48
4.1.3.2 Changes in electrostatic surface potecgiated by ligand-binding (paper V)
............................................................................................................................ 50

5 CONCLUSIONS. ...ttt ettt e e e ettt e e e e e s snta e e e e e e ssnnneeeeesansenneanaeeans 52
6 REFERENGCES ... oo ettt et e e et e e e e e e e e enas e e e et e e e enanaaees 54

CONTENTS VI



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

LIST OF ABBREVIATIONS

Amino acids

A | Ala | alanine | | lle | isoleucinel R Argarginine
C | Cys| cysteine K| Lys| lysine S| Ser serine
D | Asp | asparticacid | L| Leuleucine T | Thr| threonine
E | Glu | glutamic acid] M Met | methionine| V | Val | valine

F | Phe| phenylalanineN | Asn | asparaginel W Trp | tryptophan
G | Gly | glycine P | Pro| proline Y| Tyr tyrosine
H | His | histidine Q| GIn| glutamine

The number by the amino acid abbreviation givegdsition in the sequence from the N-

terminus, e.g.:
979

Arg Arginine at the position 979

ADP Adenosine diphosphate

ATP Adenosine triphosphate

aMx x™ transmembrane helix of Ki& *-ATPasea-subunit (x-number)

BM Transmembrane helix of N&-ATPaseB-subunit

Ca ATPase C&-adenosinetriphosphatase

C45 Cytoplasmic loop of N&*-ATPase located between fourth and fifth
transmembrane helices of @ssubunit

DAS Decay-associated spectra

DHSG Dihydrosanguinarine

DMSO Dimethylsulfoxide

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

ESP Electrostatic surface potential

E78 Extracellular loop of N#&K*-ATPase located between seventh and
eighth transmembrane helices ofatsubunit

yM Transmembrane helix of Né*-ATPasey-subunit

LIST OF ABBREAVIATIONS Vil



Marika JANOVSKA

Intetian of small organic molecules with the sodiurmpu

H'/K*-ATPase
IRF

ISOM

Kb

Ksv

LED

Mat-8

MD

NADH
Na'/K*-ATPase
PBS

PLM

QBA
SDS-PAGE
SERCA

SG

SG’

SGOH
TCSPC

TL
TNP-ATP
WT

H/K"- adenosinetriphosphatase

Instrument Response Function

Medium for cell cultivation named after HatrC. Isom
Dissociation constant
Stern-Volmer quenching constant

Light Emitting Diode

Mammary tumor marker
Molecular dynamic (simulations)
Nicotinamide adenine dinucleotide (reducerhf)
N&K™- adenosinetriphosphatase

Phosphate buffer saline

Phospholemman

Quarternary bengdphenanthridine alkaloid
Polyacrylamide gel electrophoresis udéaaturing conditions
Sarco(endo)plasmic €A TPase

Sanguinarine

Quarternary cation of sanguinarine

Pseudobase form of sanguinarine

Time-correlated single photon counting
Tryptophanless (construct)

2,3-0-(2,4,6- trinitrophenyl) adenosinétsiphosphate
Wild type sequence

LIST OF ABBREAVIATIONS



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

1 INTRODUCTION

1.1 P-type ATPase superfamily

Generally, N&¥K*-ATPase, also called sodium pump, belongs to tleimof ion-motive
ATPases. lon-motive ATPases are conventionallydéiiinto three distinct families, V-, F-,
and P-type ATPases (Pedersen and Carafoli 1987a).

The V-type (vacuolar-type) ATPases are multi-subwelectrogenic proton pumps. They
comprise a closely related family that reside ie thembranes of acidic organelles in
eukaryotic cells. They are critical for receptocy@ing pathways by adicifying endocytotic
vesicles and promoting receptor-ligand dissociafidaplan 2002). V-type ATPases are also
found in epithelia of vertebrate kidney, lepidoptemidgut epithelium and insect Malpighian
tubules (Kaplan 2002).

F-type ATPases are proton ATPases found in therim#gochondrial membrane, the
chloroplast thylakoid membrane, and the bactel@tma membrane (Pedersen and Carafoli
1987b). In mitochondria and chloroplasts under fhggical conditions, the enzyme works
exclusively as an ATP-synthase, driven by an edebiemical H gradient. Bacterial F-type
ATPases also hydrolyse ATP and expélfitém the cell (Kaplan 2002).

P-type transport ATPases comprise an importantilfamf homologous enzymes of
eucaryotic and procaryotic origin which are invala the active pumping of cations across
cell membranes. The P-type ATPase gene familymfpiuamps is widely distributed in fungi,
Protozoa, plants, and animals. P-type (QE;Etype) ATPases are so called because the
enzyme works via a covalent, phosphorylated intdrate, thus the formation of the acyl
phosphate intermediate is a hallmark of the membéthe P-type ATPase family. The 7
amino acid motif beginning with this aspartate t@nwritten as D-K-T-G-TLIVM ]-[TIS]

and defines membership in P-type ATPase family (&ag002).

P-type ATPases pump a variety of charged substsatgs as K, Na', H", Mg**, C&*, CU/”,
Cd?* and phospholipids. In each P-type ATPases, eiyhserved segments comprising a total
of 265 amino acids can be identified (Palmgren Aaxelsen 1998b).

The conserved domains are situated in the smabdptagmic loop between transmembrane
segments 2 and 3 (4 and 5 in type IB ATPases;Ifighe fourth transmembrane segment (6
in type IB), and the large cytoplasmic loop betwgansmembrane segments 4 and 5 (6 and 7

in type IB; Fig. 1). These parts of the polypeptidee believed to be involved in

1 INTRODUCTION 10
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communication between ATP hydrolysis and conforarati change (the energy transduction
domain), in ion binding and in ATP binding, respeslly, features that are common between
all P-type ATPases (Mgller et al. 1996). In "Ma- and H/K*-ATPases, the fourth
transmembrane segments in addition contain spetefgeting information (Palmgren and
Axelsen 1998a).

A K W@Mﬂﬁ@?

KdpB KdpA KdpC

cu”’ Na/K"

u a
B I

cd o

H/K

A ca® @J@t@ﬁﬂﬁ T WA W

ca® ﬂw VL

Figure 1 Overview of the P-type ATPases superfamily. Fasilare designated by Roman

'@—:—)
<

1B

kb

numerals on the left followed by the name of thansported ion. Boxes indicate
transmembrane segments; Filled circles, inhibiteeguences; Open circles, heavy metal
binding sites. Abbreviations are: PL, phospholipitlAS, no assigned specificity; plb,
phospholamban. On each structure, extracellula sidocated up and cytoplasmic side is

located below.

1.2 Na /K -ATPase

Na'/K*-ATPase is the largest protein complex in the fgroil P-type pumps. The Ni&*-
ATPase or sodium pump is the protein responsibiéhi® active transport or pumping of Na

and K ions across the plasma membranes of most higheryates. The presence of cell
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membranes with ATPase activity that was stimuldigdhe simultaneous presence of Na
and K ions and was specifically inhibited by cardiacogisides was discovered more than
forty years ago and was recognized in 1997 withghared award of the Nobel Prize in
Chemistry to Jens C. Skou (Kaplan 2002).

The Nd/K*-ATPase (Fig. 2) is essential for all mammaliariscéit rest, it consumes 20-30%
of ATP production to actively transport Nand K ions. The overall stoichiometry of the
reaction is three Naions transported out of the cell and twd ikins into the cell for each
ATP hydrolyzed (Xu 2005). The Nand K gradients are required for maintaining membrane
potentials, cell volume and secondary active trartspf other solutes, e. g. , the transcellular

transport processes in intestine, glands and kidh&gensen et al. 2003).

Extracellular

Figure 2 Architecture of the N#@K*-ATPaseafy complex (PDB entry 2ZXE). Tha-, -,
and y-subunits are coloured green, blue and violet, aetbgely. Helices are represented by

spirales ang-strands by arrows.

The Na/K*-ATPase and its closely related cousin, the gastfi&K*-ATPase, are the only
members of the P-type ATPase family composed ofentban one subunit. These are
heterodimeric proteins consisting of @anandp-subunit present in 1:1 stoichiometry (Kaplan

2002). Foura- and thregB-isoforms of N&/K*-ATPase subunit have been identified, which

1 INTRODUCTION 12
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show a tissue-specific expression and can potgntiarm 12 different N¥K*-ATPase
isozymes with distinct transport and pharmacoldgpraperties (Blanco and Mercer 1998,
Geering 2006)a- andB-subunit of N&/K*-ATPase may also be coexpressed with small ion
transport regulators of the FXYD family (Sweadned &ael 2000).

First X-ray crystal structure of pig renal M&"-ATPaseafy complex (Fig. 2), with bound
K*/Rb* counterions, in 3.3 resolution was presented by Morth et al. (200Wo Years later,
Shinoda et al. (2009) published crystal structdrisal/K*-ATPase in 2.5% resolution, which

was isolated from shark rectal glands.

1.2.1 g-subunit

The Nd/K*-ATPasea-subunit is composed dfl 1000 amino acid residues (Morth et al.
2007). It has a molecular mass of about 110 kDd, fanr distinct isoforms have been
identified (Kaplan 2002).

An outline of thea-subunit is shown in the Fig. 3. Extracellular Isopre short (with
exception of E78 loop), and there are three mairadgellular structures. These are a large
central loop betweeaM4 andaM5 (C45), composed of about 430 amino acid residaes
long N-terminal tail of about 90 amino acid resisiluand an intracellular loop of about 120
residues betweemM2 andaM3 (C23).

Figure 3 An outline of thea-subunit.

1 INTRODUCTION 13
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In the terminology of Toyoshima’s SERCA high-resioln structure, they form the N or
nucleotide-binding domain, the P or phospohoryfatiomain, and the A or actuator domain
(Fig. 4) (Toyoshima et al. 2000). The N and P domwaire formed by the C45 loop, the A

domain is formed by the amino-terminal tail and @238 loop (Shinoda et al. 2009).

Figure 4 Alignment of Na/K*-ATPase cytoplasmic domains (PDB entry 2ZXE)."/Ma-
ATPase is displayed in spectrum colors from N-tewsi(blue) to C-terminus (dark yellow).
A (actuator), N (nucleotide binding), and P (phogtaiion) domains are coloured blue,

green, and yellow, respectively. Helices are regtesi by spirales arféistrands by arrows.

Two cation-binding sites (common to both sodium gulassium) are localized in the
transmembrane domain. They are formed by the residtithe transmembrane helicdd4,
aM5, aM6 andaM8. aM4 andaMé helices of N9K*-ATPase are unwound in the middle,
thereby making space for the ions, ambll shows a characteristicP0® kink near the
cytoplasmic surface of the membrane, where it comiescontact withaM3. This contact
point may function as a pivot for movementodfl1 in connection with ion binding (Morth et
al. 2007). The segment ofV7 located near the cytoplasmic surface has andiskink of
[18°, which appears to have central importanceitikding. Moreover, helicesM7-aM10
appear to have a dynamic role in"M&-ATPase and might be used to change the position of
the cytoplasmic domain of thB-subunit (Shinoda et al. 2009).

Four different isoforms ofi-subunit have been found in humans (Lingrel e@07). Each

can associate with @-subunit in 1:1 stoichiometry to form a minimal @ional unit. The
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corresponding isoforms in human and rat are marelasi (> 97% identity) than different
isoforms in the same species (86 — 87%) (Grishal.€t994).

Morth et al. (2009) visualized differences betwélea three major human isofornas, as,
andas. It was shown that there are very few isoformeadé#hces in the transmembrane region,
suggesting that these areas are conserved andtanpéor function and the basic transport
mechanism and stability. In opposite, there are ymmaore differences at surface-exposed
regions of the A- and N-domains, reflecting, prdiaisoform specific interactions with other

cellular components.

1.2.2 fsubunit

Na'/K*-ATPase and HK'-ATPase are the only members of the P-type ATPasdlyf
known to contain §-subunit.

The B-subunit is a type Il transmembrane glycoproteithwiB00 amino acids residues
consisting of a cytoplasmic amino-terminal domaiiraloout 40 residues, a single membrane
spanning segment, and a larger extracellular cgthexminal domain comprising about 240
amino acid residues (Laughery et al. 2003) (Fig.The extracellular domain has thride
linked glycosylation sites, which are conserveatighout all3 subunit isoforms of various
species (Dempski et al. 2005), and in additionetseS bridges in the extracellular domain
(Kaplan 2002). The disulfides are required for ¢dirgy to the plasma membrane and are
highly resistant to reduction (Laughery et al. 200he 3-subunit has an overall apparent
molecular mass of 55 kDa, and three isoforms haes lbeported. AlB isoforms are heavily
glycosylated. TheB3i-isoform from mammals has thréé-linked glycosylation sites. The
putative N-linked glycosylation sites for th@,-isoform vary depending on the species
(Blanco and Mercer 1998).

According to the results of Dempski et al. (2008ansmembrane helix dB-subunit is
adjacent to theaM9-aM8-aM10 pocket. Shinoda et al. (2009) described that th
transmembrane helix of tfesubunit runs rather detached from those ofottseibunit and is
inclined by[132° from the membrane normal, nearly paralletidd7. It was shown thgdM is

closest taaM7, and approachesV10 near the extracellular end (Morth et al. 2007).
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N

Figure 5 An outline of theg3-subunit.

Geering (2001) reported results, which establigt frsubunit has two main functions. Of
fundamental importance is the role of fhaubunit as a specific chaperone, which assists in
the correct membrane insertion of the newly synleelsNa/K*-ATPase and HK*-ATPase
a-subunits and, hence, in their structural and fioneil maturation. In addition, association of
the B-subunit determines some of the intrinsic transpodperties of NaK*- and H/K™-
ATPases, it modulates cation sensitivity of the pufPempski et al. 2005). Morth et al.
(2007) described clear indication that flxasubunit completely covers the extracelludns-
aM6 andaM7-aM8 loops as a lid, which may relate to the esskrtia of thef-subunit in

K™ occlusion. According to the results of Shinodaa¢(2009), there is complex interactions
between theB- and a-subunit, created with salt-bridges betwe@Arg'®®, aGIu®*® and
BLys**°, which implicate th@-subunit modulation of cation transport.

It was shown that extracellular domain of tifiesubunit undergoes a conformation
rearrangement during; o E transition (Dempski et al. 2006): andp-subunits are moving
towards during conformation transition, moreovlgse interactions are dynamic. There is a
structural re-arrangement between the extracellmdarsmembrane region of tlfiesubunit

and both th&aM3-aM4 andaM5-aM6 regions during ion translocation.

1 INTRODUCTION 16
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1.2.3 psubunit

The y-subunit of N&¥K*-ATPase is a member of the family of FXYD proteifsXYD
proteins are simple transmembrane proteins namied tkfe invariant extracellular motif
FXYD. In mammals, the FXYD protein family contaisgven members (Geering 2005).
Specific association with the N&K*-ATPase and effects on the pump function have been
reported for FXYD1 (also known as phospholemmarkldvl), FXYD2 (also known as thg
subunit of N&K*-ATPase), FXYD3 (also know as Mat-8), FXYD4 (alsmokn as
corticosteroid hormone-induced factor, or CHIF),¥b{, and PLM-like protein from shark
rectal gland (PLMS) (Garty and Karlish 2006).

FXYD proteins are tissue-specific auxilary subuoit Na'/K*-ATPase which regulate its
activity in agreement with the physiological regurents of the tissue in which they are
expressed (Geering 2005). These proteins are pbbypeptides X100 amino acids) with a
single transmembrane segment and with or with@igral peptide (Garty and Karlish 2006).
Transmembrane segment pkubunit has approximately 30 amino acids with hyost
helical structure. Extracellular part of tiesubunit, containing FXYD motif (Fig. 6), moves
in betweer- andB-subunits, where it may contact with fBesubunit. It is close to theM9,
where Ph&® GIU™® Leu’ and Ph&° are within interaction distance gk (Morth et al.
2007). On the other side, two conserved Gly residoeyM play important role in the
interaction withaM9, particularly GIy* (Shinoda et al. 2009).

FC

FXYD

S

N

Figure 6 An outline ofy-subunit with indications of the positions of congsl amino acid

residues.
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1.2.4 Active transport and ATP hydrolysis

Basically, the reaction mechanism can be formulateérms of a 4 step scheme: E E;P

- EP - E, - E; . This scheme is generally referred to as the-Rligrs scheme in the
case of N§K'-ATPase (Albers and Siegel 1967, Post et al. 1972).

The Na/K*-ATPase couples ATP hydrolysis to the active transpf three N&ions out of
and two K ions into the cell in a ping-pong sequence, whiternating between two cation
complexes EBPY[3Ng and E[2K] (J6rgensen and Andersen 1988). In the model afehetion
cycle (Fig. 7) relatively large {EE, conformational changes in tleesubunit mediate long-
range interactions between the ATP site and thercaites in the membrane domain
(Lutsenko and Kaplan 1995). In the initial stemding of ATP with low apparent affinity
(Kn=0,2-0,4 mM) to the EF2K] conformation accelerates thg[ZK]-E;[2K] transition with
release of K at the cytoplasmic surface. ATP is bound with higffinity in the B
conformation (k = 300-100 nM) (J6rgensen and Andersen 1988) anahtinease in binding
energy of ATP associated with the[EK]-E;[2K] conformational transition constitues the
driving force for transport of Kacross the membrane. The next energy transdutipg are
the Na-dependent transferwphosphate from ATP to an acyl bond at X&pf thea-subunit
and isomerization between the occludedP[BNg and EP[2Ng forms in coupling with
reorientation of cation sites and release of Mas at the extracellular surface (Jorgensen and
Pedersen 2000). R *-ATPase also exhibits ATP-Kantagonism because the two high
affinity ligands stabilize alternative conformat&gng[2K] with tightly bound K ions or
E;ATP with a preference for binding of N&Fig. 7). The ATP and cation binding assays can
therefore be exploited in estimation of the poisehe equilibrium between the;Eand &
conformations of the protein and in determinatibthe affinities for K. Affinities for Na" or
Mg?* binding can be assayed in thePBN& form using oligomycin to stabilize the
phosphorylated complex (Pedersen et al. 2000).EpRdorm can be stabilized in the ouabain
complex for estimates of the affinities for bindiajMg®* or inorganic phosphate (Jérgensen
and Pedersen 2001). High affinity binding of '/Rind TT can be assayed in purified renal
Na'/K*-ATPase or in recombinant yeast enzyme at equilibrivith dissociation constanks

= 7-9uM (Pedersen et al. 2000).

1 INTRODUCTION 18



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

2K 3Na ADP
——

A A

/ \N+

ATP

\ 4 \ 4
[B0E ] 48 <> 067 |
MgPi 2K I/zNa+

ouabain

Figure 7 Scheme of E - E, reaction cycle of NaK*-ATPase with ping-pong sequential

cation translocation.

A characteristic feature of,H, transitions is that the active site alters itsesmving to
domain association and dissociation and its intbnathrough tilting or rotation of the P
domain. It was described, that relationship betwdenN and P domains does not change
much during the reaction, but association and diafon of the A domain is a prominent
feature (Toyoshima et al. 2000, Xu et al. 2002).

1.2.5 Large cytoplasmic segment C45

Large cytoplasmic loop, located between heliod84 and aM5 (C45, Fig. 8), which is
composed of about 420 amino acid residues *fys/s’’®) with molecular weight about
48kDa, plays a key role in the enzyme function. Tdwp consists of two well-separated
domains. The P-domain comprises the phosphorylaitenand the N-domain contains the
ATP-binding site.

C45 loop contains four of the most highly conseriPetype ATPase sequences, including the
sequence Asp-Lys-Thr-Gly-Ser/Thr (Fig. 8), whicht@ins an invariant aspartate residue
(Asp®®) that is phosphorylated by ATP as part of the lgiitamechanism of these proteins.
Transfer of they-phosphoryl group from ATP to the proteins is aseesial step in the

catalysis of ion transport by all P-type ion pumps.
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Figure 8 Location of C45 loop (coloured red) within tgy complex of N¥K*-ATPase
(PDB entry 2ZXE). Conserved sequence Asp-Lys-Th-&r/Thr is shown as cyan spheres.
The a-, B-, andy-subunits are coloured green, blue and violet, eetbgely. Helices are
represented by spirales arfétstrands by arrows. Actuator, nucleotide bindingid a

phophorylation domains are signed A, N and P, i&spdy.

The EB[Na] and E[K]-conformations of N&K*-ATPase are intimately connected to the
E,ATP and BATP sites with different affinities for ATP.1BTP site is considered as state
with high affinity for ATP withKp value approximately UM and BEATP site is considered
as state with low affinity for ATP withKp value approximately 20QuM (Lingrel and
Kuntzweiler 1994).

It was shown that in site-directed mutagenesis rx@gats with C45 loop that there are eight
amino acids analogues involved in ATP binding —£YsLys™®, GIy°%, Cys*°, Phé™,
GIn*®, Phé*® and GId*® (Kubala et al. 2002, Kubala et al. 2003b).*S4ds also located close
to the ATP-binding site, although it does not ma#ptte in binding (Kubala et al. 2002).
Pedersen et al. (2000) observed role of highly exesi segmen®®TGDGVNDSPALKK'?°

of isolated large cytoplasmic loop C45 in bindinghg®" and ATP. They described, that
Asp’® contributes to coordination of Mgduring transfer of-phosphate to ASp® of the

Mg.E:P[3Na] complex and ASH is involved in these processes. In contrast,’Asand
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Asp'*® do not contribute to Mg binding in BP.ouabain complex. It means that during
transition from EP to BEP complex there is a shift of Mgaway from Asp'® and Asii*

It has been shown that this loop retains its terséructure even when separated form the rest
of the protein (Tran and Farley 1999), and can jgessed in bacterial cells with histidine
tag (Gatto et al. 1998).

It has been shown, from steady-state experimenh WiNP-ATP and from dynamic
experiments, that this large cytoplasmic loop bidd® (ODbSil et al. 1998, Kubala et al.
2003). However, Kubala et al. (2003) described tha¢n interpreting the results of assays
performed with TNP-ATP, it is necessary to take iatount the fact that its interaction with

proteins may not mimic perfectly the behaviour ofeoATP.

1.2.6 Physiological role of Na'/K*-ATPase

As mentioned above, the NK*-ATPase is an integral membrane protein that transNa
and K across the plasma membrane of almost all animisl @ed couples this work to the
hydrolysis of the terminal phosphate bond of ATRsignificant fraction (up te: 30%) of the
ATP generated by cell metabolism is dedicated tirthctive transport process (Kaplan
2002).

In general, the electrical gradient created bydbdium pump is essential for the excitable
activity of muscle and nerve tissue, and the inlyadifected Na gradient maintaned by the
sodium pump is used in most cells and organs tedhe uptake and accumulation of a wide
range of essential nutrients and cellular substrated to reduce cell calcium and proton
concentration.

The concentration of N&*-ATPase in tissues varies largely with around a,d®@D fold
diference between the lowest (erythrocytes) anditjeest (brain cortex) concentrations. The
vascular smooth muscle is in the lower range ofsfrectrum with very limited concentration
of pumps (400,000 — 700,000 pumps/cell) 100 times lower than that seen on heart or
skeletal muscule (Koksoy 2002).

Isoforms for thea- and B-subunits of N¥K*-ATPase have been identified, all exhibiting
unique tissue-end developmental expression pattant specific functional roles for each
are now beginning to be defined.

Three isoforms of th@-subunit existf3;, B> andBs. Thea-subunit has four isoformsy, as,

o3 andays. While thea;-isoform is expressed ubiquitously, thgisoform is present largely in

1 INTRODUCTION 21



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

skeletal muscle, heart, brain, adipocytes, vascsitaooth muscle, and eye, as well as a
number of other tissues. Thg-isoform is found almost exclusively in neurons awaries,
but also occurs in white blood cells and heartahs species, such as humans (Dostanic-
Larson 2006). Thexs-isoform is expressed in sperm and is specificallgthetized at the
spermatagonia stage, where it is required for speatiity (Woo 2000).

It is reasonable to believe that the tissue-spedistribution of thex-isoforms indicates that
each isoform exhibit a particular function assaatvith the tissue in which it is expressed.
Sodium pump probably plays a critical role duringter absorption in the intestine and
reabsorption in the kidney, because water andl tNansport across epithelia are invariably
linked. So, sodium pump in kidney and small intestican be associated with the
pathophysiology of hypertension and chronic diarhreagpectively (Therien and Blostein
2000).

In excitable tissues such as neurons and skelaiatle the sodium pump must reestablish
the electrical potencial across the plasma membréslowing excitation-induced
depolarization. The skeletal muscles contain onth@flargest pools of N&K™ pumps in the
body, and therefore play a central role in thereleee of K from the blood during exercise
and in the ingestion or infusion of' KThus, the downregulation of N&* pumps in skeletal
muscle developing during Kdeficiency gains particular importance becausengits to
restore the K stores by the administration of Kvill be associated with an increased risk of
the development of hyperkalemia and cardiac a(t@atisen 1996).

The Nd/K*-ATPase also serves as the unique binding sitthéocardiac glycosides, such as
ouabain, digoxin, and digitoxin. Digoxin is currgntused widely in the treatment of
congestive heart failure (Kaplan 2005). Dostanicsba et al. (2006) demonstrated that the
cardiac glycoside binding site of NK*-ATPase plays an important physiological role in
blood pressure regulation. Regulation of the sodiwnmp in cardiac muscle is critical to the
myocardium, for determining the ,set-point* for de&xc muscle contraction and the steady-
state contraction of vascular smooth muscle (Theared Blostein 2000).

The sodium pump, in turn, is the target of multipegulatory mechanisms activated in

response to changing cellular requirements.

1 INTRODUCTION 22



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

1.3 Sanguinarine

Sanguinarine, a quaternary bejgphenanthridine alkaloid (QBA), is present in the
Papaveraceae Fumariaceag and Rutaceae families of plants. The main sources of
sanguinarine are the plant speci@selidonium majusMacleaya cordataand Sanguinaria
canadensisSanguinarine exhibits multiple biological effeats particular antimicrobial and
antiinflammatory activities for which it is used dental hygiene products and feed additives
(Walterova et al. 1995). QBA extract from S. cammie (sanguinaria) and M. cordata
(sanguiritrin) have been used in toothpastes anditma@shes as antiplaque agents.
Sanguiritrin has been applied as a veterinary pagijpa for mastoiditis in cows (Faddeeva
and Beliaeva 1997). QBA in SangrdVitmprove animal performance by eliminating the need
for including low levels of antibiotics in the feedthich may be associated with the risk of
antibiotic resistance (Psotova et al. 2006).

From chemical point of view, QBAs interconvert betm the cationic vs. neutral form (i.e.
hydroxide adduct of pseudobase, Fig. 9). They peteetacross the cell membrane in the
hydrophobic pseudobase form acting as pro-drugscandert into active cationic form once
inside the cell (Simanek et al. 2003). Both charged uncharged forms of these alkaloids
(QBASs) exist in more or less comparable concemnatin aqueous solutions and in blood at
physiological pH 7.4. Charged (iminium) form of gamarine has been indicated as the form
reacting with nucleophiles including mercapto naplale. In contrast, the uncharged form of

sanguinarine was indicated as the form, which autsrwith albumin (Vespalec et al. 2003).

o
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Figure 9 Scheme of conversion between quaternary catid) 8ed pseudobase (right) form

of sangunarine.
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Due to the iminium bond, polycyclic and planar stame sanguinarine can react with
nucleopholic and anionic moieties of amino acidsiomacromolecules (Schmeller et al.
1997). Futher, strong interaction to involve intdation of sanguinarine into the adjacent
basepair of the DNA has been described (Maiti.€1282).

The formation of DHSG (Fig. 10) might be the fiss¢p of SG detoxification in the organism
(Psotova et al. 2005).

Figure 10 Structural formula of DHSG.

The Na/K*-ATPase is suspected to be one of the targets oinSgll. Unfortunately, the
mechanisms of SG actions are poorly understoodhennolecular level. Earlier studies
reported that SG in the concentration range $#®Dinhibits Na/K*-ATPase (Seifen et al.
1979; Straub and Carver 1975). On the other hanldareced cation flux was observed at
higher SG concentrations (Moore and Rabovsky 1WNiehols et al. 1978). Later, these
apparently contradictory effects of SG on the swdpump were explained by a proposal that
the neutral form of SG (SGOH) can produce voltageemhdent channels in the lipid bilayer
(Cala et al. 1982) or that SG forms a tight compléth Na'/K*-ATPase and converts it into

a channel (Scheiner-Bobis 2001).

1.3.1. Photophysical and photochemical properties of sanguinarine

As was described previously, depending on the pth®imedium, the sanguinarine molecule
can exist in two forms: the cationic and neutrahfdi.e. hydroxide adduct of pseudobase,
Fig. 9). Additionaly, it was shown that sanguinarimas also pH dependent spectral changes
(Maiti et al. 1983). In the absorption spectra ghaguinarine solution (pH 5.6), there are four
bands with maxima at 275, 330, 396, and 471 nnwhizh correspond: — = electronic
transitions at 280, 323, 407, and 463 nm. In aflainedium (pH 9.85), the absorption spectra
of a sanguinarine solution have only two bands witxima at 286 and 326 nm, to which
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correspondt — 7 electronic transitions at 271 nm and 306 nm (Eit). (Motevich et al.
2007). The short wavelenght absorption maximum7at 2m shifted in alkaline medium to
longer wavelenght (286 nm), and, moreover, the peihksity att830 nm diminished with
increasing pH (Maiti et al. 1983). The presencéwaf isobestic points at 286 and 307 nm in
the pH dependent absorption spectra of sanguingfing 11) confirmed a reversible
equilibrium between cationic and pseudobase forAisdglinova et al. 2009). Equilibrium
constant of transition between pseudobase andntafiorm of sanguinarine was determined
with a pK value 7.5 (Maiti et al. 1983).

0.35 1 286 nm

absorbance
1

0.05
300 350 400 450 500

wavelenght (nm)

Figure 11 Absorption spectra of sanguinarine in aqueoustisolsi at pH 5.6 (solid line) and
pH 9.85 (dashed line). Isobestic points at 286 3aMd nm are marked. Figure was adapted
from Motevich et al. (2007).

It has been reported that fluorescence spectrargsnarine has two emission bands at 420
and 580 nm in water of pH 7.0, when excited at 820 There is gradual attenuation of 580
nm band and increment of 418 nm band intensity withease of pH and vice versa (Maiti et
al. 1983). It was also reported that sanguinariseugobase form undergoes an irreversible
photo-oxidation in the excited singlet state toduwe oxysanguinarine (Kumar and Maiti
1997).

There were also provided absorption and fluoreseenperiments with sanguinarine binding

with the biomacromolecules. It was observed thatinig of sanguinarine with the DNA
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molecules has influence on spectral propertiesaofgsinarine. On addition of the DNA
molecule to the alkaloid solution the absorptiooréase and the bands depose. Binding of
sanguinarine to the DNA molecule has also influece the excitation and emission
fluorescence spectra of sanguinarine. The exaitagpectrum shifts to the long-wave region
on addition the DNA to the alkaloid solution. Thaission intensity of the 420 nm maximum
decreases by 1.5 times and shifts to the long-veale too. As for maximum 580 nm — 3
times decrease and spectral shift to the long-wasle. It was shown that sanguinarine
interacts with DNA by intercalation process and fdirs binding (Bashmakova et al. 2008).
Unfortunately, the interaction efficiency is lowdrbecause of existing of the two forms of
sanguinarine, quaternary cation and pseudobase, farie the pseudobase form of
sanguinarine does not interacts with DNA (Maitakt2002).
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2 AIMS

The main aims of this thesis are:

1) To study interactions of benzo[c]phenanthriditi@loids with N&/K*-ATPase.

2) To study interactions of cytoplasmic ligands hwiNa/K*-ATPase isolated large

cytoplasmic loop.
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3 MATERIALS AND METHODS

3.1 Reagents

Sanguinarine (13-Methyl-[1,3]benzodioxolo[5,6-¢BHioxolo[4,5-iphenanthridinium
chloride) and NADH were purchased from Sigma-Aldri(Prague, Czech Republic).
Dihydrosanguinarine  (13,14-dihydro-13-methyl-[1 &jlzodioxolo[5,6-c]-1,3-dioxolo[4,5-
iJphenanthridine, DHSG), 99 % purity, MP 189-191R@s prepared from sanguinarine by
reaction with NaBH in methanol (Brossi and Borer 1965). Sanguinariagd
dihydrosanguinarine were provided by V. Simanek ndirichova.

Na'/K*-ATPase was supplied by Sigma and dissolved inb 6®f sterilized 10 mM Tris-
HCI, 100 mM NacCl, 10 mM KCI, pH 7.5 to 10AM concentration. The ATPase stock
solution was divided into aliquots and stored &f€2

Na'/K*-ATPase for activity measurements was purified frihra pig kidney (Klodos et al.
2002) at the Department of Physiology and Bioplsysikarhus University, Denmark. Kidney
enzyme has a specific activity about 1500 - 18@@l Pi per mg protein per hour. The
Na'/K*-ATPase accounts typically for 70% of the totaltpio (determined as the content of
o- andB-subunits from SDS gel electrophoresis).

Samples for all fluorescence experiments were hbiedoin 10 mM aqueous Tris buffer
solution (Bio-Rad), pH 7.5, with four different grortions of NaCl (Fluka), KCI (Lachema),
Nal (Sigma) and Kl (Lachema). Proportions of saitbuffer for control experiments were
140 mM NaCl:10 mM KCI (NaCl-buffer) and 140 mM KCO mM NacCl (KCl-buffer), and
for quenching experiments were 140 mM Nal:10 mM K&l-buffer) and 140 mM KI:10
mM NacCl (Kl-buffer). The pH value was set up by HCach-ner).

Effect of polarity on the fluorescence spectra 6 SSGOH and DHSG was evaluated in
chloroform, butanol, acetone, ethyl alcohol, methaDMSO, 2-butanthiol, 1,2-ethanedithiol,
and aqueous TRIS buffer solution, pH 7.5. All tledvents were from Sigma and were of
spectrophotometric grade.

Neutral amino acid analogues Ac-Ser-OMe, Ac-Tyr-NA2-Glu-NH2, Ac-GIn-NH2, Ac-
Lys-NH2.HCI, Ac-Arg-NH2-acetate salt, where Ac slarfor acetyl and Me for methyl, were
supplied by Bachem and Ac-Cys-OMe was suppliedlblye
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3.2 Site-directed mutagenesis and fussion proteixgression and purification

(site-directed mutagenesis was performed by LcGrd)

The native sequence of the C45 from the mouse b¥aliK*-ATPase contains two Trp

residues on the position 385 and 411. The clonifigthe isolated C45, subsequent
replacement of the two native tryptophans by pheagines (WT-W385F, WT-W411F, and
WT-W385FW411F = TL; tryptophanless), insertion loé imutations TL-F404W, TL-F426W,

TL-F571W, TL-1627W, TL-F683W, and TL-S732W into theyptophanless construct yield
the set of single tryptophan mutants (Fig. 12).

= Wit

S8 04
- W38S
oS¢
¥ F426

Figure 12 Positions of mutations on C45. Adapted from paper |

The DNA encoding C45 of the N&K*-ATPase and all its mutations were transformed into
BL21 Escherichia colibacteria (Promega) and were cultured at 37°C t¢60® nm) of 0.6.
Induction was carried out with 0.2mM IPTG (isoprbfyD-thiogalactoside) overnight at
17°C. Cells were centrifuged at 5,000 g for 25 masuspended in 20 mM Tris—HCI, 140
mM NacCl, pH 7.4 containing protein inhibitors &/ml leupeptin, 21g/ml, pepstatin and 1
mM phenylmethylsulfonyl fluoride (PMSF)), disruptdy sonication and the homogenate
was again centrifuged at 15,000 g for 25 min. Alhstructs were expressed as a (¢s)ag
fusion protein; the (Hig}tag was attached to the N-terminus. Purificatign dffinity
chromatography was performed according to standeddlON Metal Affinity Resin
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(Clontech) manufacturer protocol. The protein sasplere eluted with 0.5 M Imidazol and
were dialyzed against 1 liter of 50 mM Tris—HCI,01ehM NaCl, pH 7.5 overnight at 4°C.
The purity of protein samples was verified usingalSDS-PAGE. Concentrations were

estimated using the Bradford assay (Bradford 1976).

3.3 Tryptophan fluorescence quenching

The steady-state tryptophan fluorescence emissasnquenched using 0-300 mM acrylamide
(and/or KI for detection of changes in ESP, papead®/a quencher. Data were collected using
an excitation and emission wavelenghts of 295 nth380 nm, respectively, slits were set to
5 nm and 10 nm for the excitation and emission ohhrrespectively, the integration time
was 3 s for recording of each point, the measurésnemere performed at 22. Protein
samples were diluted to the finalB/1 concentration into 20 mM Tris-HCI, 140 mM NacCl,
pH 7.5 buffer, where oxygen was removed by argowl, w&ere titrated by aliquots of the
guencher.

Quenching experiments were performed in four d#férsetups i.e. without ligand, with 15
mM MgCl, (Lach-Ner), 15 mM NgATP (Sigma) or 15 mM MgATP (Sigma). The
experiments in the absence of magnesium were dasuein the presence of 5 mM EDTA.
The efficiency of quenching was evaluated usingStezn-Volmer formula:

oy

o _

KSV = F
[Q]

whereF, andF is the emission intensity in the absence or piesen quencher, respectively,

/Q/is concentration of quencher agyis Stern-Volmer quenching constant.

3.4 Time-resolved fluorescence measurements

(performed by M. Kubala)

Time-resolved fluorescence data were obtained éyithe-correlated single photon counting
(TCSPC) method on the PicoHarp300 instrument (Pueo@ Berlin, Germany). The source
of excitation pulses was pulsed LED centered atr#8§PLS300, PicoQuant) operating at 10

3 MATERIALS AND METHODS 30



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

MHz frequency. The emission was sampled under maggte conditions through the
monochromator set to 350 nm. The data were cotleicit® the histogram spanning the 100
ns time-range with the 32 ps/channel resolutione Experiment proceeded until 10,000
counts in the peak channel were sampled. The msinti response function was measured
using the colloid silica (Ludox, Sigma) as a scatteTheG-factor was determined in the
separate experiment.

Fluorescence decays were fitted using the FluoRitl4software (PicoQuant) as a sum of

exponencials with instrument response function JI&€convolution:

() =IRFO) a,.e"",

and the intensity-weighted mean fluorescence fifetwas calculated as

:Zaifiz'
Dar,

Fluorescence anisotropy decays were fitted by thiseBQ software using the maximum

Iy

entropy method (MEDC, Ltd.). Fluorescence anisotrdpcays were analyzed as a sum of

exponencials:

()

=Y AE ",

where the set of the amplitudgsrepresents a distribution of the correlation tindgsThe £

are related to the initial anisotropyby the formula:
> B =,
i

All experiments were carried out at°2D(bath-controlled).

3.5 Molecular dynamics modeling and simulations

(performed by P. Sklenovsky and M. Otyepka)

At the beginning of the study, no experimentallyedeined structure of the entire T&"-
ATPase C45 was known. Therefore we created the r@déel in the closed conformation
based on the homology with SERCA.

Molecular dynamic (MD) simulations have been pearfed with a homology model of the

C45 with sodium or magnesium counterions in theeabs of ATP (C45-Na and C45-Mg), as
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well as with ATP bound to the active site of CAAHENaATP and C45-MgATP). Each
system was immersed in a rectangular water box witminimum distance between the
molecule and the box wall of A. Experimental conditions are described in detaithe

.Materials and methods" part of paper IV.

3.6 Electrostatic potential calculations

(performed by P. Sklenovsky and M. Otyepka)

The electrostatic potential isocontour maps weteutated for the last snapshots of liganded
and unliganded C45 MD simulations (C45-Na, C45AN#®, C45-Mg, and C45-MgATP)
reported in Gryova et al. (2009) using the program APBS (Bakex.€2001) as implemented
in the PMV software (Sanner 1999). The dielectnostants of the protein and the solvent
were set to 2 and 78.5, respectively. The part@h& charges for amino acid residues were
assigned by AMBER force field of the PMV built-iDB2PQR converter.

3.7 Excitation and emission spectra of SG and DHSG

The steady-state excitation and emission spectt® pM SG or 5uM DHSG were measured
by a spectrofluorimeter F4500 (Hitachi, Japan). aDawvere collected with both
excitation/emission bandpasses set to 10 nm. Sm@edsvas 240 nm/min. Excitation spectra
were sampled with an emission wavelength 418 orrs0for SG, and 446 nm for DHSG.
Emission spectra were sampled with excitation weawgths 327 or 475 nm for SG, and 327
nm for DHSG. All measurements were performed anaperature T=295 K, and in 10 mM
Tris for UV spectroscopy (Fluka), pH 7.5 (except$ome pH-dependence experiments - see
below).

The spectra for measurement of solvent effects wasasured in 100% solutions of
chloroform, butanol, acetone, ethyl alcohol, methanDMSO, 1-butanethiol, 1,2-
ethanedithiol and aqueous buffer solution (pH &a®J) 10% solution of 1-butanethiol and
1,2-ethanedithiol in 20 mM Tris buffer, pH 7.5. thar, a 1 mM solution of the neutral
analogs of amino acids Ser, Tyr, Glu, GIn, Lys, Argl Cys in Tris buffer, pH 7.5 were used
to test the influence of the functional groups fduwmithin proteins. The measurement was
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performed in freshly prepared solutions of aminad eanalogs. The experiment with Cys
analog was done in a buffer that was deoxygeniyadtlbogen to avoid oxidation.
Solvent effects are usually evaluated in the wandrer scale. Therefore, the spectra were

converted into the wavenumber scale using:

|(v) = 1 ()N

where A is wavelengthy is corresponding wavenumber aha fluorescence intensity. The
maximum of the peal.x was determined after smoothing by averaging oerdjacent
points.

The solvent effects were evaluated by plotting/gd vs. & (relative permittivity) or using the
Lippert plot (Vex Vem) VS. 4f, wheredf = (&r-1)/(2a+1)-(n2-1)/(2n2+1), or the Kamlet-Taft
solvatochromic analysis:

V =v,+aa+bg+pr,

whereV is the evaluated spectral characteristic (in @$©€Cex, VemOr Vex - Ven), Vo, & b, andp
are the fitted parameters, the valuesaofdescribing the ability of the solvent to donate a
proton in a solute-to-solvent hydrogen bon@)describing the ability of the solvent to accept
a proton in a solute-to-solvent hydrogen bond), ahdwhich measures the ability of the
solvent to stabilize a charge or a dipole by virtfeits dielectric effect) for individual
solvents were taken from Kamlet et al. (1983).

After elimination of data revealing apparent specaiéactivity between solvent and SGOH,

SG' or DHSG, the remaining points in the graphs witted by linear function.

3.8 Dependence on pH

The influence of pH on SG and DHSG emission spetgss estimated in the pH range 5-12.
Measurements were done in 10 mM buffers at pH 6,%(MES, Sigma), 7, 7.5, 8, 8.5 (Tris,
Fluka), 9, 9.5, 10, and 11 (CAPS, Sigma). MeasurgraepH 12 was performed in 0.01 M
NaOH solution. The final concentration of SG and3IHin the sample was 5 and 28,
respectively. To estimateKp, dependence on relative fluorescence intenditie6 SG on the
pH at the excitation/emission wavelengths 327/448 ar 475/590 nm was fitted to the
following formula derived from the Henderson—Habaeh equation:

Fs —F,

B 14107
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whereF,andFg represent fluorescence intensities of the aciditkasic forms, respectively.

3.9 Decay-associated spectra

(performed by M. Kubala)

Fluorescence decays of 20M solutions of SG or DHSG in the presence or absenic
equimolar quantities of NADH were measured in 10 miMs, pH 7.5 on a TCSPC
fluorimeter PicoHarp300 (Picoquant, Germany), ugidsed LED centered at 308 nm and
operated at 10 MHz as the source of excitatiort.liffata were plotted as a histogram on a
timescale of 0-100 ns, where the time-width of @hannel was 32 ps. The instrument
response function (IRF) was obtained using Luddutem as a scatterer. FWHM was 0.45
ns. Emission wavelengths ranged from 360 to 690with 10 nm steps. The emission
bandpass was 16 nm. Data for each emission wavbleveye acquired for 150 s, and about
1.2x10 photons were collected for each sample. The dasageiated spectrg (zj, lem) Were

recovered from the pre-exponential factors in thitiexponential global fit

t

|(t,A)=IRF O iAj (A)e

where the lifetime values; were kept as global parameters (software FluoR2t14 ,
PicoQuant).

3.10 Fluorescence spectra of hepatocytes incubateth SG or DHSG

(hepatocytes were prepared by V. Simanek and itHolv&)

A liver sample was obtained from multi-organ donbine tissue acquisition protocol was in
accordance with Ethics Commission of the Facultyspital Olomouc. Hepatocytes were
isolated according to a published protocol (Br@ssl Borer 1965). They were suspended in
serum-free ISOM'’s (Isom et al. 1985, Kosina et2805) medium (20xT0cells/5 ml) with
SG (1uM) or DHSG (10uM). The suspension was incubated at 37°C in a sgakater bath
for 1 h. After incubation, the suspension was c¢mgged at 2500 g/4°C for 10 min. The
supernatant was frozen and stored at —80°C, amdtbieehepatocytes were twice rinsed with

PBS medium, centrifuged, and stored at —-80°C po@nalyses.
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For the fluorescence measurements, the pelletdd welre resuspended in the buffer to
ODs0=0.05 and fluorescence spectra of the suspensioa s&npled as described. Signals
from cells that were not treated by SG or DHSG weretracted as a background. Similarly
for the supernatant fraction, the signal from theeplSOM medium was subtracted as a

background.

3.11 Determination of the dissociation constant fnrm the steady-state fluorescence

experiments

(performed by M. Kubala)

The steady-state SG and DHSG fluorescence emissjmactra were measured on
spectrofluorimeter F4500 (Hitachi, Japan). Slitseveet to 10 nm for both the excitation and
emission channel, respectively, scan speed was ridlnin, the measurements were
performed at 22°C.

Increasing amounts of SG or DHSG were added tdN#df@l- or KCl-buffer in the absence or
presence of BIM Na'/K*-ATPase and the emission spectra were recordedesfoitation at
327 nm (for monitoring of SGOH or DHSG binding) @ir 475 nm (for monitoring of SG
binding). Then the plot of the normalized fluoresme intensityF (so that- = 1 for JuM SG

in the absence of protein) at the selected emisgiavelength (see Results) on the SG

concentration was fitted to the equation (Kubalale2003):

F :[se]+VT_1[[SG] +[E]+ K, —/(SA +[E] + K, f —4[3@][5])

where [SG] and [E] represent the SG and enzyme concentration, respgctKp is the
estimated dissociation constant apds the factor of relative fluorescence change upon
binding (i.e. koundFiree). Deviations of the experimental data from thewire randomly

distributed in all cases, indicating a correctrasthe model used.
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3.12 SG and DHSG fluorescence quenching

The steady-state SG SGOH or DHSG fluorescence emission was monitoagdthe
excitation/emission wavelengths 475/590 nm, 327/dd8 and 327/446 nm, respectively, in
the absence or presence @il Na'/K*-ATPase in NaCl-, KCI-, Nal- and Kl-buffers, where
the iodide anion served as a fluorescence quen8aenple solution was titrated by aliquots
of the sanguinarine resp. dihydrosanguinarine aedstopes from titration experiments were
used for determination of quenching efficiency lgr8-Volmer formula:

Foq

KSV = Fl |

Q )
whereF, andF is the emission intensity in the absence (NaCK®GI-buffer) or presence of
guencher (Nal- or Kl-buffer), respectivelfQ/ is concentration of quencher aKdyis Stern-

Volmer quenching constant.

3.13 Inhibition of Na'/K*-ATPase activity

Na'/K*-ATPase activity refers to the rate of the oualsainsitive hydrolysis of ATP at 3¢
under optimal conditions in the presence qigdof protein per sample in the reaction medium
containing 130 mM NacCl, 20 mM KCI, 4 mM Mg£land 30 mM histidine (pH 7.4 at T2).
Na'/K*-ATPase was pre-incubated on ice in the presenddiffeient concentrations of SG
(DHSG) in the reaction medium for 30 minutes, th@n90 s in the water bath at 7. The
reaction was induced by addition of 3 mM ATP. Afeeminutes at 3T the reaction was
stopped by addition of 50% trichloracetic acid ah& amount of inorganic phosphate
released was evaluated spectrophotometrically ¢Fésid Subbarow 1925). Specific 'N&'-
ATPase activity was calculated from the differemeethe amount of inorganic phosphate
released in the absence and in the presence oéiouab
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4 RESULTS AND DISCUSSIONS

4.1 Interaction of benzo[c]phenanthridine alkaloidswith Na'/K*-ATPase

4.1.1 Fluorescence properties of SG and DHSG (paper 1)

Excitation and emission spectra of sanguinarinpHat7.5 are complex (Fig. 13). There are
three peaks in excitation spectrum with maximun32t nm for emission 418 nm, 395 nm,
and 475 nm for emission at 590 nm. The 395 nm lyarige excitation spectrum results in an
emission spectrum which has an identical shap&doobtained upon excitation at 475 nm,
probably represents the excitation into thestate of the latter form.

Based on the pH dependence fluorescence spectangtiinarine with isoemissive point at
538 nm (Fig. 14), the blue-shift spectra with exiitin/emission wavelength 327/418 nm
were assigned to the SGOH form, while red-shiftgubcra with excitation/emission

wavelength 475/590 nm represents $@m.

1.2 4
327 nm 418 nm 590 nm
1.0+ T
084 |

0.6

0.4

Fluorescence intensity (rel.u.)

0.2 H

T I T I T T T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750
Excitation/emission wavelenght (nm)

0.0

Figure 13 Excitation (dash lines) and emission (solid linepectra of SG. Spectra with
excitation/emission wavelenght 327/418 and 475/%90 are coloured black and red,

respectively.
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Figure 14 Emission spectra of SG upon excitation at 327 nsokents with various pH.

The pH dependence of spectra was also used focaleelation of acido-basic equilibrium
constant. The sigmoidal curve (paper I, Fig. 4,tlo@ right above) was fitted by equation
given in the “Materials and methods” section anglfihyielded the K, = 8.06. This value is
slightly different from the value Ky = 7.5 yielded from the evaluation of changes in
absorption spectra (Maiti et al. 1982), but befits the values obtained by other methods
(Walterova et al. 1980, Wkova et al. 2004). Recent study revealed that tresall
discrepancies may be a consequence of differefétbedmposition (Absolinova et al. 2009).
Time-resolved fluorescence experiments yieldedtedestate lifetimes of 3.2 ns and 2.4 ns
for SGOH and SG form, respectively. Decay-associated spectra (DAS)yanguinarine
(paper I, Fig. 5a) were reconstructed from the ddpace of pre-exponential factors on the
emission wavelength. The addition of equimolar amia@i NADH, which is naturally present
in the cytoplasm, affected the DAS characteristaoy] they fit well to the values estimated
for DHSG (paper I, Fig. 5b) (see below). Basedlus &xperiment we can say that SG does
interact with NADH, on the other hand, there isawadence for the negatively charged form,
which has been proposed by Matkar et al. (2008) rsult of interconversion of SG forms in
the presence of NADH. However, if this negativeiyaged form of SG is not fluorescent, we

are not able to detect it.

4 RESULTS AND DISCUSSIONS 38



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Excitation and emission spectra of DHSG at pH Tebsample (Fig. 15). There is one strong
excitation peak at 327 nm for emission at 446 nhre PH dependence experiments revealed
no sensitivity of DHSG to acidity of the solutiompH range 5 to 12.

Time-resolved fluorescence measurement of DHSQgtkldouble-exponential decay with
excited-state lifetimes of 4.2 and 1.8 ns. Decapaisited spectra were also reconstructed in
the case of DHSG (paper I, Fig. 5c), but thereoigewidence for interaction in the presence of
NADH. DAS characteristics in this case can be aber®id as a simple superposition of the
DHSG and NADH (paper I, Fig. 5d).
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Figure 15Excitation (dash line) and emission (solid line¢spa of dihydrosanguinarine.

One of the advantages of the fluorescence speojgss that it is a non-invasive and non-
destructive method, and hence, it can be usedfafsm vivo experiments. As mentioned
above, experiments with SG are complicated by #m, fthat SG is in the equilibrium
between SGOH and SGorms, and under physiological conditions, these forms can
never be separated. Moreoveryivo SG can be metabolized to DHSG.

Assignment of the fluorescence characteristicsh® arious SG forms presented in this
paragraph is fundamental for the future studieS@Gf biological interactions. It gives us a
possibility to observe each SG form separatelyhout the need to separate the specie of

interest physically.
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4.1.2 SG-to-DHSG metabolization in hepatocytes (paper 1)

SG was incubated with hepatocytes to test if oyr@gch is applicable to cell culture
experiments and to confirm if SG is transforme®téSG as was described recently in the rat
(Vecera et al. 2007). The fluorescence spectra of SG wbserved after 1h of incubation
with hepatocytes and short centrifugation. Speqgtraperties of supernatant fraction upon
excitation at 327 nm perfectly matched the DHSCGespen with the single emission peak at
446 nm (paper |, Fig. 6). This observation provssltransformation of SG to DHSG. Pelleted
fraction was resuspended in the ISOM medium. Howewe fluorescence signal was
detected in this pellet fraction. We can specuthet DHSG was transported out of the

hepatocytes using a transport mechanism such &s&pgotein.

4.1.3 Spectral changes expected upon interactions of SG and DHSG with proteins
(paper 11)

Upon the SG/enzyme interaction two effects are ebgue to influence the fluorescence
spectra. We evaulated general effect of the micrio@nment polarity, which is expected to
decrease, when SG is bound from the aqueous hwoffére binding pocket on the enzyme.
Further, the spectra can be influenced by spedaifieractions with amino acids reactive
groups. We demonstrate that precise analysis ofdhcence spectra can provide valuable
information about the SG/enzyme interaction andweee able to identify the SGoinding
site on the NAK*-ATPase.

4.1.3.1 Solvent effects

For the evaulation of solvent effect we used sdvapproaches — solvent dependence of
fluorescence spectra on permitivity (commonly used.g. potentiometry), Lippert plot (used
in fluorescence spectroscopy) and the most geKermalet-Taft analysis.

We observed anomalous behaviour of SGOH; @@l DHSG spectra in 1, 2-ethanedithiol
(paper Il, Fig. 2, Fig. 3, and Fig. 4, respectiyebnd also of SGOH and SGpectra in 1-
butanethiol suggesting a specific interactions 1bfS& forms with —SH group. Therefore,

these solvents were excluded from the analysissietwn the polarity effects.
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Lippert plots revealed increasing Stokes-shift wiittreasing solvent polarizability in the case
of SG" and DHSG (paper I, Fig. 5 and Table 1), whiclyjsical for thert — mitransitions
typical in the planar nitrogen-containing heterdegc On the other hand, no clear trend was
observed for SGOH. It is probably caused by invmleat of n - 1] transitions in some
solvents, because the presence of the —OH growgpriubsthe planar shape of the aromatic
system.

Detailed Kamlet-Taft multiparametric analysis okspa (paper Il, Table 2) revealed that the
polarity effect is dominating only in the excitaticspectrum of SG The behaviour of
fluorescence spectra of neutral form of sanguirarfGOH) and dihydrosanguinarine
(DHSG) is also strongly influenced by ability oflgent to form solute-to-solvent hydrogen

bonds.

4.1.3.2 Interactions with amino acids residues

For the testing specific interactions of S@GGOH and DHSG with the amino acids we
evaulated influence of neutral analogues contaimaihgeactive groups that are found within
amino acids, i. e. Cys (-SH), Ser (-OH), Glu (-G@OGIn (-CONHR), Lys (-NH2), Arg (-
NH-C-(NHy),) and Tyr as a representative of aromatic aciddues. The experiments with
SG (and DHSG) and amino acids analogues were peefbrin aqueous buffer (which
simulates alkaloid interactions on the protein @&cg) and in aprotic solvent — acetone (which
simulates interactions in the hydrophobic bindiogket).

Only small spectral changes were observed for Botms of SG and DHSG in protic
(aqueous) environment (Fig. 16, Fig. 17, and FR&). respective). All these changes were
observed in the presence of cysteinyl residue (apemied by decrease in fluorescence
intensity) and Glu and Tyr in the case of 'S@®n the other hand, large changes in
fluorescence spectra were observed for both forfrS@ in aprotic environment (acetone).
There were shifts in the spectra of SGOH (Fig. ih@&he presence of Glu, Lys and Cys, and
in the spectra of SG(Fig. 17) in the presence of Arg and Glu. No clemip the presence of

any amino acids analogues were observed in theérage#dHSG in aprotic solvent (Fig. 18).
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presence of amino acid reactive groups in aqueaotferb(full symbols) and aceton (open
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Figure 18 Sensitivity of the DHSG excitation (black) and esion (red) spectra to the
presence of amino acid reactive groups in aqueaotferb(full symbols) and aceton (open

symbols).

Up to now, the linkage between iminium bond of St &ree -SH group of cysteines was
considered as the only mode of SG interaction enthymes (Walterova et al. 1980, Vespalec
et al. 2003). Our results unambigously demonstrétad in the aprotic environment we are

able to detect interactions of both SGOH and SI8o with other amino acids.

4.1.3 Interactions of SG and DHSG with Na'/K*-ATPase (paper 111)

Na'/K*- ATPase adopts two main conformational stateshdttie catalytic cycle. There ig E
state, with affinity for sodium, and,Etate, with high affinity for potassium; Btate can be
induced by the high concentration of sodium in bo&er solution, while Econformation is
obtained in the buffers with high potassium conkaidns.

Structural details about interactions of alkaloid¢h Na'/K*-ATPase were evaulated on the
basis of changes in fluorescence intensities, oit@&xon and emission spectra and from the
fluorescence quenching experiments. The abovenmmesdiospectral separation enabled

individual monitoring of the SGOH, SGor DHSG actions. The physiological effects of
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alkaloid binding to the N#K'-ATPase were estimated from the ATPase activity
measurements.

We observed quenching of S@uorescence and blue-shift of the SGOH fluoreseempon
binding to N&/K*-ATPase. Hence, fluorescence intensity change®9@trsn for SG or at
381 nm for SGOH were used for the calculatioiKpf(paper Ill, Fig. 1). Calculatedp value

for the binding of SGwas 7.2+ 2.0 uM, for binding of SGOH it was 11.FZ 0.9uM. In E,
state, we observed binding of S@ith Kp= 4.7 + 1.1 uM, while no binding to E state of
Na'/K*-ATPase was observed for SGOH. According to ounltesDHSG is not able to bind
to any state of the enzyme. Predominant role of 8®inding to N&/K*-ATPase is in good
agreement with the results of Cala et al. (1982).

The fluorescence quenching experiments providedesioisight into the structural details of
SG-binding site on N&K*-ATPase. We expected that effectivity of the calsl quenching

is proportional to spatial accessibility of quencteefluorophor. Small fluorophor (like SG or
DHSG) bound to the protein is at least partialytgeted from the solvent, thus, quencher has
worse accessibility to fluorophor and quenchintess effective. Efficiency of quenching was
analyzed by the evaulation of Stern-Volmer quenglianstantsKs,). Observed decrease in
Ksv Upon SG or SGOH binding to Estate by a factofR is typical for fluorophor that is
located on the protein surface. It is not cleamfrour experiments, whether there are two
binding sites for the SGand SGOH or whether there is a single bindingfsit&SsG where the
interconversion between S@nd SGOH is still possible by the proton exchabegveen SG
and solvent.

The observed decrease i, for SG binding to E state by a factof® signifies that
fluorophor is bound somewhere inside the hydrophdlmding pocket. This fits well to the
observation that changes in S@uorescence spectra in the presence of/fNaATPase
corresponds the best to changes in fluorescenadrapef SG with Arg residue in aprotic
environment. The high-resolution crystal structofeNa’/K*-ATPase (Morth et al. 2007,
Shinoda et al. 2009) reveales that most of itsnargiresidues are located on the surface of
the molecule, but only AP§’ on thea-subunit seems to be protected from the solvent. (Fi
19). Thus, we can conclude that Attcould be hot candidate for the interaction betw®6h
and N&/K*-ATPase. Nevertheless, this is only hypothesis mhestverified by future

experiments.
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Figure 19 Localization of Ar§’® (red spheres) within th@By complex of N¥K*-ATPase in
E, conformation (PDB entry 2ZXE). The-, -, andy-subunits are colored green, blue and

violet, respectively. Helices are represented hyalgs andp-strands by arrows. Actuator,

nucleotide binding, and phophorylation domainslabeled A, N, and P, respectively.

Results from ATPase activity measurement indichtg 85G inhibits ATPase activity with
IC50=10.4% 2.2 uM (Fig. 20). This value corresponds well with tkg values acquired from
the steady-state fluorescence experiments. In dgpo® influence on ATPase activity was
observed in the presence of DHSG.

In fact this negative result has very importantsgayuences for the SG application in clinical
praxis. Recalling the fact that SG is convertedtdSG in the gastro-intestinal tract implies
that any biological effect that can be attributedNia/K*-ATPase inhibition by SG can be
considered only prior to SG-to-DHSG metabolizatiothe living organism. Hence, it can be
effective e.g. in the mouth-washes or cosmeticrosgdut will be very limited after oral or

parenteral administration.
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Figure 20 Effect of SG (solid symbols) and DHSG (open syrspain the N¥K*-ATPase
activity.

4.2 Interactions of cytoplasmic ligands with N&K*-ATPase isolated large cytoplasmic
loop C45

As was described above, M&*-ATPase can exist in two conformational states rayri
catalytic cycle. First, with high-affinity to ATPnd sodium, generally known as Btate,
second, with low-affinity to ATP and sodium, bughiaffinity to potassium, generally known
as k state. Early experiments of Skou (1960) revediead tnagnesium must be present in the
cytoplasm as an essential cofactor that is nosparted to the other side of the membrane.
Pedersen et al. (2000) described location of thé"Minding site near the phosphorylation
site and this fact lead to the consideration thdy MgATP is the true ligand for P-type
ATPases. It is generally agreed that magnesiunssergial for the phosphorylation of the
conserved Asf5®.

Recently published high-resolution crystallograpsiuctures of NaK*-ATPase (Morth et
al. 2007, Shinoda et al. 2009) provide detailednmiation about structure, but they represent
only static pictures obtained under very extremeddemns and enzyme can be complexed

only with molecules functioning as inhibitors. Tdserve the protein dynamics under
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physiological conditions and with native ligandse tconventional spectroscopic techniques
and molecular dynamic simulations are the bettehous.

Our study introduced a novel approach for the olzgem of enzyme conformational changes
upon binding of cytoplasmic ligands such #MgMgATP and ATP using the intrinsic
tryptophan fluorescence quenching.

Cytoplasmic C45 loop containing the N- and P-domaianstitutes 40% of thea-subunit
mass, and, as was described above, it could batesbfrom the rest of the enzyme retaining
its structure, as well as dynamic and some ofuitstional properties (e.g. TNP-ATP- or low-
affinity ATP-binding).

The native C45 loop sequence contains two tryptoyphiesidues (W385 and W411). They
were subsequently replaced by phenylalanines taimkd tryptophanless (TL) construct.
Further, artificial reporter tryptophans were inedrinto this TL construct to yield a set of
single-tryptophan mutants (see Materials and methpdper IV). Tryptophans were placed
on the various positions on the C45 loop (Fig. T2 expression levels of all mutants were
high, suggesting that the carried out mutationsndidinfluence the correct protein folding.
For the monitoring of enzyme conformational changasised by the ligand binding,
acrylamide quenching methods were used. The aciy&anguenching can reveal the
information about the steric accessibility of ttheofofor. Additionaly, quenching by iodide
was used for the monitoring of the local changethefelectrostatic surface potential (ESP)
(Fig. 21).

O fluorophore O acrylamide = iodide

Figure 21 Scheme of fluorescence quenching by acrylamide iaditle. In the case of
acrylamide, quenching effectivity depends mainly tme steric accessibility of the
fluorophore. In the case of iodide, quenching éffty depends also on the electrostatic

interactions.
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Observation of ESP was used for the better undetstg of conformational events, because
geometrical approach usually describes only thgalnand final states. In opposite, ESP
observation provides information about forces aagsihe movement. It is known that

electrostatic forces play and important role inititer- and intramolecular interactions.

4.2.1 Conformational changes caused by ligand-binding (paper 1V)

Analyses of conformational changes caused by liganding were accomplished using
methods of intrinsic tryptophan fluorescence querghby acrylamide, fluorescence
anisotropy decay and molecular dynamic (MD) simatet. We can conclude, based on the
C45-Xray MD simulation performed after remotion G#5 from the crystal structure of
Na'/K*-ATPase that in the absence of any ligand C45 ladppts closed conformation
characteristic for the Estate.

In line with our expectation, binding of Myitself caused only slight changes and C45 still
preserved the closed conformation. However, thgeltrchanges were expected for binding
of ATP in the presence of M§ In fact, the closed C45 structure changed orighsl, and,
based on these results, we can conclude that Mg#t@bBilize closed C45 conformation.
Moreover, our experiments suggested that theretaee binding sites for Mg in the
proximity of the phosphorylation site. One of thetions was coordinated by the oxygens of
the a- and -phosphates, the other one was positioned betwbkeny-phosphate and
phosphorylation site at A}, with the assistance of the V& (paper 1V, Fig. 5b).

The most dramatic changes were observed in the @ag#d P binding in the absence of
magnesium (NsATP). ATP binding caused rapid opening of C45 comfation; the open
C45 conformation is characteristic for, Btate. Moreover, subsequent addition of Mg
caused C45 closure again (paper IV, Fig. 6). Howetlds conformation turned to be
unstable (in the MD simulations) on longer timelscand we observed some kind of
oscillations.

It is also important to note that there are somatditions related with the observation of
conformational changes the C45 structure. Basedhencrystal structure of SERCA, we
suggest that the flanking stroke of A-domain intd5Cis necessary to correct mutual
orientation of the N- and P-domains. This could nave been observed in our studies with
the isolated C45.
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Based on our observations, we can conclude thdbouoational changes of C45 structure is
dependent not on the binding of transported cattonthe transmembrane domain but it
depends on the presence or absence of the nuéeatid magnesium. It seems to be
resonable to describe conformation of the cytoplas@ind transmembrane domains within
Albers-Post cycle independently. The proposed natibn of the Albers-Post model based
on our experiments is shown in Fig. 22 , where sggt “0” or “c” denotes the open or
closed conformation of cytoplasmic headpiece ared dhbscript “Na” or “K” characterize
high-affinity of the sodium or potassium ions te tthansmembrane domain. First, ATP binds
to the B state of N&K'-ATPase with low-affinity for nucleotide. It causegpening of
cytoplasmic headpiece conformation. This confororatl change is transmitted to the
transmembrane domain yielding change in affinitiesn high-affinity for potassium to high-
affinity for sodium, enzyme is insEstate. Cations can be exchanged on the cytoplasidec
Then magnesium binds. It causes closure of theptagmic headpiece, enabling the ATP
hydrolysis and the enzyme phosphorylation. Thisnipulse for the transition from;Ho E,
conformational state of enzyme, thus, change innig#s for sodium and potassium.
Potassium binding to the high-affinity, Btate causes release of ¥1@nd enzyme is now
ready for the binding another ATP molecule.

Our results correspond well with the fact that mesynm is necessary for the enzyme
phosphorylation.

ouT
OE\a-ATP —— ©E,_-2Na-ATP —— CE,-3Na-ATP —— CE,-3Na-Mg-ATP
](2}( 2Na Na Mg l

OE\a-2K-ATP

OF _2K-

E-2K-ATP ADP ’i

AaTP _ Mg+P
CE,-2K CE~P-2K-Mg '—TKCEK~P-Mg 7~ CEx~P-3Na-Mg
2 3Na

Figure 22 Proposed modification of the Albers-Post modeledasn our experiments.

Adapted from paper IV.
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4.1.3.2 Changes in electrostatic surface poterdzalsed by ligand-binding (paper V)

It was described that transmembrane helikigt, aM5, aM6 andaM8 of Na'/K*-ATPase
participate to cation binding (Morth et al. 200/Mdaall 10 transmembrane helices are
involved in complex structural changes (Toyoshimad aNomura 2002). In opposite,
cytoplasmic segment C45 is the only interactiorirarfor external cofactors. It is interesting
to know how the informations from the cytoplasmeatipiece can get to the transmembrane
part of the enzyme. One of the possibilities isstady changes in electrostatic surface
potential (ESP). We propose that changes in ESRI dmiimportant for the communication
between distal parts of the molecule and can peinformations about the forces causing
the movement, not only about the conformationalnges from the point of view of the
geometry.

In this study we introduced a novel approach to iteorihe changes in electrostatic surface
potential upon ligand-binding to C45 cytoplasmigreent. As was described above, for this
study, we used the method of intrisic tryptopharoiféscence quenching by acrylamide and
iodide, fluorescence decay measurement and theiMDlaions.

Additionaly to the previous study, where the samed single tryptophan mutants of C45
was used, the mutant TL-V648W exhibits upon lighntling a little changes in geometry
but large changes in ESP. In opposite, other msitavitich were sensitive to the changes in
geometry, did not show changes in ESP. Hence, 8fe mBapping provides information that
are complementary to the information obtained lgl@ation of the conformational changes.
Based on the crystal structures of the calcium putrip obvious that large rearangement of
the transmembrane helices occurs upon-EE; transition (Toyoshima and Nomura 2002). It
is relatively straightforward to understand tha thformations about nucleotide-binding can
be transmitted to the transmembrane heladgkl andaM5 of the enzyme, because they are
extensions of C45, and that helicdgl1-aM3 are influenced by the movement of A-domain.
But it is not obvious how the information about laatide binding can get to the C-terminal
transmembrane heliceaiNI7-aM10), which are located on the opposite the nudeet
binding site.

According to our observations, local charge in thetant V648W shifts toward more
negative values in open conformation (induced byAY& binding) compared to the closed
conformation. It could be signal for the short @lasmic loop C67, which was suggested (for
example Xu et al. 2004), as a mediator of inforovai between C45 and C-terminal

4 RESULTS AND DISCUSSIONS 50



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

transmembrane helices. Thus, our observationsdbaisehe C45 MD simulations with the

crystal structure of complete NK*-ATPase, suggest that flexible loop A¥Asn®*® (paper

V, Fig. 4 and Fig. S1) could mediate informatiobs@t nucleotide-binding between C45 loop
and C-terminal transmembrane helices involving €163t cytoplasmic loop as mediator.

Our data indicate that the effect of the liganddbg is not restricted only to the close
environment of the binding site and that the infation is in fact transmitted also to the distal
parts of the molecule. This property could be ingair for the communication between the
cytoplasmic headpiece and the cation binding $ttegted within the transmembrane domain.
Moreover, our approach of ESP experimental momtpopens a new way to understanding

the interactions within the proteins.
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5 CONCLUSIONS

Based on the work in this thesis, we conclude that:

» We have characterized fundamental fluorescenceeptiep of SG+, SGOH, and
DHSG. We found that inspite of the fact that, ungleysiological conditions, there is
an equilibrium between quaternary cation {($&nd a pseudobase (SGOH) forms of
SG and they can never be separated, we are aloleseyve them separately by the
spectral selection.

« Acidobasic equilibrium constant characterizing sisions between SGand SGOH is
pKa= 8.06. Fluorescence of DHSG exhibited no chang#isa pH range 5-12.

* NADH is able to convert SG to DHSG, but there isapparent interaction between
NADH and DHSG.

* Our fluorescence experimental techniques are aggcfor monitoring the SG to
DHSG conversion in living cells.

* Fluorescence spectra of both forms of SG and gelesxtent also DHSG are sensitive
to interactions that are predicted from bindingtoteins.

* There are also other modes of SG interaction withtgins than the well known
binding to cysteins.

+ Hot candidate for the S@inding site on N4K*-ATPase is Arg’®, which is, based
on the recently published high-resolution crystalicture of N&/K*-ATPase (Morth
et al. 2007), in the protein structure protectahfrthe solvent. This is also suggested
by other fluorescence experiments in the presericBlad/K*-ATPase, where the
enzyme in E conformation binds only SG(not SGOH), while binding site is
protected from the solvent. However, this hypothasiust be verified by further
experiments.

« Enzyme in E conformation can bind both charged ($@nd neutral (SGOH) form of
SG and the binding site im Eonformation is located on the surface of the arey

« There is no evidence for interaction of N&'-ATPase and DHSG.

* Results from fluorescence experiments correspontll wi¢h the activity studies,
where we observed inhibition of NK*-ATPase activity by SG, but there was no

effect on the enzyme activity in the presence ofSGH
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* Our interaction studies suggest that in vivo effecSG attributable to inhibition of
Na'/K*-ATPase can be considered only prior to-SBHSG transformation in gastro-
intestinal tract and/or blood. Hence, N&-ATPase inhibition will be effective in
cosmetic preparations and mouth washes, but williroged in duration in oral or
parenteral administration.

* Our data from the intristic tryptophan fluorescemgeriments with isolated large
cytoplasmic loop of NAK*-ATPase (C45 loop) revealed that this model system
consisting of only two domains retained the ability adopt open or closed
conformations induced by interactions with cytopiasligands.

 The work with the isolated C45 loop enabled effitisseparation of the events
occurring within the transmembrane- and cytoplaspacs of the NaK*-ATPase
during the pumping cycle. We propose that free A3bound to the low-affinity
binding site inducing opening of the cytoplasmiadigiece. Magnesium is bound later
and induces closure of the cytoplasmic headpiéces, ¢nabling autophophorylation.

* We introduced the novel method for the monitorifighe changes in the electrostatic
surface potential (ESP) induced by ligand bindinging the quenching of intritic
tryptophan fluorescence.

* Our data from the monitoring of ESP indicate theg éffect of the ligand binding is
not restricted only to the close environment oftivaing site and that the information

is in fact transmitted also to the distal part$h&f molecule.

5 CONCLUSIONS 53



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

6 REFERENCES

Absolinova H, Jatér L, Jartarova |, Vicar J, and Kubi&V (2009) Acid-base behaviour of
sanguinarine and dihydrosanguinariget. Eur. J. Chem. 7(4), 876-883

Albers RW and Siegel GJ (1967) Sodium-potassiunvatetd adenosine triphosphatase of
Electrophorus electric orgad. Biol. Chem. 242, 4972-4979

Baker NA, Sept D, Joseph S, Holst MJ, and McCamnién (2001) Electrostatics of
nanosystems: application to microtubules and thesome.Proc. Natl. Acad. Sci. USA 98,
10037-10041

Bashmakova N, Hovorun D, Kutovyy S, Losytskyy Mdaviashchuk V (2008) The DNA
influence on spectral properties of the berbercigglidonine and sanguinarine alkaloids.
WDS’08 Proceedings of Contributed Papers, Partlifi3-167

Beggah AT, Jaunin P, and Geering K (1997) Role lgtagpylation and disulfide bond
formation in theB3-subunit in the folding and functional expressid\a,K-ATPaseJ. Biol.
Chem. 272(15), 10318-10326

Blanco G and Mercer RW (1998) Isozymes of the N&JKHRase heterogenity in structure,
diversity in functionAm. J. Physiol. Renal. Physiol. 275, F633-F650

Bradford MM (1976) Rapid and sensitive method foaugtitation of microgram quantities of

protein utilizing principle of protein-dye bindingnal. Biochem. 72, 248-254

Brossi A, Borer R (1965) Analysis and purificatioha commercial sample of sanguinarine
nitrate.Lloydia 28, 199-&

Cala PM, Norby JG, Tosteson DC (1982) Effects efgilant alkaloid sanguinarine on cation-
transport by human red-blood-cells and lipid bilageembranes]. Membr. Biol. 64, 23-31

6 REFERENCES 54



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Clausen T (1996) The N&" pump in skeletal muscle: quantification, regulatiand
functional significanceActa Physiol. Scand. 156, 227-235

Das A, Nandi R, and Maiti M (1992) Photophysicabgerty of sanguinarine in excited
singlet statePhotochem. Photobiol. 56(3), 311-317

Dempski RE, Friedrich T, and Bamberg E (2005) Thsubunit of the N&K'-ATPase
follows the conformational state of the holoenzythesen. Phys. 125, 505-520

Dempski RE, Hartung K, Friedrich T, and Bamber BO@) Fluorometric measurements of
intermolecular distances between the Alpha and Bebanits of the N#aK*-ATPase.J. Biol.
Chem. 281(47), 36338-36346

Dostanic-Larson |, Lorenz JN, Van Huysse JW, Neuma@, Moseley AE, and Lingrel JB
(2006) Physiological role of the;- and a,-isoforms of the NAK*-ATPase and biological

significance of their cardiac glycoside bindingesidm. J. Physiol. Regul. Intel. Comp.
Physiol. 290, R524-R528

Emery AM, Billingsley PF, Ready PD, and Djamgoz MB2998) Insect NadK*-ATPase. J.
Insect Phys. 44, 197-209

Ettrich R, Meliche¢ik M, Teisinger J, Ettrichova O, Krumscheid R, Hadfierova K,
Kvasnika P, Schoner W, and Amler E (2001) Three-dimeradi@tructure of the large
cytoplasmic H4-H5 loop of N#&K'-ATPase deduced by restraint-based comparative
modeling shows only one ATP binding sifle Mol. Model. 7, 184-192

Faddeeva MD and Beliaeva TN (1997) Sanguinarine @lfigticine cytotoxic alkaloids
isolated from well-known antitumor plants. Intrdo&r targets of their actionlsitologiia
39(2-3), 181-208

Faddeeva MD, Beliaeva TN, and Sokolovskaia EL (}3fect of a number of biologically
active substances on the activity of membrane-bdNadK *-ATPase from the bovine brain.
Tsitologiia 29(5), 576-581

6 REFERENCES 55



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Fiske CH, Subbarow Y (1925) The colorimetric det@ation of phosphorusl. Biol. Chem.
66, 375-400

Garty H and Karlish SJD (2006) Role of FXYD protein ion transportAnnu. Rev. Physiol.
68, 431-459

Gatto C, Wang AX, and Kaplan JH (1998) The C45 @hsmic loop of the Na,K-ATPase,
overexpressed in Escherichia coli, binds nucleosigbosphates with the same selectivity as
the intact native proteid. Biol. Chem. 273(17), 10578-10585

Geering K (2001) The functional role d@-subunits in oligomeric P-type ATPases.
Bioenerg. Biomembr. 33, 425-438

Geering K (2005) Function of FXYD proteins, regolat of Na,K-ATPaselJ. Bioenerg.
Biomembr. 37(6), 387-392

Geering K (2006) FXYD proteins: new regulators o, NK-ATPaseAm. J. Physiol. Renal.
Physiol. 290, 241-250

Girshin AV, Sverdlov VE, Kostina MB, Modyanov NN424) Cloning and characterization
of the entire cDNA encoded by ATPAL1 — a membeth&f human Na,K/H,K-ATPase gene
family. FEBS Lett. 349, 144-150

Hakim AH (1957) The use of the isolated perfusagtrlito detect alterations to plasma
proteins.Biochem. J. 66(2), 255-264

Hu YK, Kaplan JH (2000) Expression of an active MaATPase with an alpha-subunit
lacking all twenty-three native cysteine residuked®Biol. Chem. 275, 19185-19191

Isom HC, Secott T, Georgoff I, Woodworth C, Mummalv (1985) Maintenance of
differentiated rat hepatocytes in primary cultuPeoc. Natl. Acad. Sci. USA 82(10), 3252—
3256

6 REFERENCES 56



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Jorgensen PL and Andersen JP (1988) Structurad barsE1-E2 conformational transitions in
Na,K-pump and Ca-pump proteirds.Membr. Biol. 103, 95-120

Jorgensen PL and Pedersen PA (2001) Structureidmnilationships of Na K*, ATP, or
Mg?* binding and energy transduction in Na,K-ATPa&iechim. Biophys. Acta 1505, 57-74

Jorgensen PL, Hakansson KO, and Karlish SJD (28®icture and mechanism of Na,K-
ATPase: Functional Sites and Their Interactigxmu. Rev. Physiol. 65, 817-849

Jorgensen PL, Jorgensen JR, and Pedersen PA (ROGLPf conserved TGDGVND-loop in
Mg?* binding, phosphorylation, and energy transfer mWNATPaseJ. Bioenerg. Biomembr.
33, 367-377

Kamlet MJ, Abboud JLM, Abraham MH, and Taft RW (BJ8Linear solvation energy
relationships. 23. A comprehensive collection @& $slolvatochromic parameters, pi-star, alpha
and beta, and some methods for simplifying the g#ized solvatochromic equatiod. Org.
Chem. 48, 2877-2887

Kaplan JH (2002) Biochemistry of Na,K-ATPagenu. Rev. Biochem. 71, 511-535

Kaplan JH (2005) The sodium pump and hypertensfophysiological role for the cardiac
glycoside binding site of the Na,K-ATPag&NAS 102(44), 15723-15724

Klodos I, Esmann M, Post RL (2002) Large-scale arafion of sodium-potassium ATPase
from kidney outer medull&idney Int. 62, 2097-2100

Koksoy AA (2002) N&/K*-ATPase: A ReviewJ. Ankara Med. Sch. 24 (2), 73-82
Kosina P, Maurel P, Ulrichova J, Di&ak Z (2005) Effect of silybin and its glycosides the

expression of cytochromes p450 1A2 and 3A4 in pynaaltures of human hepatocyteks.
Biochem. Mol. Toxicol. 19(3), 149-153

6 REFERENCES 57



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Kubala M, Hofbauerova K, Ettrich R, Kopecky Jr. Kumscheid R, PlasSek J, Teisinger J,
Schoner W, and Amler E (2002) Phe475 and Glu446noatSer445 participate in ATP-
binding to thea-subunit of N&/K*-ATPaseBiochem. Biophys. Res. Com. 297. 154-159

Kubala M, PlaSek J, Amler E (2003) Limitations inelarized analyses of binding equilibria:
binding of TNP-ATP to the H4-H5 loop of Na/K-ATPagaur. Biophys. J. Biophys. Lett. 32,
363-369

Kubala M, Teisinger J, Ettrich R, Hofbauerova K,géaky V, Baumruk V, Krumscheid R,
Plasek J, Schroner W, and Amler E (2003b) Eightnanaicids form the ATP recognition site
of Na'/K*-ATPaseBiochemistry 42(21), 6446-6452

Kumar GS, Das A, and Maiti M (1997) Photochemicahwersion of sanguinarine to

oxysanguinarinel. Photochem. Photobiol. A: Chemistry 111, 51-56

Laughery MD, Todd ML, and Kaplan JH (2003) Mutatbranalysis ofa-B subunit
interacions in the delivery of Na, K-ATPase hetémts to the plasma membrarde.Biol.
Chem. 278(37)34794-34803

Lingrel JB, Kuntzweiler TJ (1994) N&K*-ATPase — MinireviewBiol. Chem. 269, 19659-
19662

Lingrel JB, Williams MT, Vorhees CV, and Moseley AE007) Na, K-ATPase and the role

of alpha isoforms in behaviour. Bioenerg. Biomembr. 39, 385-389

Linnertz H, Kost H, ObSil T, Kotyk A, Amler E, Scher W (1998a) Erythrosin 5’-
isothiocyanate labels Cys549 as part of the lowniyf ATP binding site of N9K*-ATPase.
FEBS Lett. 441, 103-105

Linnertz H, Lanz E, Gregor M, Antola¥iR, Krumscheid R, ObSil T, Slavik J, Kdika Z,
Schoner W, and Amler E (1999) Microenvironmentlwé high affinity ATP-binding site of
Na'/K*-ATPase is slightly acidi®iochem. Biophys. Res. Com. 254, 215-221

6 REFERENCES 58



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Linnertz H, Miksik I, Kvasnika P, Bertoli E, Mazzanti L, Schoner W, and Amle¢1298b)
Binding of pyrene isothiocyanate to the E1IATP sitakes the H4-H5 cytoplasmic loop of
Na'/K*-ATPase rigidEur. J. Biochem. 251, 522-527

Lutsenko S and Kaplan JH (1995) Organization ofg&tATPases: significance of structural
diversity.Biochemistry 34, 15607-15613

Maiti M, Nandi R and Chaudhuri K (1982) Sanguinarira monofunctional intercalating
alkaloid.FEBS Lett. 142 (2), 280-284

Maiti M, Nandi R, and Chaudhuri K (1983) The effeat pH on the absorption and

fluorescence spectra of sanguinarifeotochem. Photobiol. 38, 245-249

Maiti M, Das S, Sen A, Das A, Kumar GS, Nandi R(Q2pInfluence of DNA structures on
the conversion of sanguinarine alkanolamine fornmimium form. J. Biomol. Struct. Dyn.
20(3), 455-464

Matkar S, Wrischnik L, Hellmann-Blumberg U (2008pBuction of hydrogen peroxide and
redox cycling can explain how sanguinarine and eryéhrine induce rapid apoptosistch.
Biochem. Biophys. 477(1), 43-52

Mgller JV, Juul B, le Maire M (1996) Structural argzation, ion transport, and energy
transduction of P-type ATPasé&iochim. Biophys. Acta 1286, 1-51

Moore RD and Rabovsky JL (1979) Activation by sangtine of active sodium efflux from

frog skeletal muscle in the presence of ouahhiRhysiol. 295, 1-20

Morth JP, Pedersen BP, Toustrup-Jensen MS, SordinddnPetersen J, Andersen JP, Vilsen
B, and Nissen P (2007) Crystal structure of thawsuepotassium pumNature 450, 1043-
1050

Morth JP, Poulsen H, Toustrup-Jensen MS, SchackBfepjerg J, Andersen JP, Vilsen B,
and Nissen P (2009) The structure of thé, K&ATPase and mapping of isoform differences
and disease-related mutatioR#il. Trans. R. Soc. B 364, 217-227

6 REFERENCES 59



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Motevich IG, Strekal ND, Nowicky JW and MaskevichA £007) Absorption, fluorescence,
and SERS spectra of sanguinarine in different pldegJ. Applied Spectroscopy 74(5), 666-
672

Nichols J, Strub KD, Abernathy S (1978) Effect @nguinarine, a benzophenanthridine
alkaloid, on frog skin potential difference and gkmrcuit current.Biochim. Biophys. Acta
511, 251-258

Obsil T, Mérola F, Lewit-Bentley A, and Amler E @®) The isolated H4-H5 loop of Na, K-
ATPase overexpressed in Escherichia coli retamsahility to bind ATP.FEBS Lett. 426,
297-300

Palmgren MG, Axelsen KB (1998a) Evolution of PaypTPasesBiochim. Biophys. Acta
1365, 37-45

Palmgren MG, Axelsen KB (1998b) Evolution of substrspecificities in the P-type ATPase
superfamilyJ. Mol. Evol. 46, 84-101

Pedersen PA, Jorgensen JR, and Jorgensen PL (E@f06)tance of conserved-subunit
segment 709GDGVND for binding, phosphorylation, amergy transduction in Na, K-
ATPaselJ. Biol. Chem. 275 (48), 37588-37595

Pedersen PL, Carafoli E (1987a) lon motive ATPakddbiquity, properties and significance
to cell function.Trends Biochem. Sciences 12, 146-150

Pedersen PL, Carafoli E (1987b) lon motive ATPaHe&nergy coupling and work output.
Trends Biochem. Sciences 12, 186-189

Post RL, Hegyvary C, and Kume S (1972) Activation ddenosine triphosphate in the
phospohorylation kinteics of sodium and potassiamtransport adenosine triphosphatase.
Biol. Chem. 247, 6530-6540

6 REFERENCES 60



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Psotova J, Klejdus B, \efa R, Kosina P, KubaV, Vic¢ar J, Simanek V, and Ulrichova J
(2005) A liquid chromatographic-mass spectromegnia@dence of dihydrosanguinarine as a
first metabolite of sanguinarine transformatiomah J. Chrom. B 830, 165-172

Psotova J, Vé&era R, Zdaéilova A, Anzenbacherova E, Kosina P, Svobodova Ah& J,
Jirovsky D, Stiborova M, Lichnovsky V, Vicar J, Samek V, and Ulrichova J (2006) Safety
assessment of sanguiritrin, alkaloid fraction of cMaya cordata, in ratsVeterinarni
Medicina 51(4), 145-155

Sanner MF (1999) Python: a programming language dJoftware integration and
developmentJ. Mol. Graph. 17, 57-61

Seifen E, Adams RJ, and Riemer RK (1979) Sanguirag positive inotropic alkaloid which
inhibits cardiac NEK*-ATPase Eur. J. Pharmacol. 60(40), 373-377

Shinoda T, Ogawa H, Cornelius F, and Toyoshima@$2 Crystal structure of the sodium-

potassium pump at 2 M resolutionNature 459, 446-451

Scheiner-Bobis G (2001) Sanguinarine induce€'s datflow from yeast cells expressing

mammalian sodium pumpllaunyn-Schmiedeberg’s Arch. Pharmacol. 363, 203-208

Schmeller T, Latz-Bruning B, and Wink M (1997) Blmmical activities of berberine,
palmatine and sanguinarine mediating chemical defeagainst microorganisms and
herbivoresPhytochem. 44(2), 257-266

Skou JC (1960) Further investigation on a Mg Na'-activated adenosintriphosphatase,
possibly related to the active, linked transportNa and K across the nerve membrane.
Biochim. Biophys. Acta 42, 6-23

Straub KD, Carver P (1975) Sanguinarine, inhibtdbNa-K dependent ATPas8iochem.
Biophys. Res. Commun. 62, 913-922

Sweadner KJ, Rael E (2000) The FXYD gene familyswfall ion transport regulators of

channels: cDNA sequence, protein signature sequandeexpressiorzenomics8, 41-56

6 REFERENCES 61



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Simanek V, Vespalec R, Sedo A, Ulrichova J, andaWiJ (2003) Quaternary
benzgc]phenanthridine alkaloids — biological activiti€hem. Probes Biol., 245-254

Therien AG and Blostein R (2000) Mechanisms of sodpump regulationAm. J. Physiol.
Cell Physiol. 279, C541-C566

Toyoshima C, Nakasako M, Nomura H, and Ogawa H@R2@ystal structure of the calcium

pump of sarcoplasmic reticulum at Aa@esolutionNature 405 (6787), 647-655

Toyoshima C and Nomura H (2002) Structural changedbke calcium pump accompanying
the dissociation of calciunNature 418, 605-611

Tran CM and Farley RA (1999) Catalytic activity afh isolated domain of Na,K-ATPase
expressed in Escherichia cdbiophys. J. 77, 258-266

Tsuda T, Shunji K, Funatsu H, Hayashi Y, and TaciguK (1998) Fluorescein 5'-
isothiocyanate-modified Ne&K*-ATPase, at Lys-501 of thechain, accepts ATP independent
of pyridoxal 5"-diphospho-5"-adenosine modificatairLys-480.J. Biochem. 123, 169-174

Tyagarajan K, Chow DC, Smolka A, Forte JG (1995u&ural interactions between and
B-subunits of the gastric H, K-ATPad&iochim. Biophys. Acta 1236, 105-113

Vespalec R, Bartak P, Simanek V,c&kbva M (2003) Electrophoretic investigation of
interactions of sanguinarine and chelerythrine vmtblecules containing mercapto group.
Chrom. B 797, 357-366

Vecera R, Klejdus B, Kosina P, Orolin J, Stiborova M, 18ek S, Viar J, Dvaak Z,
Ulrichova J, Kubé V, Anzenbacher P, Simanek V (2007) Dispositiorsafiguinarine in the
rat. Xenobiotika 37(5), 549-558

Vickova M, Bartak P, Kuha V (2004) Capillary electrophoretic studies of aclohse
properties of sanguinarine and chelerythrine alklgld. Chromatogr. A. 1040(1), 141-145

6 REFERENCES 62



Marika JANOVSKA Intetian of small organic molecules with the sodiurmpu

Walterova D, Preininger V, Grambal F, Simanek Vntday F (1980) On isolation and
chemistry of alkaloids from some plants of the figrlRiapaveraccae. 78. Fluorescence-spectra
and cation-pseudobase equilibria of some benzopliendine alkaloidsHeterocycles 14(5),
597-600

Walterova D, Ulrichova J, Valka | et al. (1995) Giixicity of benzc]phenanthridinium in
isolated rat hepatocyteActa. Univ. Palacki. Olomouc. Fac. Med. 139, 7-16

Woo AL, James PF, and Lingrel JB (2000) Sperm ntpi$ dependent on a unique isoform
of the Na,K-ATPasel. Biol. Chem. 275, 20693-20699

Xu C, Rice WJ, Wanzhong H, and Stokes DL (2002)tructural model for the catalytic
cycle of C&"-ATPase.J. Mol. Biol. 316, 201-211

Xu GY, Kane DJ, Faller LD, and Farley FA (2004) Ttae of loop 6/7 in folding and
functional performance of Na,K-ATPask.Biol. Chem. 279, 4594-45602

Xu KY (2005) Activation of (Na + K*) - ATPaseBiochem. Biophys. Res. Comm. 338, 1669-
1667

6 REFERENCES 63



