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Abstract

The properties of the proton binding kinetics of 8 CaATPasewere investigated in this

work. The Proteins were reconstituted in lipid vesicles ofslieoplasmic reticulum (SR)

from the rabbit's psoas muscle. FHoe analysisiew methods were developed, which allowed
further indepth knowledge about the function of cation transport in this protein. Previous
work has been limited to the cytg access channef the cation binding sites in the protgin
which wasaccessible irthe vesicular preparation of SR -8a3Pase.The properties of the
luminal access channels of SR-E&Pase could be determined in previous studies mainly by
equilibrium titrations, since the lipid membrane is only permeable to cations. The first step in
this work was the development and optimisation of a process for the production of open lipid
fragments(Fibich, et al., 2008)The proteins integrated into the lipid fragments should have
the same properties as the original SRAJ&ase preparations, but allow free access of the
cations to the luminal access channel. This goal was achieved by preparation steps with SDS
buffers and dialysis procedures. The properties of the SRTPase preparation were
verified in various tests. Exninations with the electron microscope confirmed the open lipid
fragments. The protein activities were investigated and confirmed with the coupled pyruvate
kinase/lactate dehydrogenase test and the cation binding properties were confirmed in
equilibrium fitrations. The result was a direct comparability of the properties of both
preparations.

This preparation formed the basis for kinetic studies of proton binding inpthtaté of theso
called PostAlbers (pump) cyclef SR CaATPase(Post, et al., 1972JAlbers, 1967) Caged
compounds were used for investigations of fast proton binding kinetics with time resolutions
in the millisecond range. These caged compounds are physiologically inactive.aThus
homogeneous solution of the SR-E&Pase and all relevant substrates could be produced.
The molecular structure of all caged compounds in the buffer solution was split
simultaneously by a UV light trigger. In addition to commercially available caged
conmpounds, the 2nethoxy5-nitrophenol sulfate (MNPS.Na) synthesd by Karl Janko in

the group of Prof. Dr. Handiirgen Apell was used as caged protonHEgfor the first time
(Fibich, et al., 2007)Measurements showed theiedty of cgH* and allowed its use for
further kinetic investigations of proton bindingtme SR CaATPase.

The activation of the caged compound and the release of physiologically active substrates
caused a change in the state of equilibrium of the SRTRase, which was associated with
conformational changes protein structure and cation bindimgthe proteinThese processes
of all proteins were synchronised by this measuring technijueas possible to observe and
analyzedefined proton binding and structure change steps. Structural protein changes and
binding of additional cations in the protein caused electrostatic field changes in the immediate
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vicinity of SR CaATPase. h order to detect these changekectrahromicstyryl dyes were

used. Due to the chemical structure of the dyes with a hydrophobic part, the bound
chromophore and a subsequent hydrophilic part, the dye molecules were positioned in the
lipid membrane.The chromophores were locatedarbythe membrane doan of SRCa
ATPase, where the electrogenic changes were expected. The ostgindl dyes were
synthessed in the laboratory of Prof. Dr. Martin by M. Birmes in 1995 at the University of
Dusseldorf and made available to the research group of Prof. bs:Jdegen Apell. On the
basis of these molecular structures, Karl Janko synthesised fstyh@rdyes in the group of

Prof. Dr. HansJurgen Apell(Fibich, et al., 2011)With the support of Anke Friemel and Dr.
Heiko Moller, the purity of these dyes was investigated by NMR measurements at the
University of Constance. The nestyryl dyes were tested for their suitability féurther
investigations of the protadinding kinetics of the SR CaATPase. The F52 molecule proved

to bepromising, as it provided comparable results with the vesicular and open lipid fragments
of the SR CaATPase preparations and reacted sufficiently electrosensitive to the charge
shifts which occurrediuring the state changes of the protein.

With these ne& caged compounds, dyes and methbdther investigations othe proton
binding in the SR CaATPase in the E state of thePostAlbers cycle were readed.
Measurable increases and decreases of the fluorescence levels represented the release or
binding of cationsin the SR CaATPase as well as the associated conformational structural
change of the protein. With time resolutions in the millisecond range, the recorded signals
also allowed the investigation of fast kinetic processes. @ihding kinetics coull be
described by the mathematical model of a sum of exponential functions. Using the analytical
software Fig.P, the mathematical model of the ion binding kinetics and the siipailsed

from the measuremenigere compared and the paramet&rshe expoential functionswvere
determined numerically with sufficient accuracy. The characteristic parameters of the proton
binding kinetics for the measured signals are the time consiantsand the change in
fluorescencein ;. The variable i reflects theumber of exponential functions.

A sum of four exponential functions was required to describe the measured signals
numerically with sufficient accuracy using mathematical model of ionidding kinetics.
These were four processes that could be assigned to the structural changes anddiatsn b

of the SR CaATPase. Analyses of the associated activation enekgjesllowed a more
detailedassignment of diffusioontrolled processes or confaational structural changes of

the SR CaATPase as a result of the pH jump. As a restithe pH jumpsgenerated by the
cgH’, afirst fast proceszould be determingdwhich wasdescribed by the exponential
function with ik &25msenda fluaresceade desrsaselbf abquin, 1

=8%, represening a diffusionrcontrolled chargemovement A proton binding can be
assumedo this processwhich takes place withoutng structural change ofheé SR Ca
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ATPase. In this casemino acig@ of the protein wergrobably protonated, which leads to a
change in the electrical field nearbye proteins. The second exponential function with the
par ameid,amns g edhowed a pHndependence. The activation energy,Bvas
determined to be 1.4 2.0kJ/mol. This very low activation energy and the parameters
determined in the measurements indicate thatish&é artéact caused by the measurement
setup, which cannot be assigned to an imalibg proces®r structural protein changeThe
parametes of the third exponential function of the mathematinadel showed a significant
pHdependence. From t he me agsrr2@8M@mest825mswas t i me
determined for the third process. The associated activation engegy B4.2kJ/md also
indicates a conformational structural change caused by the proton release with simultaneous
charge binding of the SR GlrPase. With the fourth and last exponential function, a very
slow process was investigated in the measurements. The averagedimes finais 332s0

+ 0.30 s. With an activation energy of BkJ/mol, the results indicate a change in the protein
structure due to the binding of additional protons after their release froncgthié.
Considering the already known steps in HostAlbers cycle of SR GATPase, this process

could represent the transition to thedtate, which represengdsconformational change of the
proteinfrom the E, (H,) state to thee; H, state Previous studie@ibich, et al., 200yhave

shown that this step is very slow.

A second alternative explanation for this extremely slow structural change of the-SR Ca
ATPase was also examined in more detail. Thus, under thesghgsiological conditions

with a buffer compositiorcontainng only minor concentrations of catiqnsis possible that

the protein is converted into a nphysiological unstable staf@oyoshima, et al., 2004 (a))

At high pH values and lackinGa" ions, the cation binding sites tfie SR CaATPase
remain unoccupied. This leads to a conformational structural change, ®whmelgessary to
stabilisethe proteirstructure

With these results on the proton binding kinetics of SRATRase in the Estate, the
following refinement and d@gnsion of théPostAlbers cycle in the Estate can be proposed.

A fast diffusion controlled process of proton binding takes place. This correlates with the two
possible steps-BE,Ca ¥E,GaH and PE, Y ,H (marked blue in the scheme). A
furtherprocess was found which describes a net charge release from the protein at high proton
concentrations (pi8.6 to pH7.2) and is associated with a conformational structural change of
the protein. This indicates the exchange of'Gens for protons and desies the transition

of the two protein states-B, CaH Y -E;M (marked blue in thechemg The last very

slow process is associated with a conformational change of the-3RRzese. Looking at the
measurement results, this can best be explained ds arsinch of th@ostAlbers cycle PE;

z 9, in which the binding sites of the proteins remain free due to the buffer composition
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(marked red in the scheme). The structural change of the SRBase towards the-B,")
state serves to stalsdi theprotein, while the binding sites remain unoccupied.

As a result of the investigations, the following scheme oPtstAlbers cycle for the SR Ga
ATPase in the Estate can be drawn up.

R
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M
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Zusammenfassung

Im Rahmen der Arbeitvurden die Eigenschaften der Protoiigindungskinetik der Ga
ATPase des Sarkoplasmatischen Retikulums (SR) aus dem Psoas Muskel des Kaninchens
untersucht. Dazu wurden neue Verfahren entwickelt, welche weitere vertiefende Erkenntnisse
Uber die Funktion dekationentransports in diesem Protein ermdglichten. Bisherige Arbeiten
beschrankten sich auf den in der vesikularen Praparation der SR Rzse zuganglichen
cytosolischen Zugangskanal zu den Kationenbindungsstellen im Protein. Die Eigenschaften
der luminaén Zugangskanale der SR -B8@Pase konnten in bisherigen Untersuchen
hauptséchlich durch Gleichgewichtstitrationen ermittelt werden, da die Lipidmembran fir
Kationen nur bedingt permeabel ist. Der erste Schritt in dieser Arbeit war die Entwicklung
und Optimerung eines Verfahrens zur Herstellung von offenen Lipidfragmegiigich, et

al., 2008) Die in die Lipidfragmente integrierten Proteine sollten gleiche Eigenschaften
aufweisen wie die ursprungliche SR -B8&Pase Praparatione aber einen ungehinderten
Zugang der Kationen zum luminalen Zugangskanal ermdglichen. Durch Praparationsschritte
mit SDSPuffern und Dialyseverfahren wurde dieses Ziel erreicht. In verschiedenen
Verfahren wurden die Eigenschaften der SR -AJ®ase Prapat@n verifiziert.
Untersuchungen mit dem Elektronenmikroskop bestétigten die offenen Lipidfragmente. Die
Proteinaktivitditen wurden mit Hilfe des gekoppelten Pyruvatkinase/Laktatdehydrogenase
Tests untersucht und bestéatigt und die Kationenbindungseigeteschafurden in
Gleichgewichtstitrationen bestétigt. Das Ergebnis war eine direkte Vergleichbarkeit der
Eigenschaften beider Praparationen.

Diese Préaparation bildete die Grundlage fur die Kkinetischen Untersuchungen der
Protonenbindung im EZustand des Pogtlbers-Zyklus (Post, et al., 1972)Albers, 1967)

der SR CaATPase. Fiur Untersuchungen schneller ProtaéBiedungskinetiken mit
Zeitauflosungen im MillisekundeBereich wurden Cagederbindungen eigesetzt. Diese
CagedVerbindungen liegen im physiologisch inaktivem Zustand vor. Damit konnte eine
homogene Loésung der SR 83 Pase und aller relevanten Substrate erstellt werden. Erst
durch einen UM.ichttrigger wurde die Molekulstruktur aller Cag®@rbindungen in der
Pufferlosung zeitgleich gespalten. Neben kommerziell erhéaltlichen Ségbihdungen
wurde hier zum ersten Mal das von Karl Janko in der Arbeitsgruppe von Prof. Dr. Hans
Jirgen Apell synthetisierte-Bethoxy5-nitrophenol sulfate (MNPS.Nadls CageeProton
(cgH") eingesetz(Fibich, et al., 2007)Messungen zeigten die Wirksamkeit dedHéqund

lieRen die Verwendung fur weitere kinetische Untersuchungen der Protonenbindung in der SR
CaATPase zu.

Die Aktivierung der CageeVerbindung und die freiwerdenden, physiologisch wirksamen
Substrate verursachten eine Anderung des Gleichgewichtszustandes der-/SRaSa,

-V -
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welcher mit konformationellen Anderungen der Proteinstruktur und Kationenbindungen im
Protein einhergingDurch die Synchronisation dieser Prozesse war es moglich definierte
Protonenbindungsund Strukturanderungsschritte zu beobachten und zu analysieren. Die
strukturellen Proteinveranderungen und Bindung zusatzlicher Kationen im Protein
verursachten Verandengen des elektrostatischen Feldes in unmittelbarer Umgebung der SR
CaATPase. Um diese Anderungen des elektrischen Feldes detektieren zu kénnen wurden
elektrosensitive Fluoreszenzfarbstoffe eingesetzt. Aufgrund der chemischen Struktur der
Farbstoffe miteinem hydrophoben Teil, dem daran gebundenen Chromophor und einem
anschlieBenden hydrophilen Teil positionierten sich die Farbstoffmolekile in der
Lipidmembran. Damit waren die Chromophor in nachster Umgebung zur Membrandoméne
der SR CaATPase lokalisiertwo auch die elektrogenen Zustandsanderungen zu erwarten
waren. Die urspringlichen Fluoreszenzfarbstoffe wurden im Labor von Prof. Dr. Martin
durch (Birmes, 1995)an der Universitat Disseldorf synthetisiert und der Arbeitsgryom

Prof. Dr. HansJurgen Apell zur Verfigung geste(Eibich, et al., 2011)Auf Basis dieser
Molekulstrukturen synthetisierte Karl Janko in der Arbeitsgruppe von Prof. Dr-Hemgen

Apell weitere Fluoreszenzfarbstoffeelehe mit Unterstitzung von Anke Friemel und Dr.
Heiko Mdller durch NMR Messungen an der Universitdt Konstanz auf deren Reinheit
untersucht wurden. Die neuen Fluoreszenzfarbstoffe wurden auf ihre Tauglichkeit bei den
kinetischen Messungen der SR-EaPasegetestet. Als erfolgsversprechend stellte sich dabei
das Molekul F52 heraus, welches sowohl mit der vesikularen als auch mit den offenen
Lipidfragmenten der SR GATPase Praparationen vergleichbare Ergebnisse lieferte und
ausreichend elektrosensitiv aukdiadungsverschiebungen bei den Zustandsanderungen des
Proteins reagierte.

Mit diesen neuen Cagederbindungen, Farbstoffen und Methoden wurden die kinetischen
Untersuchungen der Protonenbindung in der SRATRase im k-Zustand des Pogtlbers

Zyklus reaisiert. Messbare Anstiege und Abfalle der Fluoreszenzniveaus représentierten
dabei die Freisetzung beziehungsweise Bindung von Kationen innerhalb derSRP&se,

sowie die damit einhergehende Strukturanderung des Proteins. Mit Zeitauflosungen im
MillisekundenBereich erlaubten die aufgenommen Signale auch Untersuchungen schneller
kinetischer Prozesse. Die Kinetik der Fluoreszenzanderungen konnten durch das
mathematische Modell einer Summe von Exponentialfunktionen beschrieben werden. Mit
Hilfe der analytschen Software Fig.P wurde das mathematische Modell der
lonenbindungskinetik und die Messsignale abgeglichen und die offenen Funktionsparameter
nummerisch mit hinreichender Genauigkeit bestimmt. Die fur die gemessenen Signale
charakteristischen Paramet@r dProtonerBindungskinetik sind dabei die Zeitkonstantgp;

und di e Fl uor e,z dierbei? spidgeltr dien darialeFi die Anzahl der
Exponentialfunktionen wieder.

-VI -
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Um die gemessenen Signale nummerisch hinreichend genau mit dem mathemitcbéien

der lonenbindungskinetik zu beschreiben war eine Summe von vier Exponentialfunktionen
notwendig. Diese stellten vier Prozesse dar, welche den Strukturdnderungen und
Kationenbindungen der SR @dPase zugeordnet werden konnten. Analysen der
zugehorgen Aktivierungsenergien g erlaubten eine genauere Zuordnung von
diffusionskontrollierten Prozessen beziehungsweise von Strukturanderungen der-SR Ca
ATPase als Folge des pBprungs. Im Ergebnis konnte nach den durch dds’ @gzeugten
pH-Springen feseptellt werden, dass der erste schnelle Prozess, beschrieben durch die
Exponential funktion mit 1,2bms b ed;dngpEtwaVvsder i abl e
Fluoreszenzabnahme, eine diffusionskontrollierte Ladungsverschiebung darstellt. Anhand
dessen kanrhier von einer Protonenbindung ausgegangen werden, welche ohne eine
strukturelle Anderung der SR @drPase stattfindet. Hierbei werden wohl Aminosaure des
Proteins protoniert, was zu einer Veradnderung des elektrischen Feldes in unmittelbarer
Umgebung dePr ot ei ne f ¢hrt . Die zweite Egpunchent i a
P kn2 zeigte eine pHJnabhangigkeit. Die Aktivierungsenergiea £ wurde mit 1,4

+ 2,0kd/mol ermittelt. Diese sehr geringe Aktivierungsenengiel die in den Messungen
bestimmtea Parametedeutet darauf hin, dass es sitabeium ein durch de Messaufbau
verursachtes Artefakt handelt, welches keiner lonenbindung oder strukturellen
Proteindnderung zuzuordnen ist. Die Parameter der dritte Exponentialfunktion des
mathematischen Motle zeigten eine signifikante pHAbhangigkeit. Aus den Messungen
wurde fiir den dritten Prozess eine Zeitkonstante §tgs = 208,3ms + 82,5ms bestimmt.

Auch die dazu gehorende Aktivierungsenergigs E 94,2 kJ/mol deutet auf eine durch die
Protonenfresetzung verursachte Strukturdnderung mit gleichzeitiger Ladungsbindung der SR
CaATPase hin. Mit der vierten und letzten Exponentialfunktion wurde in den Messungen ein
sehr langsamer Prozess untersucht. Die durchschnittliche Zeitkongtapteetragt 332s

+ 0,30s. Mit einer Aktivierungsenergie von 77,3 kJ/mol deuten die Ergebnisse auf eine
Anderung der Proteinstruktur in Folge der Bindung zusétzlicher Protonen nach deren
Freisetzung aus dem &t hin. Betrachtet man den die bereits bekannten SchimittBost

Albers Zyklus der SR GATPase so kénnte dieser Prozess den Ubergang in d@asEnd
darstellen, welcher die Strukturanderung des Protgi(HB Y E; H, darstellt. In friiheren
Studien(Fibich, et al., 2007)vurde gezeigt, dass dieser Schritt sehr langsam ablauft.

Eine zweite alternative Erklarung fir diese extrem langsame Strukturédnderung der SR Ca
ATPase wurde auch ndher beleuchtet. So ist unter dieserphigdiblogischen Bedingungen

der Pufferzusammengeing die Mdoglichkeit gegeben, dass das Protein in einen nicht
physiologischen instabilen Zustand Uberfiuihrt wifdyoshima, et al., 2004 (a)Bei hohen
pH-Werten und fehlenden €alonen bleiben die KationeBindestellen deSR CaATPase

- VIl -
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unbesetzt. Dies fuhrt zu einer Strukturdnderung, welche zu einer eigenstandigen
Stabilisierung des Proteins flhrt.

Mit diesen Ergebnissen zur Protonenbindungskinetik der SRT®Rase im E-Zustand kann
folgende Verfeinerung und Erweiterung diasstAlbers-Zyklus im E Zustand vorgeschlagen
werden. Ein schneller diffusionskontrollierter Prozess der Protonenbindung findet statt. Das
sinkende Fluoreszenzniveau verdeutlicht die zusatzliche Bindung von Ladungen im Protein.
Dies korrespondiert mit eebeiden mdglichen SchritterE2 Ca¥Y P-E, CaH und RE, Y P-

E>H (Im Schema blau markiert). Ein weitere Prozess wurde gefunden, welcher bei hohen
Protonenkonzentrationen (@6 bis pH7,2) eine Nettd_adungsfreisetzung aus dem Protein
beschreibt und mikiner Strukturanderung des Protein einhergeht. Dies deutet auf den
Austausch von C&lonen gegen Protonen hin und beschreibt den Ubergang der beiden
Proteinzustande-B, CaH Y P-E; H (Im Schema blau markiert). Der letzte sehr langsame
Prozess ist mit aer konformationellen Anderung der SR-&&Pase verbunden. Betrachtet
man die Messergebnisse, so lasst sich dies am besten als ein Seitenzweig-A#seiRost
Zyklus RE, z P-E)” erklaren, in welchem aufgrund der Pufferzusammensetzung die
Bindestellen deProteine frei bleiben (Im Schema rot markiert). Die Strukturdnderung der SR
CaATPase hin zum 4,7-Zustand dient dabei der Stabilisierung des Proteins, wahrend die
Bindestellen unbesetzt bleiben.

Als Ergebnis der Untersuchungen, kann abschlieBelgtndes Schema des Pdédbers
Zyklus fur die SR CaATPase im k-Zustand aufgestellt werden.

C
o

E 0 006 0 006

mh

0 006 do 0 00 0 00
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1 Introduction

1.1 P-type ATPases

The Rtype ATPases are a huge family of transmembrane proteins. Tdnegramon in cells

in the animal kingdom and the plant kingdom, {g@ihlbrandt, 2004) These proteins are
located in the plasma membrane, as well as the membranes of inner compartments of the
cells. They transport ions across the membranes from one compartment with lower ion
concentration to another compartment with higher ion concemratWhereby the
compartments could be the cytosolic and the extracellular sections, as well as the cytosolic
and luminal sections of intracellular compartments. During this process an ion gradient is
generated, which results in an electro-chemical memlpatamtial. Transport of ions against

this gradient consumes energy, which is provided by the cell in form of adenosine
triphosphate (ATP). Hy d r ephogmhatesproaides theBriergypty c | e
drive ion transport by all Bype ATPases. Irthis energyproviding step the enzyme is
phosphor yphasphatel Thisyhosphorylated intermediate of the enzyme gives the
whole family its naméJames, et al., 1987)

There are various groups oflRpe ATPases, which ddr in the ion species transported by
each ATPase. ffype ATPases exist which transport 'M& ions, K'/H" ions and C&/H*

ions (Skou, 1957) All these transports are countesinsport processes of both ion species.
Each kindof P-Type ATPases is expressed in specific tissues, where the function is relevant
for survival of each cell type and the whole tissue or organism. Although fiiik N&TPase

is a crucial hous&eeping enzyme in virtually all animal cells there are tissueghich it is
present in very high density. Examples for the/N&ATPases are renal and the neuronal
cells, in which ATPases are responsible for ion resorption or provide the gradients of Na and
K ions across the cell membrane for action potentiale §thichiometry of this transport
processwas determined to beNa'/2 K™ per one hydrolysed ATP molecu{épell, 2003)

The gastric K/H'-ATPases can be found in the parietal cells of the gastric mucosa. In this
transport proess a stoichiometry of /2 K™ per one molecule ATP was fouriBiller, et

al., 2005) (Munson, et al., 2007)In the sarcoplasmic reticulum (SR) of muscle cells a
dominant representative of thetype ATPases is the SR @d Pase. The name of the &R
ATPase doesn't explicitly show the fact of an ion exchange but this protein provides the
countertransport, too. The SRaATPase performs the exchange of Caths and H with

the stoichiometry of £&*/2-3H" per hydrolysed ATP moleculgller, et al., 2005)For

the SRCaATPase a protein density of &4,000pumps/uni was found in the membrane of

the SR from rabbit skeletal musclgsanzintArmstrong, et al., 1985)
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The transport mechanism of thetype ATPases can be chaextsed as a cyclic pingong
mechanism with distinguishable steps of ion binding, enzyme
phosphorylation/dephosphorylation, conformation changes of the protein and the ion release.
This socalled PostAlbers cycle was defined and introduced by Post an@ralin studies of

the Nd/K*-ATPase(Albers, 1967) (Post, et al., 1972)t is valid for all Rtype ATPases and

is based on two fundamental conformations of the protein structure. Theakesbh and &

states are conformations of the enzyme in which the ion binding sites are accessible either
from the cytosolic or from the luminal/extracellular side of the membrane, respectively. In the
transition between both conformationscadled occluded ates are intercalated in which the
binding sites are accessible from neither qi@éynn, et al., 199Q)(Lauger, 1991) This
mechanism is necessary to protect the cells from-gortiting themembrane potential. lons

in the aqueous solutions have access to the binding sites only from one side at a time.

o=
%@ SR lumen
ADP =0
(Cay) Eq-P
ATP, \

G
= g
—_ ®

(@]
-t
PR PP YRR
0600000000008 000000ees
T

(Hy) E,

cytoplasm %i@
O==0

Figure 1. PostAlbers cycle of the SR &sTPase with physiological states. The ion binding steps
cytoplasmic and luminal sides are shown. Different structurally relaxed states ehtlyme are marked witt

~, % and #. Phosphorylation a dephosphorylatieads to the occlusion of the bound ions and the tran

from E; to E; state and vice versa. (Fibich, BioDraw Ultra)

The PostAlbers cycle of the SR CATPase is shown ifrigure 1. The basic state of the
enzyme is stabilised in the €& conformation, which representhe initial state in all
measurementPeinelt, et al., 2004)n the g state the binding sites are accessible for ions

from thecytosol. Whereas the B, state allows the ions in the SR lumen to access the binding
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sites in the enzyme. Also shown are some intermediate states of the etyge. ATPases

which transport more than one ion in one direction are assumed to bind these @an
sequential order. Binding or release of the first ion results in a conformational relaxation of
the enzyme. This small rearrangement of the enzyme structure allows the second ion to bind
to or dissociate from the second binding site in thgp@ ATPase. These reaction steps are
reversible and depend on the equilibrium with the ion concentration in the solution. In the
case of the SR GATPase the binding affinity for one kind of transported ions in the E
differs strongly from the binding affinityfdhe same kind of ions in the E} state(lkemoto,

1975) For the transported counter ions the binding affinity in both states is reversed to that of
the first ions species. This fact is caused by a smooth relaxation ofzjreesstructure near

the binding sites. lon complexing amino acid side chains change their distance to the bound
ion and speed up their exchar(@anford, 1982)Lauger, 1991)The transition from Eto the
phosphorylated 4, state is only possible if two €aions are bound in the enzyme. During

this phosphorylation step and the dephosphorylation step at the transition -fgrto 5

state, the ions are bound in the enzyme and both access chzinglen the aqueous phases

and the binding sites are cl osed. Both inte
these states no ion exchange is possible between the solvent and the enzyme. This mechanism
is verified by a number of studi¢8pell, 2003) (Clausen, et al., 2003)Fibich, et al., 2011)
(Toyoshima, et al., 2004 (a)Y)Toyoshima, et al., 200&)), (Vilsen, et al., 1988and (Xu, et

al., 2002)

The X-ray crystallography structures of the SR-£BPase were meanwhile determined in
several conformations (see below). They show molealaracteristics of this protein and
provide a detailed model to explain the ion transport mechanism. But the exact biophysical
and biochemical ion binding and release properties are widely unidentified. Therefore, it was
an appropriate model for the furthenechanistic studies on ion binding properties with
fluorescence methods and the use of caged compdifdsDavies, 2007)(Fibich, et al.,

2007) (Janko, et al., 1987)

1.2 Amino acid sequence of the SR CATPase

The first amino acid sequence of the SRAOJ&®ase was determined in 1985 by the group of
MacLennan(MacLennan, et al.,, 1985Yhe SR CaATPase has a molecular mass of about
110kDa and consists of a single amino acid strand, which is built of 994 amino acids. With
the amino acid sequence it was possible to propose the first structure predictions by known
sequenceecondary structure relations and hydrophobicity plots. These predictimwed

the first presentation of a mechanical model of this ion pump by MacLennan and others
(Glynn, et al., 199Q)James, et al., 1987Sturmer, et al., 1989)
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The secondary structure analysis showed three separated cytosolic domains with
c ombi n atsitornasn dosf abn d-helicespThe amiad abid sequénces of these parts
brought out the homology to other w&hown structure motifs. The first cytosolic rdain

was named transduction domain. Later it was called the actuator domdwom@in). The

other domains were identified as structures containing the phosphorylation-dibenéih)

and the nucleotide binding site {ddmain). Between these three domains egegions of
hydr op kelibes. Thedg helices form the transmembrane part of the enzyme, which
contains the cation binding sites. By amino acid exchange experiments amino acid residues
were identified, which are crucial for the ion binding sites. Tlidrophobic character of

these regions indicates the transmembrane part of the protein.

1.3 Structure of the SR CaATPase

The first highly resolved structure of atype ATPase was the crystal structure of theCa3R
ATPase determined by-Ky crystallography in the year 20QUoyoshima, et al., 2000)
These results revealed an estimated structure of -tgpePATPases. Further investigations

and new crystal structures during the following years led to higher resolutions and different
conformational structures of the $RATPase with different boundglands(Toyoshima, et

al., 2002; Xu, et al., 2002; Sgrensen, et al., 2006; Toyoshima, et al., 2004 (a); Toyoshima, et
al., 2004 (b); Obara, et al., 20Q¥nsen, et al., 2006; Olesen, et al., 2007; Takahashi, et al.,
2007; Toyoshima, et al., 2007)hese structures consist of three large cytosolic domains and

a transmembrane domain of the protein. Every domain is associated with a special function in
the whole transport cycle of the protein, as predicted by the amino acid sequence from 1985
(MacLennan, et al., 1985The three well separated cytosolic domains are classified by their
functions.

The Rdomain is localised in #centre of the cytosolic headpiedagire 2 A). It is the
phosphorylation domain with the residue A&, which is phosphorylated during an active
transport cyclgMclintosh, et al., 2003)in the amino acid sequence this domain consists of
two separated parts. The first part is in the region betweerB3®&rand Asr859 and is
adjoining the transmembrane helix M The second part of thed®main is located in the
region of Lys605 to Asp/37 which is connected to the helix31The secondary structure of
this domain is composed of a sexert r a n d e dshgebandaelght gmall hilices. That is a
typical motif called Rossman fold, withldhe characteristics necessary for the hydrolysis of
an ATP molecule. The structure in thed®main of the SR GATPase as well as its amino
acid sequence show essential homology to the core domain of2falbacid dehalogenase,
which catalyses the retion to a separated halide. Amino acids around the3ASpform a
highly negatively charged area, which is accessible to solvent.
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The N-domain is the largest of the three cytosolic domdhngufe2 B). It is composed of the

amino acids starting at GB60 and ending with Ar@04. In the crystal structure of the SR
CaATPase it could be shown that this domain binds the ATP analogueAMNP An

important residue engaged in ATP binding is the 48% Adjoining this residue are L¥d5

and Lys492 which are imolved in the binding of the nucleotide, t¢Glausen, et al., 2003)

So this region forms the nucleotide binding pocket of the ATPase and in contrast to the
phosphorylation site of the-#main this area accommodates positiarges to bind the
nucleotide. The structure of this domain is a set of sesvenr ande d &eslmeets gnar al | e
two helix bundles.

Figure 2: Model of the SR GATPasteel ijces ar e ma rskeetslas fas arrowghe part
highlighted in red are the separated functional cytosolic domains. (A) Tdhenfin, (B) the NDomain, th
structure is slightly rotated countetockwise, ad (C) the Adomain. (Structure ISU4Toyoshima, et al., 200

figures created with Delano PyMol).

The smallest cytosolic domain of the SR&ABPase is the Alomain Figure2 C). It consists

of about 150 amino acids, divided into two parts. The first part consists of the residues 1 to
40, the Nterminal region of the SR GATPase. The second part of thedAmain is formed

by about 110 amio acids between the transmembrane helices M2 and M3. The connection of
the domain to the transmembrane helices is built by two very long loops. Additional
experiments with proteinase K and tryptic digestion showed, that this domain moves in a wide
area dung the transport cycle of the enzyme. Different conformations with boufididbes,

other substrates, inhibitors, or the phosphorylated enzyme enable or disable the cleavage of
this domain by proteinase K and trypsin. This fact and studies withflty@escence protein
labels(Winters, et al., 2008ndicates the great movements of this domain. It seems to be the
actuator domain of the SR @da Pase which is important for the transport cycle and it guides
the C&" ions to thei binding sites in the transmembrane region.
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The M-domain is the transmembrane part of theCZRATPase Figure 3). It consists of ten
hydr ophobi c-MI0),hhich arecleeaised ilvithe phospholipid bilayer. Most of the
helices are longer than the bilayer is thick. Helices M2 and M5 have an overall length of
about 60A. The major part of the long helices, which is not located in the hydrophobic
membrane, stick dunto the cytoplasm headpiece and link the enzymatic domains P, N and A
to the transmembrane domain. Helix M5 has a direct connection tedbm&n and seems to

be the centre stalk of the enzyme. M2 and M3 are also two of the long helices, whereas these
helices are not localised in the middle of the GRATPase. A special group of
transmembrane helices are the shorter but more interesting ones: M4, M6 and the helix M10.
Helix M4 and M6 are unwound in the centre region of the membrane and they areipgesen

the polar amino acid residues which are involved in ion coordination. M10 is kinked in its
centre region. These amino acid sequences and the secondary structure motifs represent the
binding sites of the transported ions. Very important in the reamaegt of the enzyme
during a transport cycle is the extremely long cytoplasmic loop L67 between the
transmembrane helices M6 and M7. This loop undergoes extended movements during the ion
binding and release steps and is thought to be connected to thdix3yhee hydrogen bond.

M1, M2, and M3 are rather separated from the other helices, and show only a few hydrogen
bonds with the other transmembrane helices. However, they are tighter bound te the A
domain and may transfer the movements to the ion bindieg) £oop L78 between helix M7

and M8 is the largest loop on the luminal side, and seems to play a role in guiding the ions to
the binding sites.
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Figure 3: The red marked helices constitute the transmembrane part of the-BRR2e&e. The upper part of

long helices poke out of the membrane (yellow). In the lower part there are the ion binding sites, near 1

of themembrane. (Structure ISUZ oyoshima, et al., 2000Jigures created wittDelano PyMol, membral
supplemented by Fibich)

In the X-ray crystallographic structures the S&ATPase inhibitor, Thapsigargin (TG), was
included. The molecule binds in a cavity near the luminal side. It seems to interact with the
helices M3 and M4, anthe cytoplasm loop L67, which supports the assumption that this

region is important for ion binding and the transport process.

1.4 Further studies

With the knowledge about the Pgsbers cycle for the Rype ATPases, known amino acid
residues of the bindingtes and the structural model of the SRATPase from the Xay
analysis, it is possible to upgrade the whole model with biophysical data of each step in the
transport cycle. Questions about the counter ions to the transporfédidBa, the
stoichiometryand the exchange of both species in the binding sites have to be answered, as
well as on the data about the energy for each rearrangement of the enzyme structure during
these steps.

To study these characteristics of the GRATPase, timeesolved kinetiexperiments were
performed with time resolutions in the order of milliseconds anehsiliseconds. To detect
charge movements in the enzyme special electrochromic styryl dyes can l§€museald, et

al., 1982;Ephart, et al., 1993; Birmes, 1999hese styryl dyes respond to proximate electron
charges, and report modifications with fast changes in the emitted light int@xs#y; et al.,
1985) The fluorescence emission haseay fast time response in the order o Hto 10’ s
(Lakowicz, 20060 that is a very good reporter for high time resolution measurements.

Within these short time intervals it is not possible to use methods like theedtbpwy
technique. Electrophysiological methods are inappropriate with vesicular preparations, and of
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course, for experiments with open SR membrane preparations containing @eASRase.

To produce by stirring a homogeneous mixture of two componetishvis necessary to
activate a defined enzyme reaction, needs a few seconds. And measure-ments with a stopped
flow apparatus reach a time resolution of abe@05ns. The alternative way, which was used

in the following study, is the use of caged compaued). caged prota@anko, et al., 1987,
Barth, et al., 2002; Fibich, et al., 20Gaf)d caged ATRKaplan, et al., 1978; McCray, et al.,
1980; Sokolov, et al 1998; Peinelt, et al., 2004for a number of enzymatic substrates
inactive precursors are available which can be used to prepare homogeneous (hiltisres
Davies, 2007)To measure their binding to the enzyme withigh time resolution a trigger

pulse in the form of an UV flash releases the desired substrate from the covalent bound
protection group.

The combination of both methods, styryl dyes as detection probes and caged compounds for
synchronised start of an enzgtit reaction, allow advanced investigations of ion binding to
and ion exchange steps in the GRATPase. Kinetics properties of the structural relaxations
and conformational changes following the ion movements may be determined as well as the
dependencef the kinetics on environment parameters such as ionic strength, buffer solution
and competitive, netransported ions.
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2 Materials and Methods

2.1 Chemical compounds, buffers, etc.

All chemical compounds used were of the highest grade commercially avdilaiie 1).

Solid compounds were solved doubledistilled water or apolar solvengccordingto their
solubility. These stock solutions with defined concentrations were stored in the fridge or
freeze as described in the datashgatsvided by the distributors

Tablel: Chemical compounds and their distributors.

Chemical compounds Manufacturer /

Distributor
3-(N-morpholino)propanesulfonic acid, MOPS (208/6ol) SigmaAldrich
Steinheim, Germany
4-(2-Hydroxyethyl)piperazind-ethanesulfonic acid, HEPES SigmaAldrich
(238.3g/mol) Steinheim, Germany

adenosine Ktetrahydrogen triphosphate), ATP, (60§/&hol) Boehringefingelheim
Ingelheim, Germany

Apyrase (A-6410) Grade/I, (1.4 units/ml) SigmaAldrich
Steinheim, Germany
D(+)-Sucrose (342.36/mol) Roth Karlsruhe,

Germany

Dimethylsulfoxid, DMSO Uvasol, (78.1¢/mol) Merck Darmstadt,
Germany

EDTA Titriplex 11 (292.25g/mol) Merck Darmstadt,
Germany

Ethanol AbsoluteEtOH Uvasol Merck Darmstadt,
Germany

N-(Tri(hydroxy-methyl) methyl)glycin, Tricine, (1794@mol) Boehringefingelheim
Ingelheim, Germany

N,N'-[1,2-ethanediylbis(oxy2,1-phenylene)]bis[N Fluka Buds,
(carboxymethyl)] tetra-sodium salt, BAPTA, (564 &mol) Switzerland
nicotinamide adenine dinucleotide, NADH, (668//Mol) Boehringefingelheim
Ingelheim, Germany
Phosphoenolpyruvate, PEP, (168@#ol) Boehringefingelheim
Ingelheim, Germany
Potassium chloride suprapur quality (74dggol) Merck Darmstadt,
Germany

Pyruvate kinase/lactat dehydrogenase, PK/LDH solution | Boehringefringelheim
Ingelheim, Germany
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: Manufacturer /
Chemical compounds Distributor
Sodium chloride suprapur quality (5&4mol) Merck Darmstadt,

Germany

Sodium dodecyl sulfate, SDS, (288 g@nol) Pierce Rockford (lll.)
USA
Tris(hydroxymethyl)aminomethane maleate salt, Trizma malg SigmaAldrich

(237.2g/mol) Steinheim, Germany

2.2 SR CaATPase specific compounds

The specific SRCaATPase inhibitor Thapsigargin (TG) was obtained from Alomones,
Jerusalem Israel. 0.6Bg of the crystalline powder (650.¢6mol) were dissolved in 1@
DMSO to obtain a 1M stock solution. The solution was divided in smétj@ots of 10ul

and stored at30 °C. The chemical structure of the TG is showifrigure4. It is a huge steric
molecule, which binds to the F256 Thapsigaigiinding site in the transmembrane region of
the SRCaATPase, fixes the enzyme in a form analogous to thetdfe and blocks the access
channel for the transported iofl®yoshima, et al., 2002)

OYCH3

Figure 4: Chemical structure of the inhibitor Thapsigargin (TG). (Fibich, BioDtakva)

To allow the C&' ions to access the luminal side of the vesiculaiCaRRATPase the calcium
ionophore A23187 was usedReed, et al., 1972; Pressman, 1978)was bought from
Boehringer Mannheim, Germany. With the molecular weight2®.G&g/mol a stock solution
in absolute Ethanol) was prepared. The concentration of this solution wasNi2 Aliquots
with the stock solution were frozen and storeeBafC.
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2.3 Caged Compounds

The NPEcaged ATP (adenosine -tsiphosphate, P(1-(2-nitrophenyl)ethyl) ester) was
purchased as disodium salt from Molecular Probes, Eugene, Oregon USA. The molecular
weight of the caged ATP salt wa®(/3g/mol. 5mg were dissolved in a total volume of
714pl bi-distilled water to achieve a 1M stock solution. NPEATP in aqueous solution
undergoes lysis and released ATP and ADP exist in the stock sd[Titiohvell, et al., D94)

To reduce the concentration of free nucleotides, Oubli$ of the adenosireucleotide
hydrolysing enzyme apyrase, which was purified from potato, was added during the
preparation of the stock solution. The apyrase was obtained from -Bilgimeh (A-6410) in

Grade VI. It hydrolyses ATP and ADP and prevents, thus, side effects of the nucleotides in
the experiments performed. 1.8 MgCl, was added to the stock solution to enable the
enzymatic activity of the apyrase. The entire volume of jdil#as portioned in aliquots of

50 ul, put into UV impermeable boxes and stored30°C. The molecular AT¥eleasing
process of the NRBTP is presented iRigure5. Theprotecting 3(2-nitrophenyl)ethyl group
absorbs the UV light energy and this is sufficient to split the pladsite bond.

NH,
UV-flash N A
N
O 0o o ¢
\ O—P—0—P—0—PB—0 /)
S ~J 7
Me
NO,
H OH
° NH,
N A8
N
O o o ¢
o I I I /)
Me~y~  O—P—0—P—0—P—0 o N
o O O
NO
OH OH

Figure 5: The photecleavageprocess of the caged NPETP (Fibich, BioDraw Ultra)

The caged proton, -ehethoxy5-nitrophenyl sulfate (MNPS.Na) was synthesised by Karl
Janko in our group at the University of KonstgRiich, et al., 2007)It was prepared as
sodium salt with a molecular weight of 2@&nol ard is soluble in water. Stock solutions
with concentrations of 5MM and 25mM were prepared. The aqueous solution of thel'cg

has acidic characteristics. To avoid significant changes of the pH in the experimental
solutions by adding this compound and tabdise the cgH*, the pH of the stock solution was
increased to pi8-7 by addition of small amounts ofM NaOH. The aliquots of 100l were
stored like the other caged compounds in an UV protected container and in the freezer at
30°C. By an UV flash slfuric acid is released from ther@ethoxy5-nitrophenyl compound
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which is a completely dissociated, strong acid, and produces thuguanpHThe mechanism
is shown inFigure6.

NO, UV-flash

1|
o—ﬁ—o-Nf + Hy0

OCH; O
NO,
9
OH * 0—S—0" * Na® * H*
OCHs 0

Figure 6: Photocleavage of the cH*. For this reaction a water molete is necessary. (Fibich, BioDraw Ulti

2.4 Electrochromic styryl dyes

A wide array of different electrochromic styryl dyes is available to deterige movements

in transmembrane proteins. The styryl dyes were synthesised and provided to us by the group
of Prof. Dr. Martin from the University of Dusseldorf, GermgBjrmes, 1995)Only a few

of all these styryl dyes wengseful in the experiments with the SRATPase. They were
dissolved in absolute ethanol, and the stock solution with concentrations betweevi ar&l

about 25mM were stored in the fridge at €. The exact concentration was determined by
absorption masurements. Using the Lamb@&ger law Equation 1) and the known
absorption coefficient of each styryl dye, the concentration of each solution was calculated by

Equation2.
Equationl:

b Q o Q
Equation2:

. 0

@ Q Q
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For experiments with the SBaATPase, a solution with a concentration of G in
absolute ethanol was prepared of each dye by diluting from the stock solutions. These
solutions were stored in the freezer-80°C to prevent evaporation and, therdww an
increase of the concentration. In all fluorescence experiments a final concentrations was
chosen between 200M and 80nM.

The styryl dyes synthesised in Dusseldorf followed a special nomenclatfgure 7 the
structures of three dyes are showhe whole set of dyes comprised styryl dyes of the group
called nXITC. The chromophore in the molecule +s&ttion of all dyes was the same and
each dye consisted of a polar head piece with the isothiocyanate group. Letters 'n" and 'X'
describe the numbeof C-atoms in the alkyl chains (n) and the spacer chain between
chromophore and the isothiocyanate group (X), respectively. The application of these dyes to
detect charge movements in the membrane is extensively discugBedémnsn, et al., 2002)

Best results with the strongest signals and the best d¢mnaise ratio (S/N) in preparations

of the SRCaATPase were achieved with the styryl dyes 2BITygre 7 A) and 2HITC
(Figure 7 B). In the fluorescence measurements with theCa8RTPase a couple of new
synthesised styryl dyes were tested, too. Thiyss were produced by Karl Janko in our
group at the University of Konstanz. One of these new styryl dyes, F52, is sh&iguia

7 C. Table2 shows the molecular formula and the molecular weight of these dyes.

S=C/’
/_CH3
B / - / N\_
4/_/_/7N \ / Br CHs
N
/
S=C/ /_CH3
— / N
C \_CHs

Figure 7: Chemical structure of the styryl dyes 2BITC (A) and 2HITC (B) which were synthegidéalrtn
Birmes at the University of Disseldorf and a new styryl dye F52 (C) synthesised by Karl Janko in our
the University of Konstanz. (Fibich, BioDraw Wjr
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Table2: Names, molecular formula and molecular weight of applied styryl dyes.

Name of the Molecular weight
: Molecular formula
electochromicstyryl dye g/mol
2BITC szHnggBrS 446.45
2HITC Ca4H32N3BrS 474.50
F52 (syn F52‘|3) C22H31NzBr 403.40

The group of new synthesised electrmmicstyryl dyes consists of compounds related to the
nXITC dyes. Differences are the exchange of the isothiocyanate group with a methyl group or
a carboxylic acid. Also, the length of the spacer between thedreagd and the chromophore

was varied. The stockolutions as well as the diluted solutions for the experiments were
handled in the same way as described abdwahle 3 shows an overview of the new
synthesised styt dyes.

Table3: Overview of further new synthesised electrochromic styryl dyes by Karl Janko.

Name of the Molecular weight
electrachromicstyryl dye A EEIED T g/mol

F42 (F42H3) Co1HooN2Br 389.37

F52 (F52H53) CaoH31NLBr 403.40

F62 (F62Hs3) CasHa3sN2Br 417.43

F82 (F82Hj3) CosH37NLBr 445.48
F52-O,H CooH290,NLBr 433.38
F62-O.H Ca3H310,N#Br 447.41

The chemical structures of the new synthesised styryl dyes are shdwgurie 8. All new

dyes have the same length of the alkyl chains and the chromophore system is identical in all
compounds. The differences between these dyes consists in the length of the spacer chain
which varies between fouFigure8 A), five (Figure8 C andFigure8 D), six (Figure8 B and

E) and eightFigure8 C) C atoms and the exchanged hganlp with methyl Figure8 A, B,

and C) and carboxylic acitrigure8 D and E).

The structures of all these styryl dyes, the newsaa®e well as the nXITC dyes, show an
amphiphilic characteristic of the molecules. In aqueous solutions with membrane preparations
the molecules are integrated into these lipid bilayers. The orientation of the molecules is
defined by their hydrophobic andydrophilic chains. Alkyl chains are placed in the
membrane and the polar head groups are aligned to the aqueouguizssen, et al., 2002)
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Cations bound in the enzyme binding sites and the membrane potential generatgran el
field across the membrane. The parallel alignment of the electrochromic styryl dyes to the
electric field allows the detection of changes in the field strength and, therefore, the
corresponding charge movements of thé*@ms and protons.

/_CH3

HC
CH
B = .
/_/_WN\ ) e OHs
HaC
C /_CH3
=\ _/ AN
\ // Br CHs
HyC /—CHa
— N
D N \—cn
J_/_ \ / Br 3
HO\
//C
@]
/_CH3
E =\ 7 _
\ / Br Chs
HO—¢{
0]

Figure 8: Molecular structures of new synthesised electrochromic styryl dyes produced by Karl Janko.
headgroup was exchaged and the spacer length varied. (Fibich, BioDraw Ultra)

2.5 Fluorescence mechanism of the electrochromstyryl dyes

The chromophore of these styryl dyes consists of a quaternary pyridine. This ring is connected
via a butylene group to a dialkylaniline ring. The pyridine functions as an acceptor and the
dialkylaniline as a donor of electrons. In the grounatestof the styryl dye, the lowest
unoccupied molecular orbital state (LUMO), the positive charge is located in the pyridine.
The excitation of the molecule results in a movement of the positive charge directed to the
dialkylaniline, the highest occupied teoular orbital state (HOMO), as describedlloew,

et al., 1978)For an excitation of the chromophore a distinct energy is necessary which can be
provided by a (laser) light source. The release of the energy from the HOM® kMO
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state of the molecule results in an emission of energy in form of fluorescence light with a
longer wavelength than the excitation wavelength.

The fluorescence of the styryl dyes can be utilized for etedieid studies, if they are
integrated in the lipid bilayer of a cell membrane. The amphiphilic characteristic causes a
parallel orientation of all dye molecules between the lipid molectHigsire 9). Across the
membrane exists an external electgs cadf.i el d
l nner me mb r ap,elike dbuadr igne sn, tranemembrane proteins, affect this
electrical field, tooA potental gradient across a bilayer is shownFigure9. In case of an
external electric field and a parallel orientation of all dye molecules the necessary excitation
energyis dependent on the external conditions. During the excitation of the styryl dye
molecules the positive charge of the pyridine, have to be moved to the dialkylaniline (LUMO

a

Y HOMO) against the grFguel®nt of the external

¢A q)ion

Slelelelelelo

o

Figure 9: Model of the lipid bilayer (Orange) with integrated protein (Blu8jyryl Dyes (red) aligned in
parall el manner to théamrdethei cppténtas are shown dvith the il
me mbr ane pR,o(Fibich, BidoDaaw Utia)
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R
/ alkyl

— / N\

Rspacer'""N-‘-\ / Ralkyl

LUMO HOMO
® emission

Figure 10: The Chromophore ddtyryl dyes and theatomic charge shifof positive charges during excitati

(green) and emission (red) of the molecule. Atemal electric field which affects the charge movemel

shown with light grey, dotted arrows, from the right to the [Efibich, BioDraw Ultra)

To perform this excitation of the dye Figure 10 a higher energy is requireiEquation3

shows the energy which is needed to move an elementary charge q against the electric field F
along a distance r. This additional energy i
the excitation light. With the wavelength and the Planck constant h the energy can be
calculated by the following function:

Equation3:
0 QoY A Jip OO

In measurements with and without external electrical fields the additional energy can be
observed by the shift of the excitation spectra to shorter wavelengths in case of a higher
potential gradient. These characteristicseofthe usage of styryl dyes as electrosensitive
probes in lipid membrane preparations.

The shift of the excitation wavelength in the spectignsmall. Figure 11 represents two
schematic spectra of the excitation wavelengthsFigure 11 A and of the emission
wavelength in Figure 11B. For high yields in the detection of electric field changes the
exciting HeNelaser was chosen with a wavelength of BAB at the red edge of the
alsorption spectrum of t3phiethesekcijation spectuneaesult dima | |
a mu c h hi gher corresponding ch=afn(gheb poj . t hhk
photomultiplier detects only the intensity of the fluorescence light band (bathd®Ochm)

which is related to the changed electric field characteristic near the styryl dye molecule. This
detection is as sensitive as possible to probe the movement of an ion which generates an ion

p ot e nokim thelbinding sites of a protein.
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Figure 11: Schematic representations of excitation (A) and emission (B) spectra of styryl dyes. The wi
of the excitation laser 548m and the detection filter 588n (with bandwith 1@m) are marked. Intensity of |
excitaton and emission is shown ambitrary units. (Fibich, Fig.P)

2.6 SDSPAGE

For the identification and analysis of proteins, SfB/acrylamide gel electrophoresis (SDS
PAGE) was used as described(iraemmli, 1970) The gel wasomposed of a % SDS
polyacrylamide stacking gel and a resolving gel with a concentration 6b BDS
polyacrylamide. The cathode buffer comprisedM.TRIS, 0.1M Tricine and 0.IM SDS at
pH 8.25. At the beginning of the gel electrophoresisndM thiogycolate was added to the
cathode buffer. The anode buffer was a solution oMIRIS at pH 8.9. The loading buffer
was a mixture of 0.31B1 TRIS, 10% SDS, 50% sucrose and 0.026 bromophenol blue.
50mM glutathione was added to the loading buffer #imel protein was mixed with the
loading buffer.

Protein samples and a molecular weight marker were added to different sample slots of the gel
mounted in the electrophoresis chamber. A sample volume containing ahayol @rotein,

but not more than 14l were filled in the slot of each lane. The gel ran at a voltage of about
120V and a current in the order of 49A over a period of h to 1%z h.

When a protein run was finished, the gel was removed from the chamber and put into a
fixation bath consisting fo50% methanol, 106 acetic acid and glycol, and was gently
shaken for 4%8nin. After that time the gel was transferred from the fixation bath to a solution
with a mixture of 18 acetic acid and 0.026 Coomassie Blue to stain the proteins in the

gel. Ths staining procedure required about&@min, during which the dish with the gel was
shaken to get a homogeneous staining. Thereafter the staining solution was decanted and
excess Coomassie Blue was removed by maintaining the gel ifaab@tic acid saokion.

This discoloringprocedure needed a few hours and is not critical in terms of time. Finally the
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gel was placed between two cellophane layers and dried for prolonged conservation and easier
handling.

As protein standard the BMA ProSieve Marker s@25kDa (830547) was used which was
obtained from Biozym Scientific GmbH, Hessisch Oldendorf, Germany. This marker set
provides standard proteins with molecular weights of 5, 10, 15, 25, 35, 50, 75, 100, 150 and
225kDa. It was applied in a separate laneatlow the calibration of the proteins run on the

gel.

2.7 Preparation of SR CaATPase from rabbit muscles

SR CaATPase was prepared in form of a vesicular membrane fraction from the psoas
muscles of rabbits. For the preparation the metho@Hefimann, et al., 197Avas adopted

with minor changes to obtain better enzyme activities and to reduce the contamination of the
SR CaATPases with debris from the muscle cells.

The psoas muscles were taken from the rabbiteddiately after killing of the animal and
stored in ice cold buffer of 0.28 sucrose and ;WM HEPES. The pH of the buffer was
adjusted by NaOH to pR.5. In this buffer the muscles could be storedr@t’C for several
months. All the following preparatio steps were accomplished on ice or at a maximum
temperature of 4C.

The muscle tissue was cut into small pieces of abooin5in size. About 1§ of the tissue
were put into an Erlenmeyer flask filled with 60 of the forecited buffer. The tissue in the
buffer was chopped five to six times with a Polytron PTEDA22/S mixer at highest speed
(about 21700pm). After 15seconds of mixing, the flask was put into ice for at leastriute
before the next mixing step. After this treatment of the muscle eelllomogeneous
suspension was obtained in the flask with pink colour fading into light brown.

In the next preparation steps the cell debris was removed from tAd Rase containing
membrane vesicles in the suspension by centrifugation farii@t 3000pm (~1500g), at

4°C in a Sorvall RC5Cplus centrifuge with rotor GSA. The supernatant was filtered two
times through an absorbent gauze and centrifuged a second time in the GSA rotanifor 20
at 7000rpm (~8000g) and 4°C.

Then the supernatant waséil into tubes for the 45Fotor and centrifuged in a Beckman L

60 ultracentrifuge for 4tin at 36000pm (~15000@) and at 4#C. The pellet was
homogenised in a buffer containing &1 KCI and 20mM MOPS. A pH of 7.5 was
adjusted by KOH. The suspensiaas decanted into a beaker on ice and put on a magnetic
stirrer in the refrigerator for 4®in. After that incubation the suspension was centrifuged in
the 45Ttrotor for 40min at 36000pm (~15000Qy) and 4°C. The pellet was resuspended in
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the abovementioned sucrose/HEPES buffer and centrifuged again at 30904°C for
40 min in the 45Tirotor.

For the purification of the SR €aTPase preparation the last pellet was resuspended in a
small amount of sucrose/HEPES buffer and overlaid on a continuotsse density gradient
with concentrations of 2% to 45% sucrose. The bottom of the tube was filled with &o670
sucrose cushion. The gradient centrifugation was performed in a TV850 rotor atrg@000
(~151000g) and 4°C in the Beckman 160 ultracentfuge overnight (about 16 hours).

An opalescent band aboutntim above the 7@ cushion contained the purified SR-Ca
ATPase in native SR phospholipid vesicles and could be extracted by suction with Pasteur
pipettes. All the obtained SR @da'Pase samples wepmoled and apportioned in aliquots of
1000pl or 100pl. The aliquots were rapidly frozen in liquid nitrogen and stored@tC.

The method ofMarkwell, et al., 1978¥or membrane proteins was used to determine the
enzyme oncentration in these preparations. The protein activity was checked by the coupled
pyruvate kinase/lactate dehydrogenase assay accordi{Sghwartz, et al., 1971By adding

the C&" ionophore A23187 to the vesicular SR-&&Pase preparation the enzyme activity
could be raised to approximately threefold of the starting activity. The reason for this increase
was the induced high permeability of the SR membrane f6f i6as, which prevented an
inhibitory C&* gradient acrosshe vesicle membrane. The SR-&&Pase activity was much
higher in the absence of a counterforce against tAéteasport. To check the purity of the

SR CaATPase in the preparations, the specifieAdJ@ase inhibitor TG was added during the
enzyme activig test. The remaining, unspecific activity showed typically only a small
contamination by other ATPase activity.

2.8 Utilised vesicular SR CaATPase preparations

The yield of the purification method described above, was betwesrg@hd 92ng SR Ca
ATPase perl00g Psoas muscle tissue in the various preparations. The protein preparations
were stored at70°C and could be thawed and used for the experiments still after a long
period of a couple of months or years, without a significant loss in the enzymigyaBiach

charge of the frozen enzyme was tested before starting a series of experiments with this SR
CaATPase preparation.

All experiments were performed with the charges of the SRATRase obtained from the
preparations of 30.10.2002, 08.05.2003, 12007 (fraction ‘A" and 'B'), 08.05.2008, and
10.11.2008 by Milena Roudna and Andreas Fibich in our group at the University of Konstanz.
These charges were also used as raw material for the preparation of open membrane
fragments. To compare SBaATPase invesicle preparations and in the open membrane
fragment experiments were performed with preparation of the same date to assure their
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comparability. Enzyme properties of these charges were quite similar and are sA@kbiein
4in the Results section, chap® Kinetics studies of the vesicular SR-B@Pase page33.

2.9 Preparation of protein-free phospholipid vesicles
For the validation of the results obitad from the enzymkinetics experiments a reference
zero value was necessary. These control preparations were fireéephospholipid vesicles.

Two kinds of these preparations were used to confirm the results from tGe-SRPase
measurements. The firsype of proteirfree vesicle was a preparation from phosphatidyl
choline, PClL8:1. A stock solution with 1fhg/ml PC18:1 and cholic acid in a buffer
containing 25mM histidine, and 0.81 EDTA was provided by Milena Roudna in our group

at the Universityof Konstanz. The pH of this stock solution was set to7gH To obtain
vesicular phospholipid structures, this stock solution was filled in a Visking dialysis tube type
8/32 (diameter Bnm with a cutoff size of 14kDa). About 20Qul of this stock solutin was
dialysed for two days in a buffer volume of 200 (dilution ratio 1000:1). The composition

of the dialysis buffer corresponded to the buffer used in thE&RTPase experiments. After
dialysis the suspension of the protéiee lipid vesicles wagdnsferred into Eppendorf tubes
and kept on ice. The end volume was determined and compared to the starting volume of
200pl, to calculate the dilution factor and concentration of phospholipids. The lipid vesicles
had to rest for a minimum of2 at tempeatures below +4C for stabilisation and sealing of

the membrane. After that procedure the pretese lipid vesicles were ready to use and were
stored in the fridge at +4C.

The second type of protefree vesicles was a preparation with a mixture dfecgnt
phospholipds that correspond to the composition of the native SR membrane. The preparation
procedure was the same as described for th&@8Lvesicles. Data about the composition of
native SR membranes in rabbit muscles were foun@rainev, et al., 1995)Proteinfree
vesicles with mixed lipids were made of a combination witl#67@v/w) phosphatidyl choline
(PC18:1), 20% (w/w) phosphatidyl-ethanolamine (PE)¥8(w/w) phosphatidyl serine (PS)

and 2% (w/w) phosphadlic acid (PA). The lipids were dissolved in a methanolic chadidl

solution (28.7mg Nacholate in Iml methanol). After dialysis, the concentration of the mixed
vesicles was determined and they were stored a&C+# the fridge for usage in experimsnt

2.10Preparation of open membrane fragments with SR GaATPase

The wellestablished SR GATPase preparation byHeilmann, et al., 1977gad to vesicular
membrane structures with inserted SRAJ&ases. In this preparation thet@solic domain

of the CaATPases is oriented to the outside, the luminal domains are present at the inside of
the vesicles. These vesicular structures are composed of native SR phospholipids and they
have the characteristics of the genuine SR membranesmé&mbranes are impermeable for
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divalent cations, especially €aons. In contrast, small monovalent cations, such as the H

and K’ ions, can permeate the membrane. This fact is a handicap for the study and analysis of
ion binding to the luminal binding sites. For the analysis of the luminal binding properties of
the CaATPase a membrane preparation had to be introduced in whiaimtineal side of the
membrane becomes directly accessible. The approach was based on the method developed by
(Jorgensen, 19749r the Na,kATPase.

Starting with the CaATPase preparation in SR vesicles described above, th&T@ase
preparations were incubated with SDS. The incubation buffer, called buffer B contained
50mM imidazole and 2nM EDTA. The buffer pH was adjusted to ptb by NaOH. 20n|

of buffer B were supplemented by Ma P to a final concentration of 8M ATP. In10ml of

this buffer SDS was dissolved to a final concentration ahlA@

The optimum concentration ratio of SR-B@Pase SDS was determined to be 2rg)/ml
protein: 1.9mM SDS(Fibich, et al., 2008)The exact volume of CATPase solution varied,
depending on the enzyme concentration of the used SRT@ase charge, mentioned in
chapter 1.8 and chapter Restitd. Buffer B was added to complement the aliquots to a final
volume of 410 pl. The addition of buffer B happenedemcontinuous stirring on a magnetic
stirrer at highest speed. The recipe of buffer B contained sufficient ATP and SDS to open the
lipid bilayer membrane of the SR @a Pase vesicles undergoing the 15 min incubation step.
Subsequently, the aliquots weneubated for 1%nin in a thermostated heating block or water
bath at 25C. After incubation the aliquots were transferred into the ice bath to stop or reduce
the denaturing effect of the SDS.

For fast removal of the SDS from the incubated SRATRase, lhe solutions were filled into
dialysis tubes and underwent a dialysis fdrolr. The tubes were from Visking type 8/32
(diameter Gnm with a cut off size of 1kDa), which were first boiled in a buffer withriM
EDTA/Tris for 1 h to remove possible contaations by heawnetal ions. The aliquots of
the incubated SR CATPase were split in samples of 100volume before the dialysis to
improve the volumeurfaceratio. 9x100ul of the protein solution were dialysed in 500
volume of buffer. Dialysis bfiér was an ice cold buffer of 26M Trizma maleate and %
D(+)-sucrose. pH was set to piD by adding KOH. Dialysis was performed in an ice bath on
a magnetic stirrer on medium speed.

After one hour of dialysis the contents of the tubes were pooledotddeaker. To obtain a
greater stock of membrane fragments containing SFATRase another incubation and
dialysis was performed. The beaker containing the first preparation was covered by parafilm
and stored on ice. In the end both preparations weréeghodhe whole volume was
apportioned in aliquots of 154 and rapidly frozen in liquid nitrogen. Stored-&0 °C, the
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protein could be used for the experiments for a couple of years without a loss of its
characteristic properties.

The first tested metlibwas a dialysis for three days. In this procedure the incubated SR Ca
ATPase was dialysed as described above, but the beaker was kept in an ice bath for three
days. During this dialysis the buffer was stirred with a magnetic stirrer at medium speed. This
method had some unfavourable effects on the enzyme activity, which decreased00$0.6

the original activity, and enzyme concentration, which decreased t86B8th effects will

be shown in chapt&.2.3 page46.

The protein concentration was determined by the methgMarkwell, et al., 1978and the
enzyme activity by the coupled pyruvate kinase/lactate dehydrogenase aSelyvedrtz, et

al., 1971) In the activity test the Gaionophore A23187 and the inhibitor TG were added.
The activity did not increas&vhen the ionophore was added, contrarily to the vesicle
preparations. This observation indicated the formation of open membrane fragments which do
not act as C4 ion storages. TG acted, however, as inhibitor comparable to its action in the
vesicle prepaation.

2.11 Technical equipment

2.11.1 pH meter and pH probe

pH was determined with two pH meters, GPHO014 from Greisinger Electronic, Regenstauf
Germany, and CG817T purchased from Schott Gerate, Mainz Germany. Both pH meters were
used with a combination electrode fronhaseranalytik GmbH, Germany type
TR/ICMAWL/S7/TB which is a micreelectrode with 3nm in diameter, and the diaphragm is
located near the tip of the probe. The storage buffer for the electrodes wa¥.@0pH
calibration buffer bought from Riedde Haén Sdee, Germany with 31 KCI.

The pH meters were calibrated with two of three calibration buffers @f.@8f pH7.00 and

pH9.00 (Riedelde Haén Seelze, Germany), dependent on the desired pH range of the
measurements. The stability of the calibrated eldetrvas high, and it was not often
necessary to perform a recalibration. Most measurements on a single day were accomplished
with the same calibration.

2.11.2 Commercial fluorospectrometer and spectrophotometer

For standard fluorescence measurements the fluorospectromed@BLfEom Perkin Elmer
Hamburg, Germany was usddgure12 displays the light pathway of the fluorosgreeeter.

The light flashes, produced by a higressure xenon flash lamp, pass the tuneable excitation
monochromator and is limited in its bandwidth with an adjustableysétture. The selected
light excites the styryl dyes in a hatficro cuvette witha volume of Iml. The cuvettes are
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placed in a thermostated cuvette holder with a4milhagnetic stirrer. The emitted light is
filtered by an additional cut off filter at 430n, to reduce background effects of harmonics of
the wavelength selected byettrsubsequent monochromator. The output of the emission
monochromator is detected by a photomultiplier. The measurements were performed and
saved with the Perkin EImer RlVinLab Software Version 4.00.02 running under Windows

on a standard PC.

IS |

File Help

Detector
Type:std

Source
Mode:

Instrument : LS550-B
Fluor Firmware : E2
ExCorr_:0n

VYolt_:Auto

Serial Number: 2? EmCorr.:0OFF
Ex. Mono \< Em. Mono
At544nm Ex. FFA ALB05nm

Slit:10.0nm Exirm 51it: 20.0nm

Filter:430nm
Clear ﬂ

Sampling Accessory
Stirrer:high

| ] onling ] Expert Mode

Figure 12 Status display of the LS 50B fluorospectrometer. The optical path is schematically illustrated

optical filters and the settings for the measuring method.

The spectrophotometer for all absorption measurements was the Pkenen LAMBDA 40

UV/VIS photometer. The light of either a halogen or a deuterium lamp was selected according
to the chosen wavelength and passes the monochromator andapenlire to produce
'monochromatic’ light with a defined hatfidth. Both, the waglength and the bandwidth of

the light are adjustable by external control. The beam is split into two beams and passes two
thermostated cuvettes in the measurement chamber. This method allows difference spectra
between two solutions. For normal measurememtreference cuvette filled with buffer
solution only is placed into the reference beam to correct for background effects. The optical
pathway, which the light has to pass through these cuvettescnis After passing the
cuvettes the light beams are elded by photodiodes which detect the remaining light
intensity in both pathways. The cuvettes were made of optical glass for visible wavelength or
guartz glass for measurements in the UV range.

All data were recorded and saved by the-WihLab Software Vesion 2.85.04 from Perkin
Elmer. This software package has supplemental features. It allows recordings of time drives at
constant wavelength, recordings of absorption spectra and it provides an arithmetical package.
With the arithmetical functions minimajaxima and slopes of the increasing or decreasing
absorption trends can be determined.
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2.11.3 Special laser fluorimeters

Two noncommercial laser fluorimeter types were used to investigate ion binding and release
of the SRCaATPase by styryl dyes. Both instrumienwere developed and built in the
mechanical workshop of the University of Konstéd8#irmer, et al., 1989)

The first setup is a standard equipment for steddie measurements. The light source is a
green HeNe laser LHGB200M from LASER2000 GmbH, Wessling, Germany. Output
poweris2mW and t he wab43nm.eThegcuvitte in she measuring chamber is
thermostated and the solutions in the cuvette are mixed by a magnetic stirrer. The laser light
beam is dispersed itluminate most of the cuvette volume. The light emitted by the styryl
dyes in the solution passesanardova nd f i | t er with a t58ms mi ssi
(T > 70%) and =2a0.6tng before wis detedied lbyfa ph@atomultiplierdG6

from Hamamatsu Photonic K. K., Hamamatsu Japan). High voltage for the photomultiplier is
supplied by a Keithley 247 High Voltage Supply and is adjusted bet¥&&YV and-850V.

The photo current is fed into a Keithley 427 current amplifier from Keythhstruments,
Cleveland Ohio USA. The output voltage is subsequently digitized with an AdLinio P2l
dataacquisition board from Imtec, Backnang Germany, and recorded on a PC at sampling
rates between Bz and 10Hz. The high intensity of the excitatidaser produces a relatively

high yield of emitted fluorescent light in this setup and allows the measurement of even weak
signals with a relatively good S/N.

The second setup was designed for tnesolved kinetics measurements with an advanced
resolution in the millisecond and stiillisecond time rangeA schematic representation is
shown inFigure13. To excite the styryl dye, the same type of HeNe laser with alerayt

of 543nm is used in this fluorimeter. The laser is mounted in horizontal position above the
cuvette and the laser beam is deflected by a mirror, then passing in a vertical direction through
a dichroic mirror and a lens into the cuvette. A speddiature of this fluorimeter is the
measuring chamber with its ellipsoidal mirror. The cuvette is positioned at the upper focus of
the mirroron a thermostated plate. The second focus of the ellipsoidal mirror is in the lower
part of the measuring chambeihere a photo-multiplier is placed. That allows the collection

of a much higher amount of emitted light, collecting the light in the-d@ikere around the
cuvette. A type R928 photomultiplier was purchased from Hamamatsu Photonic K. K. in
Japan. High vo#ige is supplied by a Fluke 405B power supply from Fluke MFG. Co. Inc.,
Everett, Washington, USA, with an output voltage betweérO0V and -950V. The
photomultiplier signal is converted by an i{&énverter (Electronic workshop at the
University of Konstam) and fed into an A/Eeonverter board in a standard PC with a
sampling frequency of up to 100 kHz.
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To start a timgesolved measurement the caged compoundarhtimogeneous solution is
uncaged by a higbnergy UV laser flash. The UV laser is an excimer laser, type EQG

from LAMBDA PHYSIK, Gottingen Germany. The laser tube is filled with a mixture of
20 mbar xenon, 22tbar helium/fluorinée% and 226@nbar helum (purity 4.6). To trigger

the laser flash with the thyratron, a voltage ok®0was set at the power supply. All chosen
gas mixtures in the laser produced a UV flash ohddluration with a wavelength of 3&in

and an average energy of 100J. The powr released in one flash was aboti/, which is
sufficient to split off the covalently bound protection group from the caged compounds. The
horizontally oriented UV flash passes a cylinder lens and is deflected by the dichroic mirror to
a vertical diregbn. Passing the second lens the beam is widened to produce an almost
homogeneous illumination of the total cuvette volume. The excitation and activation laser
light illuminate together the cuvette from above, and both beams are blocked by the
thermostateatuvette socket in the measurement chamber. To reduce the effect of interfering
light on the photomultiplier a narrelaand interference filter from AMKO GmbH, Tornesch
Germany, with a transition wavelength of 588 (T > 70%) and a bandwidth of 1@m

+ 2 nm are placed in front of the photomultiplier entrance window. An additional Uéftut

filter with 420nm is added to minimise the artefact of the keglergy UV flash.

mirror

\/ He/Ne laser
_ , dichroic
xcimer laser | Ml . mirror
N

e

measuring
chamber —

ellipsoidal

/ mirror

N~ photomultiplier
/ with bandpass

and cut off

I/V-converter
A/D-board

Figure 13: Schematic representation of the laser fluorimeter for fast kinetics measurements. Activatiom

and excitation543nm) laser beams are shown as purple and green lines. Emitted fluorescence light (r

is reflected on the ellipsoidal mirr@nd focused on the entrance window of the photomultiplier.

The A/D board, which converts the analogue voltage signal into digital data, whiaksas
during early measurements, was ablicA/D converter type DSB2C from Loughborough
Sound Images Ltd., Loughborough UK. That board used a C++ program (oszi5.exe by

(Buhler, 1994) running under DOS/Windows 3.1. Each ds#anple consists of 500 values
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and the recording time depends on the sampling rate. These data were normalised and stored
in a linear time scale by a program named norm3.exe, which is programmed in Fortran.

A new A/D-board applied in more recent measuretsemas the AdLink PC9112 data
acquisition board from Imtec, Backnang Germany. This board works with sample rates up to
100kHz and a resolution of 13t. The data are stored in a buffer and the recording length
with high sampling rates is much higherathin the old equipment. Instead of a few
milliseconds of collected data, it is how possible to save the signal data over a couple of
seconds with the highest available time resolution. A new method to normalise the stored data
is applied by the Fortran ggram redlog.exe. The huge amount of sampled data are reduced
and normalised in a specific way. The time scale is transformed to a logarithm scale, to obtain
also a high time resolution in the millisecond and-sultisecond region, and to produce data

with constant increment on a logarithm time scale. To improve the S/N ratio, data averaging
according to the boxcar method is included. Thereby, a defined number of adjacent values in a
recorded signal were summed up and the average was set as the neidywabieg this with

the whole datasample, the noise was reduced. Both methods reduced also the file size and
improved the representation of the data.

The computers with the P@I12 dateacquisition board use a working environment with
special algorithm$or each measurement setup which were created to record the signals of the
photomultipliers. With the data acquisition program DASYLab from Geitmann Messtechnik,
Menden Germany, it was possible to create these algorithms for each application. Features
like the sampling rate for steadyate or enzyme kinetics measurements can be set in this
environment, as well as the prearrangement steps, data display and trigger signals.

Two working modules and a flowchart for experiments with the laser fluorimeter ovith |
sampling rates are shownHhigurel4. It consists of two lanes, one is the data acquisition lane
with the A/D-converter, display and data storage. The other lan&iosntwo additional
timers to display the elapsed time.
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Figure 14: DASYLab flowchart of the datampling program for the laser fluorimeter with low sampling ra:

The software environment for the high time resolution laser fluorimeter is much more
comprehensiveral comprises of two flowcharts. The first one (not shown) guided the user
through the prearrangement and the second one (shokigure 15) starts the measurement
with a output trigger pulse and records the photomultiplier data with high sampling rates.
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Figure 15: Trigger, dataacquisition and display of the fluorescence signal (DASYLab flowchart). The hig
resolution laser fluorimeter works with sampling rates up to H199.
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2.12 Software

2.12.1 WinMaxC

To compare results of all kinetic measurements of the SRT®ase it was necessary to
determine the concentration of free divalent cations in théetbablution. The equilibrium
concentration of free ions depends on environmental parameters such as temperature and pH,
as well as the concentration of chelating agents andaorplexing compounds like ATP (in

the case of MY). In this case the Windowgrogram WinMaxC Versiod.70 from
http://lwww.stanford.edu/~cpatton/maxc.html was used. The model file for the determination
of the parameters was the bers.tcm file, which contains the individual complexation properties
of each compound used in the electtes. Parameters like temperature, pH and ion strength
were also included in the calculations. The concentration of different chelators, mono and
divalent ions, Pi and ATP led to exact concentrations of the free ions or the necessary amount
of salt addeda obtain the desired free concentrations. So each result of the measurements
could be assigned to the distinct amount of free ions in the buffer and different buffer solution
setups could be compared to each other.

2.12.2 Drifter

Drifter is a graphicamathematial software programmed by Dirk ReimaffReimann, 2000)

The results of the steadyate experiments in the laser fluorimeter were recordings over a
long time period of 15nin and up to 3Gnin. During this period some fluorescentraces
showed frequently under otherwise equilibrium conditions no stable fluorescence level. Some
of them had increasing or decreasing fluorescence drifts without any interference from the
experiment. Such drifts can be corrected by Drifter. To be tabb®mpare the fluorescence
signals from various experiments it is necessary to normalize the data in a way that the
arbitrary voltage signal of the photomultiplier output is related to a defined reference.

The signals could be normalised by a zero and%08vel and the volume error, which was
produced by each addition of substrates, could also be corrected. To reduce the data of the
recorded signal Drifter could create the average over a selected range of values, which
represents one fluorescence leveiveen two additions to the cuvette.

The data were stored as Drifter (*.drf) or Excel files (*.csv).

2.12.3 Fig.P

Fig.P is a software for data analysis of the Fig.P Software Corporation, Durham NC, USA,
published by BIOSOFT, Cambridge UK. The version used was2\g8. This software
imports data and displays the data in various manners. Mathematical tools allow the
performance of a statistical analysis and of fits of the recorded data with mathematical models
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such as the Hill function and exponential kinetics i timeresolved ion binding of the
protein. Most of the data were analysed with this software.

2.12.4 UN-SCAN-IT gel

This program is an automated digitizing system, which digitises and analyses for example
SDSPAGE gels. It was provided in version 5.1 by Silke@tfic Inc. Orem, Utah, USA. A
digitised picture of a gel could be analysed. The intensity of the protein bands are transformed
to numerical values. It allows the determination of the running distance of each band, and by
calibrating with a molecular wght marker, the determination of the molecular mass of the
protein in each band.

2.12.5 PyMol

To present 3D Xay structure models of the enzymes, the software PyMol from DeLano
Scientific LLC, Palo Alto California USA was used. The applied version is the freely
available 0.99 version, downloaded from http://pymol.sourceforges.net. Pstigture data

for the PyMol viewer were obtained from the RCBS Protein Data Bank (PDB)
(http://www.rcbs.org/pdb/home/home.do). Snapshots of the 3D model of tikaB8RPase

for illustration were obtained by this tool.

2.12.6 BioDraw Ultra

BioDraw Ultra is a software package with tools for biological and chemical drawings. It is
provided by CambridgeSoft, Cambridge, MA, USA. The used version was 11.0. Chemical
structures and biologicalathways and schemes were created with this software package.

2.13Measurement of the SRCa-ATPase concentration of the purified

enzyme preparations
In all enzyme preparations of the 8&ATPase the enzyme concentration was unknown. To
determine the amount pfotein in solution the Markwell method was ugbthrkwell, et al.,
1978) The Markwell test is a colorimetric method derived from the method#/of 1922)
and(Lowry, etal., 1951)especially for membrane proteins and lipoproteins.

An alkaline copper reagent with SDS was used to incubate the protein solutiomioruiés

at room temperature. Then the samples were mixed forceful withladilution of Folin
Ciocalieu Phenol Reagent and incubated for anothenidbites at room temperature. After
incubation the absorption at 666h was measured in a photo spectrometer. As weight
standard a bovine serum albumin (BSA) solution with known concentratiohg) (mas used.

Each concentration of the SRxATPase, as well as the BSA test series, was determined as
the average of three samples. The regression line fitted through the BSA standard was used to
determine the SRaATPase concentration.
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2.14 Determination of enzyme actiity by the PK/LDH -test

Each SRCaATPase protein preparation varied not only in its protein concentration but also
in its specific enzyme activity. Therefore, each batch was tested for the enzyme activity by
measuring the turnover of ATP to ADP with the coupled
pyruvate-kinasé lactate-dehydrogenase test (PKDH-test) described iffSchwartz, et al.,
1971) In this photospectrometric test the cuvette was filled with a solution of ATP,
posphoenolpyruvate (PEP) and the protein mixture of PK and LDkt feduced
nicotinamide adenine dinucleotide (NADH) was added in a concentration to obtain an
absorbance of about=340nrb. Faddwingthe wcheme iigunedd h o f
the SR CaATPase activity starts the reaction sequence and the oxidation of NADH lead to a
decreasing absorbance level. In this reaction scheme thdinriiteg process is the
phosphorylation of the SRaATPase by ATP hydrolysis. The PK&hDH steps have much
higher turnover for the PEP phosphotransfer and the oxidation of the NADH than ATP
consumption by the addedtipe ATPases.

ATP PEP
= NADH 2=340 nm
R
= 3
ADP Pyr

NAD* A=260 nm
Figure 16: Reaction scheme of the coupled PK/LDH test for the determination of enzyme activity.

SR Ca-ATPase

Due to the 1 1 stoichiometry in the reaction sequence the decrease of the absorption of
NADH at the waveleng h =380nm is the indicator for the enzyme activity. The decrease

per minute is used to determine the absolute enzyme activity of tHea8RPase by

Equation4. Known parameters like the volume (V) of the test solution, the length (d) of the

|l ight pathway through the solution, the absc
of the used SaATPase are sufficient to calculate the enzyme activity (a) in |Bnpler

min and mg of protein.

Equation4:

wo

QD-
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2.15Mathematical models of the binding kinetics

With all the equipment and the analysis tools it was possible to produce and record signals,
which are associated to the function of the S&ATPase. These signals are modelled by the
relaxation and rearrangement kinetics of the enzyme, and, therefore, these signals represent
properties of the ion binding and release steps in thE&ART Pase.

By a syrthronised start of the enzyme activity the recorded fluorescence signals describe in
the simplest case a os&ep transition into a new steadtate of the enzyme which is
monitored by an increasing or decreasing fluorescence change that runs into at ¢oasta
level. The transition kinetics from a stdtdo a stat® can be described by the following
function:

Equation5:
0O YO O0p Q "0

It represents a function with a starting stateab.Fli, is the characteristic time constant of

the transition process. The seconk whclar act e
describes the maximum change in the fluorescence amplitude. This mathematical model fits

well to simple transition signalis the SRCaATPase experi mentsg, and

a n dFRgj,qean be determined by a numerical fitting procedure, provided by the analytical
software Fig.P.

In cases when the performed partial reaction consists of one reaction step, a fit with one
exponential function is sufficient to describe the time course of the fluorescence signal. In the
case of two sequential reaction steps the theory of chemical kinetics predicts a behaviour that
can be described by the sum of two exponentials as shdigquation6.

Equation6:

O YO ;0p Q YO s0p Q O

If the time constants significantlyifter, the first process with a lower time constant
dominates the first phase of the time course, whereas the slower process emphasises the long
lasting trend. This function is adequate to describe several partial reactions of @e SR
ATPase kinetics. Ithere are more than two processes in a recorded signal, the model would
have to be supplemented by additional exponential terms.
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3 Results

3.1 Kinetics studies of the vesicular SR G&ATPase

With the SRCaATPase preparation in vesicular SR membranes as described in ¢hapaer
series of experiments were performed, to investigate the ion binding kinetics of the enzyme.
Starting with the coupled PK/LDH enzyme activity test and steshaiy control experiments,

the series comprise ion equilibrium titration measurements and the kinetics analysis of the ion
binding.

To allow the comparison of the experiments containing differenC&RTPase charges,
enzyme was chosen from preparations with nearly similar protemitaeind concentration.

In Table 4 the preparations used are shown with their typical characteristics. These
preparations were the starting material for SDS prepaigtito get the open microsomal
membrane fragments with inserted SRATPase. The following tests were performed to
obtain results for a direct comparison of the G&RATPase in vesicular membranes and the
open membrane fragments.

Table4: Protein concentrations and enzyme activities of the vesicular SKRT@ase preparations.

Date of Conirgr:frigtion Enzyme activit?/ in emol R/Mgyrotein min
preparation mg/ml Unmodified (cggﬁr:oﬁiﬁize) (\i/r\llrlmtigiIoGr)
30.0Oct. 2002 3.5 4.40 16.45 0.10
08. May 2003 2.7 8.31 18.35 0.32
10.July 2007 (A) 4.0 7.83 20.86 0.18
10. July 2007 (B) 3.7 7.14 20.31 0.04
08. May 2008 3.9 6.61 19.59 0.44
10. Nov. 2008 2.7 3.69 11.05 0.19

3.1.1 Standard substrate binding tests irsteadystate experiments

Figure 17 shows a typical steaestate experiment. These tests were control experiments to
demonstrate ioinding dependent measurable fluosssme changes and the activity of the
SRCaATPase. Used buffer compositions vary and were dependent on the requirements of
the intended experiments. The electrolyte containeah@Sor 50mM of one of the buffering
substances HEPES, Tricine, or MOPS as waslimone and divalent ions such as Na&®,

Mg®* and C4&". In some experiments choline chloride (ChCI) was used. The ion radius of the
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monovalent choline is much bigger than that of the other monovalent ions used, and it doesn't
interact with the enzymerats binding sites. Each sample contained one of the styryl dyes
2BITC, 2HITC or F52 in final concentrations between 280 and 80nM. All steadystate
experiments were performed either in the30B fluorospectrometer or, more often, in the
laser fluormeter. The laser fluorimeter has the benefit of a much higher yield of fluorescence
light than the fluorospectrometer. Sampling rates lay betwdén dnd 10Hz. The cuvette

was an optical glass fluorescence cuvette with a maximum volume of abbudds 2 ml of

the test solution were needed to achieve a sufficient filling for all the measurements.

140 T T

fluorescence F (arbitrary unit)

1600 2000

A general example of such a standard experiment is showigime 17. It illustrates the
behaviour of a vesicular SBaATPase with a concentration ofy@/ml in a 50mM Tricine

buffer at pH7.2. The numbers indicate the equilibrium states. (1) is the zero level of the
buffer. (2) shows the addition and the sloalamcing of the 206M 2HITC dye. The large
increase in fluorescence between (2) and (3) is caused by the arrangement of the hydrophobic
dye molecules in the phospholipid bilayer around theC8RTPase. With the addition (4) of

the C&" chelator BAPTA (20 uM), C&* ions in the solution were bound to the chelator and

a new equilibrium of bound and free ions was adjusted. The release of positive charged ions
from the enzyme increased the fluorescence of the dye. Upon addipdvi3CACL in step

(5), the bimling sites of the SRaATPase were saturated with Caons evidenced by a

lower fluorescence level as in step (3). The difference between level (3) and (5) shows the
partial C&" saturation of the SRaATPase in the stock solution. The addition ofi
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NaATP is shown in step (6). Here various effects may occur, depending -ealpéi the

buffer compound and other ingredients in the cuvette. In this example the fluorescence level
decreased, representing the additional bindings of positive charged tbeseinzymes. Upon

the addition of 32nM CaCy in (7) a fully saturating concentration was achieved and the
fluorescence attained a level significant lower than the starting level of the-BRFGae.

The native results were normalised and corrected by the Drifter software, to reduce the drift of
the fluorescence in some equilibrium states. This treatment allows the comparison of different
measurementand enzyme charge&igure 18). During this normalisation the fluorescence
level in step3) was set to 1.0 to allow the description of the relative changes in réspleat
starting point in the Pogtlbers cycle.

g 1.6 T T T T

e

|<|'1 1.4+ 4 -
[&]

& 12f ]
L
[T

8 1.0 i
e 3

S o8l i
8 5

'g 0.6} 5 i
= 6
§ 0.4 7 -
2 2

T 02f .
£

o 1

c 0 I 1 L 1 1

0 1 2 3 4 5 6 7

sequence of additions

Figure 18 Corrected and nonalised data ofFigure 17. The fluorescence levels marked from (1) tc
correspond to the substrate addition stepBigure 17.
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3.1.2 Ca* equilibrium titration

Cd titration experiments were performed to determine the half saturatfiig@wentration,

the Hill coefficient, zero Cd and saturated G fluorescence levels. He buffer was
composed of 2mM MOPS, 50mM KCI and the pH was adjusted to 7.2. All experiments
contained InM MgCl, which is necessary for the enzyme phosphorylation by ATP. The
styryl dye 2HITC was used as indicator in a concentration ohRQAL8 mg/ml of the SRCa
ATPase in vesicular membranes were applied. To allow the fréeeQehange across the
membranes, 12 M of the calcium ionophore A23187 were added to the solution. Steps (1)
to (4) as mentioned abovEigure 18) were made in all these titrations to check the function
of the CaATPase. By the addition of the chelator BAPTA an almo$t-Gae SRCaATPase

was obtained. This represents the starting levethen titration experiments. By gradual
increase of the Gaconcentration new fluorescence levels were detected and plotted against
the corresponding ion concentration. The free?*Ceoncentration depended on the
concentration of chelator, ATP and all othens in the solution, and was calculated by the
WinMaxC Software.

1.1 — T — T — T

1.00———————o_ o E

0.9 -

0.7 | ©® E, state
A E,-P state

normalised fluorescence
(=]
(-]
T

5 R ERTTI] L lunl AT R L tanl Ll
.0001 0.001 0.01 0.1 1 10 100

ca® I um

Figure 19: Ca®" titration of the SR Ca\TPase in vesicular membranes. Black line represent tilséafe, the re
line shows the results with added ATP and the enzyme inEastBte.

The results of the Ghtitration were normalised with respect to the starting fluorescence
level, and the obtained concentrations dependence of the fluorescence was fitted by an
allostert Hill kinetics function, as shown ifEquation7, to determine the G& binding

affinity. Fnax and F,n describe the fluorescence levels. The concentratignscthe half
saturation of the Ca binding and Ry the characteristic Hill coefficient. Ifigure 19 the

curves in both states of the enzyme are shown. Both tlsate and the ¥E, state of the
SRCaATPase reveal a f IFmpaf epproxenatelye4Godbetweerethes e |,
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Cd*-free and the Ca-saturated level obtained at iM of free C&". Forthe Est afFe
showed a 44.% and the HE; state a 38.586 loss of fluorescence. The derived half saturating
constants & were 290nM +17nM C&” in the B state and 386M +17nM C&" in the RE,

state. The value of the Hill coefficientyf?, which is relevant to characterise the binding
affinity, shows significat different results for both states. In thedEate the Hill coefficient

was 1.4 £0.1 and in the; state it was 3.3 £0.4.

Equation7:

) 0 0
O »
o ©

At data points above the comteation of 10QuM free C&* ions, the fluorescence
consistently decreased very fast to zero level by adding exceedihgrat data points were
not a result of the physiological function of the GRATPase.This artificial decrease was
not shown irFigure19 and not included in the Hill fits.

3.1.3 H" concentration jump experiments in the & conformation

The proton binding kinetics of the SRxATPase was tested with the caged MNPS.Na. In

the tranport cycle (Postlbers cycle) of the SRaATPase the protons act as transported
counter ions to CA. With these experiments the exchange kinetics in the binding sites of the
enzyme was determined. A test sample containechbed pseudo buffer with momalent
cations like sodium, potassium or choline chloride but no buffering substance. This is a
crucial requirement to produce pimps when protons were released fromHEg Typical
concentrations of these cations werend@ and 100mM. For the measuremts of the
SRCaATPase kinetics the styryl dyes 2HITC, 2BITC or F52 and caged proton were added to
the mixture. Since no ATP and Kfgions were present the enzyme was in its E
conformation. 30Qul of this testing solution were filled into a round quagtass cuvette. The
cuvette was placed in the laser fluorimeter setup and thermally equilibrated at 20 °C.
Thereafter, the test solution was continuously illuminated by the Hefde with a
wavelength of 548m for the excitation of the styryl dye. The aserement started with a
pretrigger signal initiated by the user. All fluorescence data were acquired by the A/D
converterboard in a PC system with a sampling rate of Ki8@. The pretrigger data were

used for the normalisation of the fluorescence Ewelthe following analysis. About 1

after the prdrigger pulse an automated second trigger pulse activated theimeghy UV

flash which led to the release of the protons from MNPS.Na. The fréenBl increased the
proton concentration of the sarapkolution whereby decreasing the pH. The following
fluorescence data represent the exchange and movement of ions in the enzyme binding sites.
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One measurement consists ofsHezonds of acquired data which were stored in a file by the
DASY-Lab Software.

Figure20 shows the data of an experiment on a linear time axis. The fluorescence level at t <

0 was 1. As shown, the first decreasing part of the signal is represented by a nearly vertica
line. Using this data representation no further analysis was able with adequate results of the
fast decrease. Therefore, all stored data of these experiments were normalised and reduced by
the redlog02.exe software for further analysis. The reductioth@fdata occurred in a
logarithmic manner for better visualisation of the signals. This method emphasises the
millisecond time range for a better illustration of the signals in the diagram.

1‘04 T I 1 1 I 1 1 I I 1

1.02 - B

1.00 ]

0.98 - 1

0.96 - ]

0.04 | % |

0-92 1 1 1 1 1 1 1 1 1 1

normalised fluorescence

Figure 20: CgH" experiment with the SR @sTPase in vesicular microsomes. The signal is an average
measurements. Normalisatiamd data reduction was performed with rdl13.exe software in a linear mann

In Figure 21 the same experimented data are shown aBigare 20, but in logarithmic
representation. With the logarithmic time axis the fast decreasing part of the signal is clearly
visible. For further analysis the signals were fitted by an exponentiatiésnfunction as
described irEquation8.

Equation8:
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The kinetics function represents a sum of several exponential functions. Each function
contains its c¢haF@x@tnal,Wsch describesatiie dlunedcence devetp
changes respectively the time constants of that function. The indeds.x represent the
different exponentials in the sum and the tegrg $hows the fluorescence starting level of the
signal, which was 1 due the normalisation.
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Figure 21: The same experiment as showrFigure 20. The normalisation and reduction of the fluoresc:
data was done by the redlog@Re software. The green line represents the fit of the signal data witt
exponentials.

For the fitting of the cdd® signal in Figure 21 a function with three exponentials was
necessary to achieve an adequate fit. The green linasifigure describes the trend of the
fluorescence signal after the" ldoncentration jumps. Due to the logarithmic time scale the
emphasised fast decrease of the signal is shown within a satisfying resolution which allows an
easy analysis of the charac$tic parameters.
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Figure22 shows two results achieved at a buffer pH of about 7.0 in tstake of theSRCa
ATPase. The used electrolyte contained @@ KCI. The styryl dye concentration was
400nM and 18ug/ml SRCaATPase was applied. %M BAPTA and additional CaGlwere

given into the electrolyte to achieve a free*Cimn concentration of 2AM. The CaCb
amount was calculated with the WinMaxC software. In the experiment wkti 890uM of

the MNPS.Na were added to the solution. The black curve represents the signal of the
measurement with SRa-ATPase and c§l*, whereas the red signal shows thsult without

cgH™. On the x axis the elapsed time since the automated trigger pulse is plotted with a
logarithmic scale to allow the detailed overview on numerous magnitudes. Normalised
amplitudes of the fluorescence signal are represented by theoadhle y axis. To determine

the kinetics of this partial reaction a sum of exponential functions was used according to
Equation 8 (page38). The signals in the absence of K were fitted by one and the
experiments with cé¢i* were fitted by three exponential functions.
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Figure 22 SR CaATPase in time resolved ¢ff experiments. The experimental conditions were chos
maintain the enzyme in its, Eonformation. Black curve is aexperiment with c#i* (average of tw
measurements), the red one is a control experiment withoHif’ @ single measurement). The green |
represent the fits of each signal.

The numerical analysis of each sample of data was exebuytdte Software FigPFrits are
shown as green lines Figure22 Thi s met hod provi deskpnantdues
Qinx Which characterise the Utfash indiced artefact and the proton binding kinetics of the
SRCaATPase. Results of the'Hump experiments with the SRa-ATPase (black signal in
Figure22) are shown imableb.
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Table5: Averaged values for the SR -@d Pase kinetics with 3QeM cgH".

SR CaATPase

with cg H” x=1 X=2 X=3
. o~ 0.70 ms 17.2 ms 1.50s
Time constantln, ») £0.03 ms +0.8ms +020s
Amplitude @Fiinx) -4.7+0.1 % -3.4+0.1 % -1.4+0.1 %
Starting amplitude 103.3+ 0.1 % i i
(F=0) T

The signal showed only one exponential characteristic when the experiment was done without
cgH" (red signal inFigure22). A comparison of the results indicated the differences between
both signals. The last four seconds of each measurement show an almogtustaseence
level which can be described as the ending level#in the experiment without any changes
of the proton concentration (in the absencecgH®) the fluwrescence level reached an
averaged end levek k 5= 99.3 +0.1% during the last four s®nds of the measurement. The
fluorexence average of the last four seconds of the experiment in the presence’of cg
results in an end value of ks 93.7+ 0.1%. WithoutcgH" the fluorescence change was
about 0.76 of the starting level. In contraghe experiments wittgH* showed a much
higher fluorescence change of about 863and of course the texponential fit. This indicated
that there was a charge movement or ion binding in th€SRTPase caused by the'H
corcertration jump.

Table6: Results for the SR GATPase experiment without &

SR CaATPase

without cg H' x=1 X=2 =3
Time constant@n, ) +2(')4g5mr:5 ) ]
Amplitude @Finx) -1.7£0.1% - -
Starting amplitude 107.1+ 0.1 % - -
(Fi=0) o

To study and determine quantitatively how the proton concentration affects the enzyme
kinetics of the SFCaATPase a couple of experiments were performed. In this series the
starting pH was varied to achieve values after thgushp between pH.5 and pHB.0 in

steps of a tenth pH unit. Each sample was analysed to extract the characteristic time constants
and the fluorescence amplitudes for the kinetics of the ATPase. Different samples within a
range of 0.1 pH units were combined, and the average valuesusextdor further analysis.
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Figure23 (A) shows the three time constants determined for the used enzyme. Although the

pH was varied by almost 3.5 units, which corresponds to a factor of 3000 in the proton
concentration, the timeocn st ant s di d not change siggini fica
(black circles) is 13.5ns +3.3ms .  r.0red cittles) this average value is about 16@s3

+58.7ms a n ghs (green cirdles) it is 1.98 +0.52s.

Each H concentration jmp produces a disturbance of the prebamding equilibrium and

induces a relaxation into a new equilibrium. This process resulted in a binding and/or a
release of positive charge in the SRATPase, which caused a change of the fluorescence

signal. Themp | i t UFghg s ,r edoat i ng t Ogn,tale showniirfigare28@N st ant
oFin1 ( b1 ac k c iR £(leckdrcleppossessgmegative values inviwle pH range,

which represents the decreasing fl uoFwmescence
a n d Fqi,gp can be observed by increasing amplitudes from lower to higher proton
concentrations. FRjhae imthepdrdertotlil7esl.2%, fwhempas the

Fuin 2 amplitudes are aroun@.2 +0.6%. The slopes of each regression line is 1138tfor

pFdniand 1.3 10 . 9  Feor Botlpregression lines have almost identical slightly slopes

but in respect to the standarderrfbroal | resul ts the sl opggsi s noi
(green circle) showed a completely different pH dependence. The fluorescence amplitudes
start with positive values at high proton concentrations which indicates an increasing
fluorescence Mel and it decreases with rising pH. A regression line through all measurement
resul tFins Ha® a corpiderably slope e4.4 £0.9. At pH7.37 the regression line

through the data points crosses the zero level which corresponds to an absendtiaf the
exponential function in the mathematical model. With higher pH values the fluorescence
amplitude has a negative value, indicating a decreasing fluorescence signal.
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Figure 23: Analysis of the proton concentration dependent kinetics of vesicular SR Ease. (A) Shows 1
characteristic time constanﬂéﬂm,x., In part (B) the amplitudepF,, « of the fluorescence signal is shown.
black, red and green colours represent tirstf second and third exponential function in the mathem:
model shown ifEquation8 (page38).

3.2 Characterisation of the SR CaATPase in open microsomal membrane

fragments
The wellestablished SRaATPase preparation obtained by the method of Heilmann et al.,
1977 consists of a vesilar membrane preparation in which the GRATPases are oriented
with the cytosolic domain facing outside. The purity of the enzyme is excellent and the
protein shows very good enzyme activity. Such preparations were used in all experiments
presented ab@. But the vesicular structure of the SR membranes entails a significant
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problem for the desired extensive studies of the luminal binding sites of tia8RPase.
Therefore, these vesicular preparations have to be processed by an additional tre&iotent, w
produces open microsomal membrane fragments which contain tli&a-8RPases with
preferably unaffected activity. Such an advanced preparation method is described in
chapter2.1Q page?l, in all details. To compare the properties of vesiculaiC&RTPase
preparations and SBaATPase preparations of open membrane fragsmea series of tests

was performed.

3.2.1 SDSPAGE test of the SRCa-ATPase

The first test of the SDS treated and untreatedC&RTPase vesicles was a SDS polyacryl
amide gel electrophoresis. Both samples were prepared with the sample buffer as described in
the standard procedure for the SPAGE (Laemmli, 1970). The same amount of these
preparations and the molecular weight marker was applied in each slot o0%aSIi5
polyacryl amide gel and the electrophoresis was started with a current of almoét 40

An image of that gel is shown IRigure 24. Lane M contains molecular mass markers with
the indicated mass in kDa. Lane A represents the untreated vesicular SR membra@es wit
ATPases and lane B the SDS treated open membrane fragments W@t ASRases.

225
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Figure 24: SDSPAGE of the untreated, vesicular (lane A) and SDS treated flat membrane (lane B}
ATPase preparations. BMA ProSieve Marker 55225 kDa was applied in lane M.

No significant differences can be observed between lane A and B. The protein mass pattern
shows the same allocation for the untreated and treatdda®HPase. A majority of the
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proteins could be found in the regiohtbe 100kDa marker. From the amino acid sequence
of the SRCaATPase a molecular mass of 1dDa was calculated, corresponding to these
major bands in the SDBAGE. The other minor bands in the gel are membrane channel
proteins or denatured and cleaveatfions of the SRaATPases.

3.2.2 Electron-microscopic images to approve the open membrane

fragments
For the visualisation of the physical differences between the SDS treated and untreated
SRCaATPase preparations electraricroscopic images were taken t@tBM service unit
of the Biological Department at the University of Konstanz. As method for investigations on
vesicular lipid structures in the EM, a negative staining preparation of the SR lipid vesicles
and fragments was chosébegushi, et al., 1977)Samples of the SRaATPase in vesicular
and open fragment SR membranes were stained g arhmonium heptamolybdate solution
on a copper grid slide. After the vaporisation of the staining solution the negttined
samples wee placed in the transmission electron microscope (TEM) type ZEISS 9012M
OMEGA. Sample images were taken at a magnification of 106000

Figure25 shows an EM imagef the vesicular SRaATPase. Globular structures of the SR
lipid vesicles can be observed in this picture. All of these vesicles have a perfect spherical
shape and they are in the same size range with a diameter between 150rand 200

Figure 25: TEM image of the vesicular SR @3 Pase preparation. Taken with a ZEISS TEM 912 OM
University of Konstanz, Germany.
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