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Abstract

Lipid-protein and protein-protein interactions are likely to play important roles in the
function and regulation of charge-transporting membrane proteins. This thesis focuses on two
different membrane proteins, the photosynthetic reaction centre (RC) from purple bacteria
and the Na*,K*-ATPase. The influence of the lipid surroundings and cholesterol derivatives
on the kinetics of electron transfer of the RC were investigated by reconstituting the protein
in phosphatidylcholine vesicles containing cholesterol and derivatives known to modulate the
membrane dipole potential. The experiments performed on the Na',K'-ATPase were
designed to contribute to a better understanding of the role that oligomeric protein-protein

interactions have in the enzyme’s mechanism.

Our results show that the cholesterol derivatives significantly modify the electron
transfer kinetics within the RCs and their multiphasic behavior. These effects seem to be
associated with the extent of the dipole potential change experienced by the RC within the
phospholipid membrane. Indeed, the largest effects on the rates are observed when 6-
ketocholestanol and cholesterol are present, consistent by with their previously demonstrated
significant increase of the dipole potential. We interpret this data as indicating an increased
free energy barrier for protons to enter the protein. The consequences of the increased dipole
potential seem to be experienced across the entire protein, since the rates of the P*Qa” charge
recombination in the presence of AQ acting as Qa are also modified by the same effectors.

Also interesting is the effect of the dipole potential on the two conformational states of
the RCs (previously reported) as revealed by the biphasic decays of the electron transfer
kinetics. In particular, we report for the first time a biphasicity of the P"Qa  charge
recombination in the WT RCs. This non exponential behaviour, absent in the phospholipid

membrane or isolated RCs, is induced by the presence of the cholesterol derivatives,

Vi



Abstract

suggesting that the equilibration time between the two RC conformations is slowed down
significantly by these molecules. According to this work, the dipole potential seems to be an
important parameter that has to be taken into account for a fine understanding of the charge
transfer function of the RCs.

Reported literature values of the dissociation constant, Ky, of ATP with the E1
conformation of the Na*,K'-ATPase based on equilibrium titrations and kinetic methods
disagree. Using isothermal titration calorimetry (ITC) and simulations of the expected
equilibrium behaviour for different binding models, this thesis presents an explanation for
this apparent discrepancy based on protein-protein interactions. Because of the importance of
Mg?®* in ATP hydrolysis, kinetic studies of Mg?* binding to the protein were also carried out.
These studies showed that ATP alone is responsible for Mg?* complexation, with no

significant contribution from the enzyme environment.

Vil
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Abbreviations

AMP-PCP: Adenylylmethylenediphosphonate

ATP: Adenosine tri-phosphate

BCls: Bacteriochlorophyll dimer

BPh: Bacteriopheophytin

CDTA: Trans —1,2-diamino cyclohexane-N,N,N’,N’-tetraacetic acid

Cyt c,: Cytochrome c,:
Di-8-ANEPPS:4-(2-(6-dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulphopropyl)-pyridinium
inner salt

EDTA: Ethylene diamine tetraacetic acid

kag (1): rate constant associated with the first electron transfer

PLPC: proteoliposome composed with phosphatidylcholine

PC: Phosphatidylcholine

P: Primary electron donor

RH421: N-(4-sulphobutyl)-4-(4-(p(dipentylamino) phenyl) butadienyl)-pyridinium inner salt
RCs: Photosynthetic reaction centres

U10: Ubiquinonel0
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Chapter 1

Introduction

1.1 Lipid bilayers

Both the plasma and organelle membranes of living cells are bilayers of lipid
containing proteins. The lipids are diverse in composition and the proportion of each type of
lipid in any given membrane varies depending on the organism and the nature of the
membrane. The membrane architecture is neither completely rigid nor fluid and the lipid
structural diversity enables non-random lipid mixing in each leaflet of the bilayer, resulting in
regions or microdomains with specific physical and functional properties. Some lipids are
surrounded by neighbouring lipids whereas others are involved in interactions with
membrane proteins.

Phospholipids are amphipathic molecules (Fig. 1.1) containing hydrophilic polar head
groups and hydrophobic hydrocarbon chains (usually 12-20 carbons). Most phospholipids
belong to the class of phosphoglycerides, which contain a glycerol group joining the polar
head group and the hydrocarbon chain. The most common phospholipids found in the
bimolecular lipid matrix are phosphatidylcholine, phosphatidylethanolamine and

phosphatidylserine.

g —Rem,  Ccholine
2.

Q— Hydrophilic head

‘7 Non-polar tails

Figure 1.1: Structure of the phosphatidylcholine (PC) containing a hydrophilic head composed of a choline
group, a phosphate and a glycerol group. The non-polar tail is composed of two fatty acids chains of ~ 20A.
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Proteins embedded in the membrane bilayer may pass entirely through the bilayer as

transmembrane proteins or may be inserted at the cytoplasmic or extracellular face.

1.2 The dipole potential

The electrical potential profile experienced by lipid bilayers (Fig. 1.2) in biological cells
is composed of two major components. The first is the transmembrane potential (Ay)
determined by the concentration difference of the ions in the aqueous phases on both sides of
the membrane which is reflected by a charge separation across the membrane. The second
component is the boundary potential, including two subcomponents: a surface potential (\ys),
and the dipole potential (yq) that have both been shown® to be pH-dependent. s arises **
from charged surface groups on the membrane. Ay and s have been widely examined by

electrophysiological measurements, unlike yg.

Figure 1.2: The electrical potential, y, profile across a phospholipid bilayer. The transmembrane potential (Ay)
is due to the difference in ion concentrations between the two bulk aqueous phases. The surface potential (%)
results from charged residues at the bilayer/solution interface. The dipole potential (yg) results from the
alignment of dipolar residues moieties of the lipids and associated water molecules within the membrane.

The dipole potential of a lipid membrane is manifested between the hydrocarbon core of
the membranes and the first few water molecules adjacent to the lipid headgroups. It is

caused by the uniform orientation of the phospholipid moieties, the carbonyl groups of the
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ester linkage, and water dipoles which penetrate into the membrane. It can vary between both
leaflets as they have different composition. The lipid-bound polarized water molecules are
thought® to make the major contribution to yq.

Recently, ions have been recognized® ’ to have an influence on wg and on various
membrane-related physiological processes. It has been shown® that Li*, Na*, Ca?*, Mg?*, Sr**
and Ba®*, but not K*, bind to lipid-head groups containing oxygen and that ion binding
influences lipid order, area per lipid, orientation of the lipid head dipole, the charge
distribution in the system, and therefore the electrostatic potential across the head-group
region of the bilayer. Furthermore, lyotropic anions like perchlorate are known’ to have an
effect on the kinetics of the Na*,K*-ATPase enzymatic cycle, which might be explained by
electrostatic interactions with the protein due to the binding of such ions at the membrane-
aqueous solution interface. Clarke and Lipfert® noticed that the capacity of anions or cations
to affect the dipole potential depends on their ability to partition between the membrane
surface and the aqueous phase, thereby controlling the ion transport activity of the Na* K'-
ATPase. Furthermore, increasing the sodium chloride concentration decreases the self-
diffusion of phosphatidylcholine lipids within the bilayer®.

A common component found in biological membrane is cholesterol. Its role in the bilayer
will be detailed in a later section. The primary effect of cholesterol or its derivatives on the
dipole potential is thought® to occur by the alignment of their dipole moments either opposite
to or in the same direction as the net dipole moment arising from the phospholipids of the
bilayer and their associated water molecules. However, a more precise picture of the mode of
action of lyotropic anions and cholesterol derivatives on membrane proteins could lead to a
better understanding of dipole potential participation in the mechanism of membrane protein

activity.
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Depending on the structure of the bilayer, the magnitude of yq4 can vary from around
100mV to 400mV™L. It has been reported'? that the inclusion of molecules such as cholesterol
and some of its derivatives may either increase or decrease the magnitude of the dipole
potential. Cholesterol itself can increase yq by up to 100mV when added to a
phosphatidylcholine bilayer™, resulting in an enormous electric field strength within the
membrane.

Over the past decade, a large number of membrane proteins have been shown to be
sensitive to a change in their electrostatic surroundings. yq affects the activity of proteins as
well as their insertion and folding into the membrane'®. Recently for instance it has been
shown that gy affects the interaction of the viral gp4l fusion peptide with the cell

1719 hhospholipases®®, but also

membrane™ °. Other proteins affected include ion channels
pumps like the sodium potassium pump® 2. In this study we have analysed the effect of the
lipid environment and the presence of cholesterol derivatives on the functioning of two

membrane proteins, the photosynthetic reaction centre of purple bacteria and the Na* K'-

ATPase from shark.

1.3 Lipids

1.3.1 Phospholipids

a. Phosphatidylcholine and Dimyristoylphosphatidylcholine

Phosphatidylcholine (PC) is one of the major components in biological membranes.
We used here to form liposomes. It can be chemically extracted from either egg yolk or
soybeans. Phosphatidylcholine can be found with various molecular weights due to the

various lengths of its hydrocarbon chains.
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Recently it has been found® that the value of the dipole potential decreases with
increasing unsaturation, with a drop of between 50 and 100mV depending on the degree of
unsaturation. This can be accounted for by effects of cis carbon-carbon double bonds on
chain packing and hence the spacing between the headgroups. In a membrane of fully
saturated phosphatidylcholine, wq was found to have a value of around 220-280mV/™°.

In previous investigations, the influence of the phase state of lipid bilayers on the
photosynthetic reaction centre was investigated using dimyristoylphosphatidylcholine
(DMPC) (14:0/14:0). It was shown that the gel-liquid crystalline phase transition of DMPC
modifies the thermodynamic parameters associated with the second (but not the first) electron
transfer process®®. Studying proteoliposomes where RCs from Rhodopseudomonas viridis
where incorporated in DMPC and dieladoylphosphatidylcholine (DEPC) Baciou et al.* have
suggested that, in vivo, protein-protein interactions play a role in the thermodynamic
parameters associated with the energy stabilization process within reaction centres

reconstituted in DMPC liposomes. Later, Agostiano et al.?®

also showed that the charge-
separated state of reaction centres is highly stabilised in protein reconstituted in liposomes

due to specific interactions between phosphatidylcholine and reaction centres.

1.3.2 Cholesterol and its chemical analogues
a. Cholesterol and lipid rafts

Cholesterol (structure of cholesterol shown Fig. 1.3 (B)) and sphingolipid-enriched
microdomains are known as lipid rafts?”. The biological membrane contains a variety of lipid
and protein molecules that are segregated and distributed in microdomains. Lipid rafts
represent a concept of membrane microdomains that are enriched in cholesterol and

sphingolipids. Lipid rafts were discovered due to their resistance to cold detergent
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extraction’®. Recently, lipid rafts have received considerable attention because they are

29-32

thought to be involved in the regulation of the activity of numerous proteins

4-cholesten-3-one 5-cholesten-3 /3 -ol-7-one

6-ketocholestanol

Figure 1.3: Chemical structure of cholesterol and its derivatives: 6-ketocholesterol, 5-cholesten-34 -ol-7-one
and 4-cholesten-3-one, coprostanol and their dipole moments (1) orientation.

Different subtypes of lipid rafts can be distinguished according to their protein and
lipid composition. Recent work®® indicates that the glycosylation of cholesterol reduces the
percentage of cholesterol present in microdomains.

In general, cholesterol is known to induce an internal positive dipole potential that
enhances the permeability of anions but decreases the permeability of cations. When the
cholesterol concentration is increased in phospholipid bilayers, the degree of motional order

of the phospholipid hydrocarbon chains in the membrane is decreased *.
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Recently, it has been demonstrated® that a preferential interaction exists between
cholesterol and tryptophan residues of membrane proteins located near the membrane-water
interface. Evidence has been presented®® that the complex of phosphatidylcholine and
cholesterol is held together by hydrogen bonding between the hydroxyl group of cholesterol
and the carbonyl groups of the phosphatidylcholine situated in the polar part of the lipid
bilayer. The importance of the hydroxyl group is supported by the fact that cholestane which
has a molecular structure similar to cholesterol except for the absence of the OH group®’ has
no preferential orientation in the bilayer membrane.

Furthermore, replacing the cholesterol hydroxyl group by a ketone group facilitates
sterol flip-flop which gives the lipid bilayers increased fluidity®®. The change in the field
strength caused by incorporation of cholesterol into phosphatidylcholine bilayers is
theoretically capable of modulating membrane protein function by affecting the orientation of

dipolar or charged protein segments.

b. Phloretin, 6-ketocholestanol and 5-cholesten-3-4-ol-7-one

6-ketocholestanol (Fig. 1.3 (E)) and phloretin (Fig. 1.4) have been used® as
penetration enhancers in the transdermal delivery of certain drugs. Different mechanisms
have been proposed to explain the effect of these molecules in this process. Phloretin and 6-
ketocholestanol are believed® to increase the fluidity of the lipid bilayer by interacting with
the lipid layer and changing its structural parameters. They strongly decrease the lipid phase
transition temperature of DMPC and DPPC liposomes, which induces a decrease in the
strength of intermolecular forces within the membrane. Furthermore, it has been shown* that
increasing amounts of phloretin and 6-ketocholestanol to phospholipid bilayer caused an

39, 41 th

increase of the enthalpy change of the transition. Additionally, phloretin can alter e
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structure of the interface by changing the water dipoles’ orientation and the orientation of the
ester carbonyls of the lipids.

A study from Antonenko et al.** suggested that the change in the dipole potential
caused by phloretin (Fig. 1.4) affects carrier-mediated ion fluxes through the bilayer lipid
membrane. This could be explained*® by the change in dipole potential produced by phloretin

altering the electrical component of the energy barrier from ion transport.

Figure 1.4: Chemical structure of phloretin

The effect of 5-cholesten-3-$-ol-7-one (Fig. 1.3 (D)) on the dipole potential is related
to a twisted planar cyclic structure possessing a hydrophobic tail and a different dipole
moment direction compared®® to the other cholesterol derivatives, which have the positive
end of their dipole moment directed towards the hydrophobic interior of the membrane (Fig.
1.3). In contrast, the positive end of the dipole moment of 5-cholesten-3-3-ol-7-one is

directed towards the interface with the aqueous solution.

1.4 Liposomes

The studies described in this thesis have concentrated on model systems of one
phospholipid, phosphatidylcholine, which was used to form liposomes. A second step was to
include cholesterol, its derivatives (6-ketocholestanol, 5-cholesten-3-5-0l-7-one, coprostanol,
4-cholesten-3-one) or phloretin within the membrane and to compare the effect of each

molecule on the RC and Na*,K*-ATPase respective activities.
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1.5 Orientational polarizability

lon transfer by the Na',K'-ATPase involves the movement of charges across the
membrane and simultaneous protein conformational changes. Lipids and associated water
molecules surrounding the enzyme possess permanent dipole moments and are free to rotate
and align with the electric field direction. Charged and dipolar moieties in the surrounding
lipids could reorient around the changing charge distribution caused by its conformational
transitions. The ability to reorientate with the applied electric field is called orientational
polarizability (Af). Therefore, it is important to take into account not only the static charge
distribution of the membrane’s hydrophilic part, reflected in the dipole potential but also the
possibility of dynamic changes in charge distribution, reflected in the orientational
polarizability. Phloretin (Fig. 1.4), cholesterol, 6-ketocholestanol, coprostanol, 4-cholesten-3-
one and 5-cholesten-3--ol-7-one (Fig. 1.3) are known to change the dipole potential value
when incorporated in liposomes™. In this thesis the effect of cholesterol and its derivatives on
the function of Na",K*-ATPase has been investigated not only through their impact on the
dipole potential but also through their effect on the orientational polarizability of the

membrane surroundings.

1.6 The Photosynthetic Reaction Centre from R.
sphaeroides

1.6.1 Introduction

All microorganisms can survive either using chemotrophy or phototrophy. In the
former process they extract their energy from the oxidation of organic (chemoorganotrophs)
or inorganic (chemolithotrophs) compounds. In the latter process, they use solar energy, in

other words, photosynthesis. All of them have one “goal”, producing ATP.
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Photosynthesis is a biological oxidoreduction process by which electromagnetic energy
(light energy) converted into chemical free energy. It is essential not only because it allows
plants to grow but also because this stored chemical energy sustains all other forms of life on
earth.

According to fossils and CO, markers in the rocks, photosynthesis has very likely
emerged on earth more than 3 Ga ago and possibly earlier than 3.5 Ga.

The first organisms to have developed this survival mode were probably the green
sulphur bacteria using H,S as the essential electron donor compounds. The purple non-
sulphur bacteria arose shortly after. The (accidental) cooperation of both of them gave rise to
cyanobacteria, the first oxygen evolving organisms. This main event in the earth history gave
rise to oxygenic atmosphere ~2 Ga later and to the emergence of mammals and human: 3 Ga

later (amongst others!).

1.6.2 Anaerobic photosynthetic organisms

As mentioned above, higher plants are not the only organisms performing
photosynthesis. Algae and many bacteria (including cyanobacteria, purple and green bacteria)
are able to use photosynthesis as a process for obtaining energy. Algae, cyanobacteria and
higher plants (collectively known as oxygenic organisms) extract electrons from water

(evolving oxygen as a by-product) and use them to convert carbon dioxide to hexose:

6CO; + 12 H,0O —» CH1206 + 60, + 6H,0

Since they use solar energy and their main source of carbon is CO5, these organisms are
called photoautotrophic.

Other organisms do not evolve oxygen and are anaerobic (all of which are prokaryotes),

microaerophiles or facultative anaerobes. All of them extract electrons from donor molecules

10
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with a lower redox potential than that of water, such as elementary sulphur, sulphide,
thiosulphate, organic compounds, alcohols, or hydrogen. Since they use solar energy and
their sources of carbon are diverse, these organisms are called photoheterotrophic.

Oxygenic organisms use two different types of reaction centres which operate in series
and which are designated photosystem 1 (PS I) and photosystem 2 (PS I1). Differing from
these, anoxygenic organisms function with a single reaction centre. Two different types of
reaction centres have been described in photosynthetic bacteria. Green sulphur bacteria
contain membrane bound iron-sulphur centres of low redox potentials as secondary electron
acceptors. These are called ‘Fe-S type’ reaction centres. This type of reaction centres is found
in photosystem I of oxygenic organisms.

Reaction centres (RCs) of purple and green nonsulfur bacteria contain
bacteriopheophytin as an intermediate electron acceptor and two quinones of moderately low
redox potentials as secondary electron acceptors. They show structural similarities with the
more complex photosystem I1 of oxygenic organisms and are named ‘pheophytin-quinone
type’ reaction centers.

The anoxygenic photosynthetic organisms have been traditionally divided into four
families (purple sulphur, purple nonsulphur, green sulphur and green nonsulphur bacteria)
based on their respective sources of electrons and redox properties of electron carriers in the
reaction centres** . Another (and more precise) classification scheme has been introduced
by Woese* based on sequence similarities of the 16 S ribosomal RNA. The purple bacteria
and their relatives fall into a phylum called Proteobacteria. This phylum has four major
subdivisions, o, B, y and 3. The a subdivision includes purple nonsulphur bacteria such as
Rhodopseudomonas (Rps.) viridis, Rps. acidophila, Rhodobacter (Rb.) capsulatus,
Rhodospirillum rubrum and Rhodobacter sphaeroides whose structural and functional

properties of the photosynthetic apparatus have been studied in detail. This will be used

11
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here..Rubrivivax (Rv.) gelatinosus and Rhodocyclus tenuis are classified into the f-
subdivision. The y-subdivision contains purple sulphur bacteria (e. g. Chromatium okenii,
Thiocystis violacea) and the &-subdivision does not involve photosynthetic species (it is
assumed that these organisms have lost the photosynthetic capacity during evolution).
Photosynthesis initially requires the cooperation of a large number of membrane
proteins, soluble proteins and pigment molecules. All chlorophyll-based photosynthetic
organisms share the existence of an antenna system tunnelling light energy to a reaction
centre where light energy is transformed into chemical energy. The overall principle of the
mechanism of energy storage appears to be the same in all kinds of photosynthetic organisms:
a chlorophyll dimer (or perhaps monomer in photosystem | complexes) or
bacteriochlorophyll dimer in a specific protein environment is excited to its singlet state by
excitation energy transfer from the antenna pigments. In this state, chlorophyll molecules are
very strong reductants which are able to transfer an electron to the nearby electron acceptor
molecule. The electron transfer reaction leads to the formation of a radical-ion pair state,
consisting of an oxidized chlorophyll or bacteriochlorophyll dimer on one side of the
membrane and a reduced acceptor on the other side of the membrane. Energy conservation is
achieved by coupling the electron flow to proton translocation across the photosynthetic
membrane. The energy stored in the electrochemical gradient thus formed can be used to

synthesize ATP and other molecules serving as the energy source of living organisms.

1.6.3 Structure

As mentioned above, photosynthetic RCs (Fig. 1.5) are membrane-spanning proteins
binding pigments and cofactors that catalyse the first steps of light energy conversion into

chemical free energy.
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The 3D structure of the RC from Rb. sphaeroides has been previously determined*.
More recently Koepke et al.*® have determined its structure at different pH values, in dark

and light conditions. At pH 8, in the dark, they obtained the best resolution so far, of 1.87 A.

Sub-unit M

Sub-unit L

\

Plasmic
membrane

-unit H

Figure 1.5: Structure of the Rb. sphaeroides reaction centre*® composed of three sub-units L, M and H. Land M
carry a dimer of BChls, P, two quinones, Qa and Qg and a non-heme iron Fe. The light-energy conversion is
achieved through a series of coupled electron-proton transfer reactions from the primary electron donor (P). The
electrons are transferred to a primary quinone molecule Qa through Ba to form the Qa’". The electrons are then

transferred to Qp. This leads after the successive absorption of two photons to the formation of the doubly
reduced and doubly protonated, QgH».

The isolated bacterial RC is composed of three polypeptides: L, M and H. L and M
subunits bind all pigments and cofactors: a dimer of BChls, which is also the primary electron

donor, P situated on the periplasmic side of the membrane; two monomers of
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bacteriochlorophyll, Ba and Bg; two monomeric bacteriopheophytins, Ha and Hg; one non-
heme ferrous ion, Fe**, which is symmetrically bound between two quinone molecules
situated on the cytoplasmic side of the protein, Qa and Qg. Qa is the primary stable electron
acceptor and Qg is the secondary (and ultimate) stable electron acceptor. The subunits L and
M share the same secondary structure (5 transmembrane o helixes), arising from the ~ 30 %
identity between their primary sequences.

The polypeptide backbones of L and M subunits show a high degree of local twofold
symmetry, with the symmetry axis (joining P to Fe?*) perpendicular to the membrane plane.
On either side of the membrane-spanning region the L-M complex forms a flat surface
parallel to the membrane plane. The H subunit consists of three distinct segments: the first
one is the N-terminal segment which contains the only transmembrane helix of H subunit; the
second one is a surface segment, which is mostly in contact with the cytoplasmic side of the
L-M complex; and the third one is a globular segment consisting mainly of 3-sheets.

The ferrous ion is bound near the cytoplasmic membrane surface, between Qa and
Qs. Fe** is bound to four histidine residues (two provided by the L subunit, L190His and
L230His and two by the M subunit, M219His and M266His) and one glutamic acid, provided
by the M subunit, M234Glu.

The role of the ferrous ion is not clear but studies have shown® that if the iron is
removed or exchanged with several other divalent metal cations the function of the RC is not
altered. In addition, it has recently been demonstrated®® that Fe?* does not change its
oxidation state during electron transfer. Upon light excitation of P to its singlet excited state
of lowest energy, P*, an electron is transferred to Ha and then to the primary electron
acceptor Qa in about 3.5 and 200 ps. All electron transfer reactions from P* to Qa are
considered to be “fast”, i.e., with no activation energy, in other words as fast at the maximum

rate achievable according to the Marcus theory.
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1.6.4 Marcus electron transfer theory

In bacterial reaction centres, the electron transfer reactions take place over distances
from 3 to 25 A. The lifetime of these processes ranges from picoseconds to seconds. They are
driven by free energy barriers of 1-30 kcal mol™. Most of the electron transfer processes
taking place within reaction centre proceed with negative activation energies between room
and cryogenic temperature®”.

Marcus electron transfer theory®® °*

provides a quantitative description of these
processes. According to this theory, the rate constant of an electron transfer reaction (ker)

varies according to the formula:

K., = Ar’H73, e[—(AG°+/1)2/4,1RT] 1)

h«/47ZART

where h is Planck’s constant, R is the gas constant and AG® is the standard free energy
change of the electron transfer reaction. The electronic coupling factor (Has) depends on the
magnitude of the overlap of the molecular orbitals of the electron donor and acceptor. Marcus
defined A as the reorganization energy factor. Introducing this term was one of the main
contributions of Marcus theory. A relates to the energy needed to rearrange the electron donor
and acceptor as well as the surrounding "solvent™ in order to produce an activated complex
allowing electron transfer to proceed. For electron transfer reactions in polar solvents, the
dominant contribution to reorganization energy arises from a reorientation of solvent
molecules in response to the change in charge distribution of the reactants. Embedding
reactants in a low dielectric medium (e. g. a membrane) can reduce the reorganization the
energy, but the effect on electron transfer rate depends on the response of AG° to the non-

polar environment™.
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The original idea of Marcus, which is clearly seen in the equation is that the rate
constant of electron transfer is maximum when AG® = -A and not at the highest possible
values of AG°. At low driving forces, rates increase with -4G°®, but as the driving force moves
into the region where -AG° >A, electron transfer rate is predicted to decrease (inverted
region).

It has been proposed®® that in proteins, electron transfer proceeds at it’s a maximum
rate, i. e. with A values close to -AG°. In this case, rate constant for electron transfer reactions
essentially depends on the edge to edge distance between the donor and the acceptor
molecules. The main factor governing the electron rate is the electronic factor which was
estimated to be 1.4 A™.

The electron transfer theory of Marcus has been tested in reaction centres of Rb.
sphaeroides where AG° was varied by substitutions of Qa with quinones of different redox
potential®” *®. Reasonably good fits of the rate constants according to the Marcus equation
have been obtained with A values ranging between 200 meV (primary reactions) and 1 eV
(interquinone reactions).

In contrast to the majority of electron transfer and charge recombination reactions in
the reaction cenrer, the electron transfer from QA" to Qg for Rb. sphaeroides is temperature
dependent with activation energy of 560 meV>*.

The reorganization energy related to this electron transfer (1) of about 0.8 eV>® seems
much larger than the free energy difference between QA Qs and QaQg". This might be
explained by the presence of many polar residues in the Qg binding site leading to the higher
"solvent" reorganization factor compared to that for primary reactions.

We shall come back to this point later, and especially to the rate-limiting process that

may slow the Qa™ to Qg electron transfer.
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Scheme 1.6 presents the Kinetic events described above. Typically a stabilized

charge-separated state, P*Qa” is created across the membrane in about 200 ps.

A. B
hv
Pl Cly
kAp =100 ms
P+l Ty
kBp =1s

Scheme 1.6: (A) Scheme showing the charge separation process in bacterial RCs. Light absorption by P, the
primary electron donor, results into the creation of P*, its first excited singlet state. An electron is transferred
from P* to a first ubiquinone-10 electron acceptor (Qa), generating the primary charge separated state P*Qa".
The electron present on Qa is then transferred to the secondary electron acceptor quinone Qg generating the
P*Qg’ state. This leads after the absorption of two photons to the formation of the doubly reduced and doubly
protonated secondary quinone molecule, QgHo (B) The electron can recombine from Qg through Qa to P* in

1s or from Q4™ to P* in 100 ms.

The electron present on Qa is then transferred to Qg in 20-200 us depending on the
bacterial species. P* is reduced by a c2-type cytochrome in few ps. A second photochemical
event activates the formation of Qa", which finally leads to the double reduction and double
protonation of the Qg species to form the dihydroquinone molecule QgH,.

Due to the competition for the binding site of Qg, QgH. is displaced from its site and

replaced by an oxidized quinone from the pool floating in the membrane. QgHy is reoxidised
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at the level of the cytochrome b/cl complex. Since the RC spans the membrane, the initial
charge separation generates a transmembrane electric field.

In order to investigate the influence of the RC environment and in particular of the
dipole potential on the QA to Qg electron transfer process, we have studied the influence of
phloretin, cholesterol, 6-ketocholestanol and 5-cholesten-3-4-o0l-7-one on the kinetics of the
first electron transfer.

Phloretin, cholesterol and its derivatives all have a capacity for changing the dipole
potential value when included in a vesicle composed of phosphatidylcholine and thus are

potentially able to electrically modify RC function.

1.7 The Na* K*-ATPase

1.7.1 Introduction

The Na*,K*-ATPase (Fig 1.7) is central to all animal life. It transports three sodium
ions from the cytoplasm to the outside of the cell and two potassium ions from the
extracellular environment into the cytoplasm by using the free energy of ATP hydrolysis.

The enzyme thus allows cells to maintain a low intracellular Na* concentration and a
high intracellular K* concentration, which (because the cell membrane is generally more
permeable to K* ions than Na" ions) establishes a net negative electrical potential inside the
cell. These transmembrane Na* and K™ electrochemical potentials which the enzyme produces
provide the driving force for such basic functions as nerve, muscle and kidney function®.

The Na*,K™-ATPase also contributes to the osmotic regulation of the cell volume and
is a major determinant of body temperature. For all of these functions the enzyme derives its

energy from the hydrolysis of ATP.
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Figure 1.7: (A) The w-, B- and *-subunits of the Na',K'-ATPase are coloured blue, wheat and red,
respectively. Helices are represented by cylinders and P-strands by arrows. The yellow numbers on the -
subunit indicate the position of the transmembrane segments starting with the most N-terminal. The C-terminal
helix from a-subunit is indicated by a S (light red). Mg?*and Rb* ions are orange and pink, respectively. (B)
Magenta spheres represent the position of K*/Rb" ions in Na",K*-ATPase. Oxygen-containing side chains within
and close to the coordination sphere are shown. (C) Interaction between Glu 327 and Leu 97. The figures are
reproduced from Morth et al.®".

The first identification of the Na*,K*-ATPase was made by Jens Christian Skou, who
won the Nobel Prize in chemistry in 1997 for this discovery®”. The pump is known®® ®* to be
involved in diseases such as diabetes, epilepsy, hypertension and congestive heart failure.

More recently, it has been found® that a mutation in the Na*,K*-ATPase alpha subunit causes
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familial hemiplegic migraine type 2. The understanding of this protein could thus have
therapeutic implications.

The Na*,K*-ATPase is situated in the plasma membrane of the cell. Depending on cell
type, there are between 800,000 and 30 million pumps® on the surface of a cell. Because the
Na’,K*-ATPase transports ions against their electrochemical potential gradient this is an
active transport process. This is in contrast to passive transport, where ions flow along an
electrochemical potential gradient.

The Na',K*-ATPase is a member of the P-type ATPase family, which refers to the
formation of a phosphorylated intermediate, a phosphate covalently bound to an aspartate of
the enzyme.

The phosphate is transferred to the enzyme from ATP. This requires the presence of
magnesium ions which act as a cofactor®’. Despite research based on metalloenzyme crystal
structures, the detailed role the magnesium ion plays in ATP hydrolysis is still unclear.
Catalysis is rationalized by complexing of the magnesium ion around the phosphoryl oxygens
of ATP to stabilize a highly negatively charged transition state®. However, in aqueous
solution, the hydrolysis of ATP follows a dissociative mechanism, where the bond to the
leaving group (ADP) is largely broken before the bond to the incoming water forms to any
extent ®°.

The goal of the research on the Na*,K™-ATPase described in this thesis is to contribute
to the elucidation of the role that protein-protein interactions play in the enzyme’s mechanism
and investigate the role of magnesium ions in the Na*,K'-ATPase’s kinetics. This is a
prerequisite for later investigations of the role of lipid-protein interactions, because it may
well be so that the lipid environment of the protein modulates enzyme function via an indirect

effect on the strength of protein-protein interactions.
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1.7.2 The structure of Na™-K*-ATPase

The structure of Na*,K*-ATPase in one of its conformations (Fig. 1.7 A) was solved
by Morth et al.®® by X-ray crystallography in 2007. The enzyme is composed of three
subunits: alpha, beta and gamma.

The alpha subunit™ (~113 kD) binds ATP and both sodium and potassium ions,
contains the phosphorylation site and is similar to single-subunit P-type ATPases like the
Ca®*-ATPase of sarcoplasmic reticulum. Several isoforms of both the alpha and the beta
subunits have been identified which have different tissue distributions, and different kinetic
and thermodynamic characteristics. The cytoplasmic domain of the alpha subunit is
subdivided into three smaller domains: an N-domain containing the site where the ATP
molecule binds, a P-domain containing the phosphorylation site and an A-domain involved in
the conformational changes. A recent study " has found that a Tyr 771 might play a central
role in Na* binding to the alpha subunit. Two Rb* (a K" congener) sites in the alpha subunit
were identified’? in the crystal structure (Fig. 1.7 B). Glu 327 is associated exclusively with
K*/Rb" and may control the extracellular gate of the occlusion cavity, possibly guided by
contact with Leu 97 (Fig. 1.7 C). It has also been suggested that Phe 475 and Glu 446 on the
alpha subunit cytoplasmic domain play important roles in the binding of ATP to the
enzyme”®.

The beta subunit (~55 kDa) is composed of about 370 amino acids and the gamma
subunit is the smallest of the three subunits (~7.1kDa).

Recently it has been suggested ™ that the dipole potential has an effect on the
molecular activity of the enzyme by affecting the water structure on the extracellular surface.

Furthermore, Morth et al.®*

suggested that the carboxy terminus of the alpha subunit is
contained within a pocket between transmembrane helices and may be a regulatory element

controlling sodium affinity, possibly influenced by the membrane potential.
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1.7.3 Inhibition of the Na™-K"-ATPase by cardiac glycosides

The Na'",K*-ATPase is inhibited by cardiac glycosides such as ouabain. The chemical
structure of ouabain is shown in Fig. 1.8. This steroid has been used as a heart medicine for
centuries. It can be extracted from a plant called the foxglove (Digitalis purpurea). Cardiac
glycosides have been widely used to increase the strength of contraction of the heart.
Inhibition of sodium pump activity in cardiac myocytes results in an increase in intracellular
sodium concentration. This leads to an increase in intracellular calcium because the sodium
concentration gradient, which is the driving force for calcium extrusion from the cell is
diminished. The increase in the calcium concentration, which is the signalling agent for

muscle contraction, is thought to enhance muscle contractibility.

o)
OH WY
peloe
/\/\)
oA © C|>H Ouabaine

OH

Figure 1.8: Chemical structure of ouabain, which is a natural inhibitor of the Na*,K*-ATPase.

The highest affinity of ouabain for the enzyme, with a Kp ~5 nM, occurs when the
enzyme is in its E2P state. Three residues (Phe783, Thr797, and Asp804) of the enzyme
located” on the alpha sub-unit appear indispensable to confer high affinity ouabain binding.

Different tissues containing the Na',K'-ATPase can have different affinities for
ouabain that can vary from 3 to 5 fold’® ”". For example, the brain hemisphere tissue has a

dissociation constant of 0.040 uM for ouabain, whereas for brain stem the value is 0.082uM.
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1.7.4 Albers-Post Cycle

The Albers-Post cycle (Fig. 1.9) is the most widely accepted model for describing the
series of reactions constituting the Na*,K*-ATPase catalytic cycle. This mechanism describes
the enzyme as a monomer undergoing a catalytic cycle of ion binding and release steps by

using the free energy from the hydrolysis of an ATP molecule.

2K cyt 3 Na‘cyt ADP

Ey(K")ATP —L'ElATP L—' Ei(Na");ATP -L'El(sz)gP

ATP/

Ea(K")2 .7_ Eo(K"),P \ E.P / E>(Na")sP

P 2 K'ext 3 Na'ext

Figure 1.9: Eo/E, Albers-Post model of the Na*-K*-ATPase reaction cycle.

When radioactivity was measured after membrane fragments containing the enzyme
were exposed to y*?P-ATP, the existence of phosphorylated intermediates in the enzyme
cycle were discovered in the presence of Na* and Mg®*. Additionally, K* stimulated the
release of the phosphate®.

Albers et al.”® % suggested the existence of two conformations of the
phosphoenzyme, the initially formed compound, E;P, and E,P, formed subsequent to the
phosphorylation reaction. The E; conformation has a high affinity towards Na* ions and ATP,
and its cation-binding sites are in contact with the cytoplasm. E,P, on the other hand, binds
K" ions (or its congeners Rb™ and Li*) with a high affinity with the binding site facing the

extracellular medium.
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The reaction cycle of the enzyme proceeds as follow. Three intracellular Na* ions
bind to the E; state of the enzyme, which has previously bound ATP. The aspartic acid
residue (Asp 369) of the enzyme is phosphorylated. A change in the conformation from the
state Ey(Na")sP to the state Ex(Na")sP reduces the Na* affinity and the previously occluded
Na’ ions are released to the extracellular medium, thus leading to the E,P state. K™ ions bind
to this state from the extracellular medium. The binding of the K* ions stimulates the release
of the phospho-group and leads to the formation of the state E;(K"),. The phosphorylated
enzyme is relatively stable’® and there is only a low rate of spontaneous dephosphorylation.
ATP has an allosteric effect in this part of the enzyme cycle. When ATP binds to the E(K"),
conformation of the enzyme, it stimulates the transition of E, to E; and accelerates the release
of K" ions. The enzyme is then in the E; state , ready to bind Na* ions from the cytoplasm
again and start a new cycle. The conformational change from E»(K"), to E1(K"),ATP is the
rate limiting step® for the reaction cycle with a rate constant of approximately 30 s*, while
the conformation change from Ei(Na')sP to E,(Na')sP™® occurs with a rate constant of
approximately of 300 s™.

However, there is a significant amount of experimental data which cannot be
explained by the monomeric Albers-Post model. Recently, Clarke and Kane® investigated
via the stopped-flow technique the Kkinetics of phosphorylation and subsequent
conformational change of the Na*,K'-ATPase. The ATP concentration dependence of the
time course and the amplitude of the kinetic traces they obtained could be explained by a
dimeric model, in which the enzyme cycles at a low rate with ATP hydrolysis by one a-
subunit or at a high rate with ATP hydrolysis by both a-subunits. Thus, they proposed a two-
gear bicyclic model (Fig. 1.10) to replace the classical monomeric Albers-Post model for
Na*,K*-ATPase. They suggested that the reason for the two different rate constants was an

ATP-induced change in protein-protein interactions within the (of), diprotomer.
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The bicyclic dimer model of Na’,K'-ATPase function proposed provides an
explanation for a longstanding paradox regarding ATP binding, i.e. equilibrium
measurements of ATP binding have consistently revealed an ATP dissociation constant
approximately 40 fold lower than that obtained from pre-steady-state kinetic studies based on
enzyme phosphorylation. Within the framework of the dimer model both dissociation
constants could be explained by a negative cooperative interaction between the two protein
monomers, with ATP binding to one monomer inducing a decrease in the ATP affinity of the

adjacent monomer.
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Figure 1.10: Two-gear dimeric model of sodium potassium pump function. The upper cycle (1) represents the
low gear pathway followed at low concentrations of ATP when only one of the ATP sites on one of the
monomers is occupied. The lower cycle (2) represents the high gear pathway followed at high concentrations of
ATP, when both ATP binding sites of the dimer are occupied.
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The thermodynamics of ATP binding to the Na*,K*-ATPase is, thus, a crucial aspect
of the dimer model which must be investigated further in order to critically test the model’s
predictions. One of the purposes of this thesis is to improve the comprehension of the enzyme

mechanism by shedding further light on the monomer/dimer question.
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Chapter 2

Materials and Methods

2.1 Preparation of Photosynthetic Reaction Centres from
Rhodobacter Sphaeroides

2.1.1 Methods of RC purification and reconstitution in liposomes

1. Growth of His-tagged Reaction Centres (RCs)

RDb. sphaeroides cells were grown semiaerobically on RM medium (see appendix for the RM
medium composition) containing 30 pg ml™ kanamycin to ensure the presence of the
plasmid. Ten litres of culture were routinely used for one preparation of reaction centres. The
culture was grown in the dark, at 34°C on a shaker and after one day the cells were harvested
by centrifugation (30,000xg, for 30 min). The cell pellets were washed with sodium

phosphate buffer (0.1 M, pH 7.5), spun down again and stored at - 70°C.

2. Preparation of isolated His-tagged Reaction Centres

The cell pellets (~30 g) were resuspended in 200 ml of 10 mM Tris-HCI, pH 8.0, 100
mM NaCl buffer with ~10 mg of DNAse I (Roche, France) and 200 pl MgCl, (1 M). Cells
were then sonicated for 1 h 15 min ice to break the external cell membrane. The unbroken
cells were removed by centrifugation (11,000xg, for 20 min at 20 °C) and the
chromatophores were collected by centrifugation (200,000xg) at 5°C for 3 hours. The
chromatophore membranes were solubilised by adding 1% (w/v) of the detergent LDAO (N,
N-dimethyldodecylamine) drop by drop and stirred for 15 min at 30°C in the dark.

Membranes were separated initially by centrifugation for 10 min at 4°C and 10,000xg
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(Beckmann J 2-21, rotor JA20). After the first centrifugation the supernatant was taken and
ultracentrifuged for 1 h 15 min at 5°C, at 120,000xg (Beckmann L8M, rotor Ti 50). The
crude RC suspension was added to a HIS-select™ Nickel affinity gel (Sigma, Germany)
preequilibrated with 10 mM Tris-HCI, pH 8, 0.1% LDAO and 5mM Imidazole buffer. A 10
mM Tris-HCI, pH 8, 0.1% LDAO containing 40 mM imidazole buffer was used to elute RC
bound to the column. The purity of the RC suspension was determined by UV-visible
spectrophotometry by recording the absorbance ratio 800 nm/280 nm, which corresponds to
the absorbance of the pigments (essentially BChls) at 800 nm and the absorbance of the
protein at 280 nm. A ratio of 1.2 indicates an excellent purity of the protein. Ratios of ~ 1.3-

1.5, with a good yield, i.e., ~ 0.5 pumole of protein/30 g of cells, were routinely obtained.

3. Preparation of depleted ubiquinone Q, Reaction Centres

To remove the primary ubiquinone Qa, the method of Okamura et al.*

modified by
Sebban®* was used. Reaction centres were mixed with an equal volume of DEAE-Sepharose
CL-6b (equilibrated with 10 mM Tris-HCI and 0.05% LDAO, pH 8.0) and poured onto a
glass column (bed volume 15 ml, diameter 3 cm). The column was then washed with 150 ml
of depletion buffer (10 mM Tris-HCI, 3.5% LDAO, 10 mM o-phenanthroline and 1mM
dithiotreitol, pH 8.0) at 28 °C and in the dark. After this, 200 ml of 10 mM Tris-HCI and
0.05% LDAO, pH 8 was passed through the column at 4 °C. Depleted reaction centres were
eluted by 10 mM Tris-HCI, 0.05% LDAO and 200 mM NacCl, pH 8. About 85 % of the
reaction centres were depleted of ubiquinone as judged from the disappearance of the
amplitude of P” signal after a flash.

Restoration of the Qa activity was achieved by adding ~ 80 uM of anthraquinone or

1-amino-5-chloro-anthraquinone (dissolved in dimethylsulfoxide or in ethanol, respectively)

to the suspension of reaction centres. The almost complete reconstitution by anthraquinones
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was estimated from the reappearance of absorbance changes associated with the formation of

P*Q a after a flash.

4. Reconstitution of purified reaction centres into phosphatidylcholine liposomes
containing cholesterol and derivatives

50 mg of PC from egg yolk (Sigma, Germany) was mixed with 20 mol% of
cholesterol, 6-ketocholestanol, phloretin or 5-cholesten-3-5-ol-7-one (Sigma, Germany) in
chloroform. The lipid/cholesterol (or its derivatives) solution was dried using a rotary
evaporator (BUCHI R-114) leaving a lipid film on the wall of the flask. The ethanolic lipid
solution was maintained on ice and under N, to minimize lipid oxidation. The lipid film was
then re-hydrated in a 10 mM Tris-HCI, pH 8, 100 mM NaCl and 0.1 mM EDTA buffer to
obtain a 50 mg/ml final lipid concentration. The lipid suspension was shaken for few minutes
to form multilamellar vesicles. The mixture was sonicated for 25 mins using a titanium micro
tip (Dr. Hielscher GmbH, model UP 200 S). The transition from a white cloudy solution to a
more transparent one was indicative of a decrease in the ratio multilamellar/bilayer vesicles
in the solution. The solution was centrifuged at 40,000xg (Beckmann L8M, rotor Ti 50) at
4°C for 2 h to pellet the remaining multilamellar vesicles and titanium from the probe.
Finally, a 60 uM RC suspension was mixed with the liposomes drop by drop, using a vortex
for a good mixing. A lipid/protein ratio of 3 was used when cholesterol or phloretin were
present and a ratio of 4 for the other cholesterol derivatives. A 20 mol% ratio of phloretin,
cholesterol and its derivatives /lipid was used for all the experiments carried out on RC. An
attempt was made to use 30 mol% of phloretin, cholesterol and its derivatives but this was
unsuccessful, as the proteins could not be inserted into the vesicles. The result was a biphasic

suspension of RC and the liposomes even after mixing.
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2.1.2. Flash photolysis

1. Steady state absorption

The absorption spectra of RCs were recorded on a Beckman (DU-800) spectrometer.
The concentration of the RCs was determined from the absorbance at 800 nm using a molar
absorption coefficient, ego0 = 288 I.mmol™.cm™ as determined for Rb. sphaeroides RC™.

The absorption spectrum of the RC from Rhodobacter sphaeroides is presented in
Fig. 2.1. In the near-infrared region, three absorption bands at 860, 800 and 760 nm
correspond essentially to the BChls | dimer, the bacteriochlorophyll monomers, and
bacteriopheophytin, respectively. Bands at 600 nm and 540 nm belong to the monomeric
bacteriochlorophylls and bacteriopheophytins, respectively. The light-induced oxidation of

the BCls dimer (P) leads to the bleaching of the band at 860 nm.
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Figure 2.1: The steady state absorbance spectrum of purified reaction centre of Rhodobacter sphaeroides. The

photooxidation of P is indicated by a bleaching at 860 nm. Conditions: 10 mM Tris-HCI, 0.05 % LDAO, pH
8.0.

The absorbance changes obey the Beer-Lambert equation (equation 1):

Log1o (ltllo) = ¢Cl (1)
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where |y is the intensity of the incident light, I; is the transmitted light intensity, € is the

extinction coefficient, | is the pathlength of the cuvette, and C is the RC concentration.

2. Kinetic absorption spectroscopy

The Kkinetics of absorption changes were determined using a single beam
spectrophotometer of local design®® shown Fig. 2.2. The amplified output signal was
digitalized via an acquisition card. Light flashes were provided by a pulsed YAG laser
(Spectra Physics, USA) (200 mJ per pulse at 532 nm, 5 ns flash duration). The source of
monitoring beam was a tungsten lamp (250 W). Wavelength selection was performed by a
Jobin-Yvon H25 monochromator. Signals were detected by a photomultiplier tube (S20
photocatode, Hamamatsu, Japan). A Labview homemade program using a card was used to
trigger measurements, accumulate signals and analyse the kinetic traces. The time resolution
(few ps) was limited by the recovery time of the electronics (photomultiplier and amplifier).

Monochromatic

Light Source
Detector

__@—> Analyse of the signal

Sample

Laser beam

Scheme 2.2: Schematic representation of a flash experimental setup for the measurement of charge separation in
an electron transfer process.

Fitting of the decay kinetics by multiexponential decomposition was performed using
a Marquardt non-linear least-square algorithm. The kinetics were decomposed into a sum of

first order exponential decays (equation 2):

AA[) = A ep(-t/7)+ A exp(—t/z,)+ Ajexp(—t/z,) )
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where 7; represents the lifetime of the absorption decay of component i and A; its initial

amplitude.

3. Charge recombination rate

1. In vitro, and in the absence of an exogenous donor, after a flash, the P*Qg" state
decays to the ground state PQg by charge recombination. In the case of WT, this reaction
proceeds predominantly via the intermediate state P*Qa’ Qg (Scheme 1.6) and is thermally

activated®” %,

2. The rate constant of kgp representing the rate of reaction between P and Qg may be
described as (equation 3):

-AGE/KT

kgp = Kap.€ + k direct (3)

where, kap is the rate constant of charge recombination from the P'Qa" state. AG'ag
represents the free energy barrier between the P*Qg” and P"Qa” states and Kgireet iS the rate
constant of direct charge recombination from the P*Qg state to the ground state. Therefore,
kgp depends on the free energy barrier between P'Qa” and P*Qg™ and is sensitive to any
variation of the free energy level of Qg™ due to for example electrostatic interactions with
nearby amino acid residues. In contrast to charge recombination from the P*Qg" state, the
P*Qa” charge recombination proceeds directly to the ground state via an electron tunnelling
mechanism. The activation energy of this process is negative, the rate constant increasing
slightly with decreasing temperature.

The charge recombination rates were determined from the absorbance changes of the
bacteriochlorophyll dimer at 430 nm (26 mM™.cm™ at 430nm). For the reaction centre of Rb.

sphaeroides at neutral pH, the P*Qa and P*Qg™ charge recombination rates are about 10 s™
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and about 1 s, respectively. UQ-6 was routinely added to the assay solution because Qg was
lost during the isolation of the reaction centres. When needed the occupation of the Qg site

was increased by addition of UQ-6.

4. Measurements of the Q, — Q;; first electron transfer rate

The measurement of the rate of the first electron transfer (ET) Qa Qs—QaQs (Kas
(1)) can be performed at different wavelengths. In the visible part of the spectra, the
absorbance changes are dominated by the P*-P spectrum. The absorption changes for the
reduction of Qa and Qg are quite similar and are very close to that obtained for
ubisemiquinone in alcoholic solution. Hence, there is no primary optical marker to easily
distinguish between the different semiquinone states of Qa™ and Qg". In contrast, larger
absorption changes can be detected at around 750 nm, where the formation of QA and Qg
induces electrochromic shifts in the bacteriochlorophyll and the bacteriopheophytin
absorbance bands. In addition, 750 nm is an isosbestic wavelength for the P—P" absorbance
changes. In this region, the most prominent changes produced by the formation of Q™ are the
red shift of the absorption band of the bacteriopheophytin and the blue shift of
bacteriochlorophyll ~ dimer. The magnitudes of the bacteriochlorophyll and
bacteriopheophytin shifts caused by Qg™ are smaller than those caused by Qa". The ET
process can therefore be followed at 750nm.

The Eyring expression® was used for the analysis of the temperature dependence of
the first ET kinetic rates (kag) and is given by equation 4, which relates the reaction rate to
the temperature:

kag = (keT / h) exp [(AS*/R) — (AH* / RT)] (4)
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where AH* is the activation enthalpy of the reaction, AS* is the activation entropy of the
reaction, kg is Boltzmann’s constant, T is the absolute temperature, R is the gas constant and
his Planck’s constant.

A plot of In (ks/T) versus 1000/T gives a straight line with a slope of —AH/RT, from
which the activation enthalpy can be derived, and with an intercept of In(kg/h) + AS/R, from
which the activation entropy can be derived. Therefore, AG*, the free activation energy of the

reaction can be derived from the thermodynamic equation (equation 5):

AG* = AH*- TAS? (5)

2.1.3. Transmission electron microscopy of proteoliposomes
Transmission electron microscopy (TEM) observations were performed with a JEOL

JEM 100CXII transmission electron microscope at an accelerating voltage of 100 kV. Drops

of the solutions of RC at 20°C in a 10 mM Tris-HCI, pH 8, 0.1% LDAO, 40 mM imidazole

buffer, were deposited on carbon-coated copper grids (and dried under N, flow).

2.2 Preparation and analysis methods of Na*,K*-ATPase

2.2.1 Purification of Na* K*'-ATPase and reconstitution of Na* K-
ATPase in liposomes

1. Preparation of membrane fragments containing Na®,K*-ATPase from rabbit
kidneys

Rabbit kidneys were stored at -70°C in 250 mM sucrose, 30 mM L-histidine, 30 mM
imidazole and 5 mM EDTA pH 7.5 (buffer S) and defrosted the day before the preparation.

The cortex and inner medulla were removed to keep the outer medulla containing the
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enzyme. The dissected tissue was placed in a 30 ml mortar tissue grinder (Crown Scientific,
Australia) with an adequate supply of buffer (~60 mg of tissue to 20 ml of buffer S) and
placed on ice. After homogenisation for 1 min, the lysate was centrifuged for 20 mins at
20,000xg, at 4°C (Beckmann/Sorvall J 2-21, SS34 rotor). The supernatant was kept aside and
the pellet was re-homogenised with the same volume of buffer S as for the first dissected
tissue and re-centrifuged for 15 mins at 20,000xg (Beckman/Sorvall J 2-21, SS34 rotor), at
4°C. Finally the first and the second supernatants were mixed and centrifuged at 90,000xg for
30 mins at 4°C (Beckmann L8M, rotor Ti 50). The pellets of the microsomes obtained were
re-suspended in 1 ml of buffer S and homogenised in a 2 ml mortar tissue grinder (Crown
Scientific, Australia) for 1 min. They were transferred to cryotubes and frozen in liquid
nitrogen.

On the following day, a 5.4 mg/ml stock solution of SDS was prepared and diluted in
50 mM imidazole, 2 mM EDTA and 0.0364 g/20 ml Na,ATP pH 7.5 (buffer B). The SDS
was added to the microsome preparation to obtain a final concentration of 0.54 mg/ml. The
microsome suspension was defrosted and incubated at 26°C for 30 min with SDS. Six tubes
were placed on ice and filled with 11ml of a 24% (w/v) sucrose solution. After 10 min, 7 ml
of a 15% sucrose solution were added on top of the first 11 ml of 24% sucrose and finally,
after a further 15 min, 4 ml of a 10% sucrose solution were added. The final microsome
suspension was loaded on the top of the sucrose gradient and centrifuged overnight at
40,000xg at 4°C (Beckmann/Sorvall J 2-21, SS34 rotor). A small fraction of the pellet was

| ° and to measure the

kept for an activity test based on the assay procedure of Schwartz et a
protein concentration using the DC Protein Assay (Bio-Rad, USA). The rest of the pellet was

resuspended in a 4% sucrose solution dissolved in buffer S and frozen in liquid nitrogen.
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2. Reconstitution of purified Na’,K*-ATPase into phosphatidyicholine liposomes
containing cholesterol and derivatives

Enzyme preparation

The reconstitution of Na',K'-ATPase was based on a method described by
Cornelius™. Liposomes with different lipid compositions and incorporating Na*,K*-ATPase
were prepared by co-solubilisation of lipids, protein and detergent in a weight-ratio of 10: 1:
12.5. Initially, 2 mg/ml of pure non-ionic detergent Ci2Es was solubilised in 1.5 ml of
membrane-bound Na*,K*-ATPase (0.5 mg/ml) at room temperature. After 1 h centrifugation
at 40,000xg at 10°C (Beckman/Sorvall J 2-21, SS34 rotor), the solubilised enzyme was

collected from the supernatant.

Proteoliposome preparation

25 mg of solid phosphatidylcholine from egg yolk (Roche, Australia) mixed with 20
to 50 mol% of cholesterol or its derivatives (coprostanol, 6-ketocholestanol, 5-cholesten-3p-
ol-7-one and 4-cholesten-3-one (Sigma, Australia)) were solubilised in 2 ml of pure
chloroform and were dried using a rotary evaporator. Then 1000 ul (10 mg/mils) of Ci2Es
(Sigma, Australia) in 130 mM NacCl, 30 mM imidazole pH 7.4 buffer was added to the lipids
and the resulting suspension was sonicated for 20 mins.

The Na',K'-ATPase-detergent solution was mixed with the lipid-detergent solution
and kept on ice for 10 min. Liposomes containing reconstituted Na*,K'-ATPase
spontaneously formed when Cy,Eg was removed by the addition of 200 mg/ml of biobeads
(BioRad, USA) and the mixture was incubated for 12 h at 4°C. The biobeads were removed

by centrifugation at 4,000xg for 10 min at 4°C (Beckman/Coulter L-100XP, SS34 rotor).
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2.2.2 Calorimetry

1. Isothermal Titration Calorimetry(ITC)

General aspects of ITC

Any reaction which generates or absorbs heat can be directly studied by calorimetry.
ITC (Fig. 2.3) is a useful technique to study both protein-ligand and protein-protein
interactions. It is the only technique that determines directly the thermodynamic parameters
of molecular interaction of a given reaction, AG, AH, and AS, in a single experiment. The
ITC instrument is a heat-flux calorimeter operating according to the dynamic power
compensation principle that measures the amount of power required to maintain zero
temperature difference between the sample and the reference cell.

Two identical coin-shaped cells, sample and reference, are enclosed in an adiabatic
shield (Fig. 2.3). The temperature difference between the reference cell and the shield is
continuously monitored to maintain a constant temperature. A feedback control system
monitors the difference in temperature between the two cells through a semi-conductor
between them. The temperature difference is kept constant and as close to zero as possible at
any point in time. The feedback signal is the measured signal. One reagent is placed in the
sample cell and the other is placed in the injection syringe. The reference cell serves only as a
temperature reference. ITC uses stepwise injections of one reagent into the calorimetric cell
containing the second reagent to measure the heat of the reaction for both exothermic and
endothermic processes.

Here the multiple injection method was used to measure the change in instrument
thermal power supplied to the reaction cell after mixing the two reagents. Each addition of
the reagent contained in the syringe into the sample cell gives rise to a spike in the instrument
power due to the formation of a complex accompanied by the release or absorption of heat.

The heat released or absorbed upon their interaction is monitored over time.
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Figure 2.3: Schematic diagram of an ITC instrument. Two lollipop-shaped cells are contained within an
adiabatic jacket. A small continuous power is applied by the heater on the reference cell. Thermocouple
detectors sense temperature differences between the reference and sample cells. On interaction of ligand and
macromolecule, heat is either taken up or evolved. Depending on the nature of the association, the feedback
circuit will either increase or decrease power to the sample cell to maintain equal temperature with the reference
cell. The heat per unit time supplied to the sample cell is the observable signal in an ITC experiment and a direct
measure of the heat evolved on binding of a ligand to a macromolecule.
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Then, the feedback system either lowers or raises the thermal power applied to
compensate for the temperature unbalance. After each injection the system reaches
equilibrium and the temperature balance is restored.

For an exothermic reaction, the temperature in the sample cell will increase, and the
feedback power will be deactivated to maintain equal temperatures between the two cells.

For endothermic reactions, the reverse will occur, meaning the feedback circuit will
increase power to the sample cell to maintain the temperature. The heat absorbed or evolved
during a calorimetric titration is proportional to the fraction of bound ligand.

For the initial injections, all or most of the added ligand binds to the macromolecule,
resulting in large endothermic or exothermic signals depending on the nature of the
association. As the ligand concentration increases, the macromolecule becomes saturated and
subsequently less heat is evolved or absorbed on further addition of titrant.

A parameter, ¢, was defined to relate the binding affinity and experimental conditions

required to allow data analysis to be performed (equation 6):

c= [P]/ Ky (6)

where P is the protein concentration and Ky the dissociation constant.

The value of ¢ must be < 1000 to determine the Ky by ITC, which in practice, sets an upper
limit of 10°-10"° M on the measurable dissociation constant. When the protein concentration
is too high or the Ky is too small, i.e. for values of ¢ beyond 1000, ITC curves lose their
characteristic sigmoid shape and instead resemble a step function. Under these conditions

only a lower limit to the value of the dissociation constant can be estimated.
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Binding enthalpy and heat capacity
The quantity of heat (q,) absorbed or released in the injection n is equal to:
On=v AH A[Lnpound] (7
where v is the volume of the reaction cell, AL, vound IS the change in concentration of bound
ligand after the nth injection and AH is the enthalpy change of the reaction. So qy is

proportional to the amount of ligand that binds the protein.

Initial considerations and samples preparation

The concentrations of macromolecule and ligand are critical, especially when one
partner of a complex is difficult to obtain in large quantities. Thus, for the measurement of
the association constant, suitable initial concentrations of both the ligand and the
macromolecule were determined by carrying out simulations using the 1TC200 software.
Both the titrant and macromolecule were dialyzed for 42 hours in buffer to minimize artifacts
arising from mismatched buffer components. The final dialysis buffer was saved and used for

any necessary concentration adjustments of the macromolecule or titrant solutions.

Loading the sample and reference cells and the injection syringe

Typically, 300 ul of the solution is prepared to fill a cell with a volume of 205 ul. The
utmost care is required to fill the sample cell without introducing air bubbles. Great care must
also be taken to avoid bending of the needle while the injection syringe is loaded into place.
Bending of the injection syringe needle can result in some of the titrant solution being
expelled into the macromolecule solution, causing the first injection to be unusable. Any

minor bending in the syringe can also result in high noise levels.
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Experimental conditions

ITC experiments were carried out on Microcal VP-ITC and ITC 200 isothermal
titration calorimeters at 24 °C. 2 mls of purified Na*,K*-ATPase were prepared by 12 hours
dialysis at 4°C in 1 litre of a buffer containing 30 mM imidazole, 130 mM NaCl and 5 mM
ouabain pH 7.4. A volume of 1 ml of the same dialysed buffer was used to make a 2 mM
ATP solution to avoid possible heat changes due to the interaction between the buffer
components during mixing. The ATP solution was readjusted to pH 7.4 with NaOH. The
samples were titrated by 25-30 sequential injections of 1 ul of a solution of 1 mM ATP into a
~13 uM Na*, K*-ATPase sample (after dialysis). Control experiments were performed, in
which Na*, K*-ATPase was omitted. ITC titrations of CDTA, EDTA and ATP with injections
of MgCl; solution were also performed with a stirring speed of 1300 rpm and a reference

power of 0.5 pcal.s™.

Data analysis

Baseline selection is an important factor in ITC data analysis and for the results
presented in this thesis the baseline was adjusted manually. Each peak was integrated
automatically by routines provided in the software package. Normalized and baseline
corrected data were fitted by the single binding site model using the analysis software
ORIGIN (Microcal 200 Software, USA) provided with the ITC200. The association constant
was used to determine the free energy of binding. The entropy of binding at 25°C was

determined from the free energy and enthalpy of binding.

2.2.3 Stopped-flow

The stopped flow instrument uses compressed air or nitrogen to rapidly fire two

solutions contained in separated drive syringes together into a mixing device. The solution
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flows into the observation cell replacing the previous contents with freshly mixed reactants.
A stopping syringe serves to abruptly stop the flow of the solution and trigger data collection.
The fresh reactant in the optical cell is illuminated by a light source and the change in
fluorescence can be measured as a function of time (Fig. 2.4).

Stopped-flow experiments were carried out using a SF-61 stopped flow
spectrofluorimeter from Hi-Tech Scientific (England). The two solutions equilibrated in the
drive syringes at 24°C were prepared in the same buffer, so that no buffer concentration
change occurred during mixing. 1 litre of buffer containing 130 mM of NaCl and 30 mM

imidazole, adjusted to pH 7.4 was prepared.

Fluorescence

Optical Absorbance
Path
Cell
Mixer
Stopping
Syringe
A B

o

Drive

Figure 2.4: Schematic diagram of a stopped-flow instrument

The solution was split into two equal volumes of 500 ml each and in one of them 5
mM of MgCl, was added. From these two solutions a range of concentrations from 0.0004
mM to 5 mM of MgCI, were prepared. A measurement was made for each concentration of

MgCl,. One of the syringes contained 5 ml of 20 nM Na*,K*-ATPase prepared in buffer
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containing the respective MgCl, concentration and labelled with 160 nM RH421 before
mixing. The second syringe contained an equal volume of buffer at the same MgCl,
concentration together with 2 mM of ATP.

The solution in the observation cell was excited with a 100 W short-arc mercury lamp
(Osram, Germany), and the fluorescence was detected at right angles to the incident light
beam with an R928 multialkali side-on photomultiplier. The exciting light was passed
through a grating monochromator with a blaze wavelength of 500 nm. The mercury line at
577nm was used for excitation, and the fluorescence of RH421 was collected at wavelengths
>665nm using an RG665 filter (Schott, Germany) placed in front of the photomultiplier. The
kinetic data were collected and analysed using software developed by Hi-Tech Scientific. To
increase the signal to noise ratio, 10-40 experimental traces were averaged. Non-linear fits
with one or two exponential equations of the experimental traces were performed using a

program from Hi-Tech (England).

2.2.4 Enzyme activity assay

Enzyme activity measurements were performed at 340 nm on a Shimadzu UV-2450
UV-visible spectrophotometer using a coupled enzyme assay®. The activity of Na*,K'-
ATPase is linked to the oxidation of nicotinamide adenine dinucleotide (NADH) by the
inclusion of the enzymes pyruvate kinase and lactate dehydrogenase in the reaction mixture.

The reaction sequence is as follows:

Na" K'-ATPase
ATP—— 5> ADP+Pi

pyruvate Kinase
PEP + ADP pyruvate + ATP
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lactate dehydrogenase
Pyruvate + NADH lactate + NAD"

The Na', K*™-ATPase activity can be easily determined by continuously monitoring
the oxidation of NADH, via the drop in its absorbance at 340 nm. At the beginning of the
measurement the reference and the sample cuvette contained 250 pl of 5 mM MgCl,, 25 mM
Tris-HCI and 2.5 mM phosphoenolpyruvate pH 7.4 (buffer A). The cuvettes were completed
with 2.5 mM Tris-ATP, 130 mM NacCl (for the measurement of the Na*, K*-ATPase activity
in presence of perchlorate, Chapter 7, NaCl was replaced by sodium perchlorate from 10 mM
to 100 mM), 10 mM KCI and 0.02 ml of a combined pyruvate kinase-lactate dehydrogenase
suspension (Sigma, Australia). After starting a time scan of the spectrophotometer the
reduced NADH was added to the sample cuvette to give a minimum absorbance of 2. The
absorbance was then recorded for about 1min to obtain a zero activity line. The reaction was
then started by the addition of 20 pl of ~30 uM Na*,K*-ATPase, which leads to a decay in the
absorbance. 100 pul of 5 mM ouabain solution was added after 5 min to stop the reaction. The
enzyme activity was calculated from the slope of the decreasing absorbance after the enzyme
sample was added. The calculation of the specific activity (SA) of the Na*,K*-ATPase (in
pmolPi/mg/h) took into account the protein concentration given by the DC Protein Assay

(Biorad) and was determined by the equation 8:

SA= -dA x V x10° (8)

dt enapH X | X Mprotein

where dA/dt is the absorbance decrease in function of the time (hr™), V is the volume of the
suspension in the cuvette, enapn the extinction coefficient of NADH, | is the cell pathlength

(1 cm) and mprorein is the quantity of protein added to the preparation (mg).

44



Chapter 2

2.2.5 Fluorescence measurements

Fluorescence measurements were performed on a Shimadzu RF-5301 PC
spectrofluorophotometer. Quartz semimicro cuvettes (Starna Pty Ltd, Australia) were used
for all measurements and the temperature was maintained at 24°C using a constant
temperature circulating water bath. All emission spectra were recorded over a range of
excitation wavelengths in order to confirm the wavelength of maximum fluorescence
emission. Solutions of proteoliposomes or membrane fragments containing Na*, K*-ATPase
and the dye di-8-ANEPPS (Fig. 2.5) were mixed by vortexing for a few seconds and the
preparations were left overnight to allow the dye to be incorporated into the membrane.

The orientational polarizability was calculated from equation (9)*? using the Stokes
shift:

Af = Stokes shift (cm™)- 207 (+542) 9)

19503 (+2000)

where the Stokes shift is the difference, in wavelength between the positions of the band
maxima of the absorption and fluorescence emission spectra of the same electronic transition.
Upon excitation di-8-ANEPPS undergoes a large electronic redistribution with the positive
charge generally located on the pyridinium nitrogen in the ground state moving towards the

amino nitrogen in the excited state®.

- + /f \ _
OSS(CHQ)QN o CH=CH
I'\I[{{3H2]_I',l23H3]2

Figure 2. 5: Structure of di-8-ANEPPS

After excitation lipid dipoles surrounding the dye undergo a reorientation in response to the

excited electronic configuration of the dye. This lowers the energy of the dye’s excited state

45



Chapter 2

and increases the Stokes shift, the magnitudes of which depend on the orientational
polarizability of the lipid surrounding®.

The maximum absorbance wavelength and the corresponding maximum fluorescence
emission wavelength of di-8-ANEPPS were measured on proteoliposomes containing Na*,
K*-ATPase and cholesterol derivatives. The effect of sodium perchlorate (from 10-100 mM)
on the orientational polarizability was studied by replacing NaCl with sodium perchlorate in
the buffer. A control experiment was carried out without sodium perchlorate and in presence
of 130 mM of NaCl. A stock solution of dye was prepared in ethanol to obtain a final
concentration of 1 mM. The effect of the small volume of ethanol added to the preparations
on the fluorescence spectra was found to be negligible®.

For fluorescence anisotropy measurements (Scheme 2.6) polarizers (Shimadzu,
Japan) were used in front of the excitation and emission monochromators. The extent of
polarization of the emission is described in terms of the anisotropy (R). The origin of the
fluorescence anisotropy is the preferential absorption of polarized light by fluorophores
which have their absorption transition moments oriented along the electric vector of the
incident light. Hence, the excited state population is not randomly oriented. Initially there is a
larger number of excited molecules having their transition moments oriented along the
electric vector of the polarized exciting light. Hence, the fluorescence emission is also
polarized. However, if a fluorophore can undergo rotational motion while in its excited state,
this decreases the degree of polarisation of the fluorescence (i.e. the fluorescence anisotropy
decreases). In the case of a binding event, the fluorescent dye will have less motion when
bound to the enzyme. As a result, the decrease in mobility of the fluorescent dye will lead to
an increase in fluorescence anisotropy. The intensity of emission is then measured through a
polarizer. The fluorescence intensity is called In, for horizontally polarized excitation and

vertically polarized emission, Iy, for vertically polarized excitation and horizontally polarized
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emission, lyy for vertically polarized excitation and vertically polarized emission and I for
horizontally polarized excitation and horizontally polarized emission.
The anisotropy is given by equation (10):

R = Iy—Gln (10)

The G-factor is the ratio of the sensitivities of the detection system for vertically and
horizontally polarized light and is given by equation (11):

G = Iy (11)

Ihn
In these experiments, a fluorescent dye di-8-ANEPPS 5 pM was mixed with a constant 1.3
UM concentration of a Na*, K*'-ATPase membrane fragments solution. Control experiments

were performed in which Na*, K*-ATPase was omitted.

Light source i '\Il\A

Polarizer

Detector

Scheme 2. 6: Schematic diagram for the measurement of fluorescence anisotropy. The light is emitted from the
light source along the x-axis and goes through the sample. The fluorescence emitted by the sample is measured
at a 90° angle along the y-axis and is polarized by a polarized.
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Chapter 3

Effects of cholesterol and its oxidised derivatives on
the first electron transfer and recombination of
photosynthetic reaction centres.

3.1 Introduction

RCs are embedded in the intracytoplasmic membrane (named chromatophores) of
photosynthetic bacteria. The RC converts light excitation energy into chemical free energy.
Following the absorption of a photon or after the capture of an excitation coming from
antenna proteins present in the membrane, the primary electron donor, P, a dimer of
bacteriochlorophylls becomes a strong reducer in its singlet excited state P* (E'o pxp” ~ -0.9
V)*. An electron transfer (ET) chain is then initiated, resulting in ~ 200 ps in the semi-
reduction of Qa (Qa), situated on the cytoplasmic side of the RC (~ 28 A from P). Therefore,
a transmembrane charge separation state (P*Qa") is created. Further ET between Qa” and Qg
(with a rate constant kag (1)), the second quinone acceptor (~ 18 A from Q,), is achieved in ~
150 ps, parallel to the membrane.

In vivo, P" is rereduced by endogenous cyt ¢ in a few ps. P can thus absorb a second
excitation finally leading to the double reduction and double protonation of Qg to form the
dihydroquinone QgH,. Qa and Qg are both ubiquinone;o but because of their different
respective protein environments they differ in their functional and energetic properties. Qa is
never protonated, in contrast to Qg, and the P*Qg" state is stabilized by about 60 meV relative
to P*Qa at neutral pH.

In vitro, in the absence of cyt c,, the P"Qa” and P'Qg” states decay by charge
recombination in ~100 ms and ~ 1 s, respectively. P*Qa” decays (with a rate constant kap) by

a tunnelling effect to the ground state whereas the P*Qg" state decays (with a rate constant
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kep) through repopulating P*Qa. Since kap and kgp are each much smaller than (kag (1) + Ksa
(1)) (ksa (1) being the inverse ET rate from Qg to Qa) QaQs and QaQgs™ are in thermal
equilibrium.

In isolated RC re-suspended in detergent or in a phospholipid bilayer, the first ET is
not directly coupled to the direct proton transfer to Qg". Instead, pKj shifts of residues in the
cytoplasmic region induced by the formation of either Qa or Qg  result in the
substoichiometric uptake of protons.

It is accepted that proton are taken up through an anticooperative delocalised proton
uptake process over widely spread hydrogen bond networks in the cytoplasmic region that
would involve water molecules and residues extending from L210Asp, M17Asp and L209Pro
in the Qg region to M249A in the Q, region via M266H, M234E as Fe ligands*® *> % It has
been suggested that the first ET is rate limited by a gating process®” which might involve
conformational rearrangement of the proton distribution®®, of internal water molecules as well
as extended hydrogen bond networks.

In isolated RC, the kinetics of the first ET have been shown to be biphasic with a fast
phase of ~50-80 ps and a slow phase of ~ 300-900 ps*® ®. The origin of these phases has not
yet been clearly assigned even if the first phase seems to be more related to ET and the slow
one to proton rearrangement.

In Rhodobacter (R.) sphaeroides RC, the P*Qa™ charge recombination process decays
as a single exponential (~ 100 ms) whereas when the native Qa is replaced by a low potential
quinone such as an anthraquinone of lower in vivo redox potential, the charge recombination
decay is accelerated (~ few ms time range) and the P"Qa” charge recombination process
becomes biphasic. The hypothesis of a slow equilibrium between two RC conformational

states has been proposed to account for these observations (Scheme 3.1).
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Scheme 3.1: Schematic diagram representing the competition between the recombination to the ground state and
the establishment of equilibrium between P +QA™ fast and the P +QA ™~ slow (modified from Sebban®).

In Rhodopseudomonas (Rps) viridis RCs where the native Qa is @ menaquinone, the
P*Qa” recombination is also biphasic'®. In the last two examples, P*Qa” no longer decays
directly through the ground state but instead via a thermally activated state which is a relaxed
state of the P'Ha™ charge separated state (Ha being the bacteriopheophytin intermediate
electron acceptor).

In their native in vivo state, RCs are embedded in a phospholipid membrane and will
therefore experience the dipole potential yy. wyq is, thus, generated inside the bilayer. When
applied to a membrane (thickness of about 40A), this electrical potential results in electrical
field strengths in the range 10% to 10° V/m. It has recently been proposed that vy affects very
different aspects of membrane protein functioning. Amongst them are the conductance of the

gramicidin channel’®, membrane insertion and folding of amphiphilic peptides'®* %,

membrane fusion®, the kinetics of redox reactions'®, skin permeability’®

and the activity of
the Na*,K*-ATPase?.

It was demonstrated in the seventies that the strength of gy can be modulated by the
presence in the phospholipid membrane of cholesterol and chemical analogues™®® **’. This

effect has been observed or demonstrated in several biological systems/membranes®.

Different hypotheses have been proposed to account for this effect. It was initially suggested

50



Chapter 3

that it may arise from a change in the orientation and packing density of molecules at the
membrane surface '%°. Alternatively, a cholesterol-induced reorganization of interfacial water
was also proposed'”’. Cholesterol could also have an inhibitory effect on vesicle fusion.
Indeed, when an increasing concentration of cholesterol is added to PC vesicles, this
inhibitory effect on vesicle association is diminished, which might be due to cholesterol’s
ability to spread apart the PC head groups and reduce the steric repulsion between adjacent
bilayers'®. For PC vesicles, the incorporation of cholesterol would induce a change in the
magnitude of the adhesion energy and produce a change in the organisation of dipolar
molecules at the membrane surface.

More recently a mixed experimental and theoretical approach suggested that the
magnitude of cholesterol derivatives’ effect on the dipole potential could be accounted for by
the magnitude of the component of the sterol’s dipole moment perpendicular to the
membrane surfaceand also by sterol-induced changes of lipid packing, modifying the packing
density of dipoles in the membrane as well as water penetration™.

In order to probe the effect of yy on the redox functioning of the RC, we have
reconstituted RC proteins in phosphatidylcholine liposomes and varied yq by introducing
known gy modifiers in the membrane. We have used cholesterol, 6-ketocholestanol, 5-
cholesten-3-5-0l-7-one and phloretin since their respective quantitative effects on yy have
been recently evaluated® ** *%°. 6-ketocholestanol and cholesterol are known to increase the
dipole potential whereas 5-cholesten-3-5-ol-7-one and phloretin decrease it**.

We show that modulating wy notably affects the rates of the first ET process as well
as the relative amplitudes of both phases. The equilibrium between the two reaction centre
populations as revealed by the charge recombination in the presence of AQ as Qa is also
changed. This is the first report of biphasicity of the PQa charge recombination at room

temperature in native R. sphaeroides RC.
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In this thesis, possible interpretations of these observations are proposed.

3.2 Results

3.2.1 Electron microscopy

A typical proteoliposome (diameter ~ 100 nm) containing phosphatidylcholine
(PLPC), 20 mol % of cholesterol and RC ([lipids]/[RCs] = 3) is presented in Fig. 3.2. The
black spots represent the RCs (~50-100 A diameter) (indicated by an arrow in Fig. 3.2) which
are randomly distributed over the vesicle membrane. It has been previously shown that when
lipid stiffness is significantly increased in phospholipid membranes containing
Rhodopseudomonas viridis RCs (as in DMPC and DEPC vesicles at a temperature below the
phase transition, 23°C), segregation of proteins are observed and protein-protein interactions

become dominant?>.

Figure 3.2: Electronic microscopy picture (negative staining) of a proteoliposome containing cholesterol and
RCs at 20°C in a 10 mM Tris-HCI, pH 8.0, 100 mM NaCl and 0.1mM EDTA buffer. One drop of sample was
deposited on carbon-coated copper grids before being dried under N, flow.

Above the phase transition temperature, this effect was absent, the RCs being

randomly distributed all over the DMPC vesicle surface.
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Fig. 3.2 shows that cholesterol- (and derivatives, data not shown) containing
proteoliposomes protein-protein interactions are unlikely to be a main contributor in
influencing the RC energetic/kinetic functioning. Therefore, in the following it is considered
that in the RC containing liposomes, the variation of the ET kinetics and the associated
energetics are mainly due to the effects of the dipole potential induced by cholesterol
derivatives and phloretin. Additionally, direct effects of these chemicals inside phospholipids
membranes have previously been demonstrated as being predominantly due to their effects on

the dipole potential*® .

3.2.2 Effect of dipole potential modifiers on the first electron
transfer

The decay kinetics of the first ET were measured at 750 nm and 20°C in RCs in
detergent, in PLPC and in PLPC in the presence of cholesterol, phloretin, 6-ketocholestanol
and 5-cholesten-3-3-ol-7-one. The decays are mostly bi-exponential, as previously reported®.
The decay Kkinetics measured in isolated RCs, in PLPC and in the presence of 6-
ketocholestanol are presented in Fig. 3.3. The time window has been truncated to 2 ms. This
kinetics have in fact been recorded over 2, 5 and 10 ms time scales. The fits over 5 and 10 ms
time windows have been used to determine the rates of the slower components and over 2 ms
to determine the rate of the faster phases. The decay lifetimes and the associated amplitudes
determined at pH 8.0 are presented in Table 3.1.

As can be seen, the decay kinetics are very similar in isolated RCs and in PLPC with,
however, a slightly slower kinetics in PLPC. But the main effect is the very noticeable
slowing down of the decay kinetics in the presence of 6-ketocholestanol. This effect,

although slightly less pronounced, was also observed in the presence of cholesterol.
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Figure 3.3: Decay kinetics of the first ET measured at 750 nm, 23°C and pH 8.0 in isolated RCs (blue), in

PLPC (green) and in PLPC with the presence of 6- ketocholestanol (black). The detergent-RC and the RCs
reconstituted in PLPC show almost a similar signal.

The decay lifetimes and the amplitudes of the first ET decay kinetics at 20°C, pH 8.0

are presented in Table 3.1.

20°C, pH 8.0 (20 mol% of cholesterol and its Phases lifetime Proportion of Effect PLPC on
derivatives in liposomes) first ET slow and fast dipole potential
phase (~10%
error)
Detergent-RC Fast 85+ 10 ps 85 %
Slow 450 + 50 us 15%
PLPC Fast 87 +10us 63 % 415mV
Slow 660 + 50ps 37%
PLPC+ cholesterol Fast 350 + 20pus 31% +
Slow 2.4 £ 0.2ms 69 %
PLPC+ phloretin 213 £ 20us 100 % -
PLPC+ 6-ketocholestanol Fast 490 + 50us 50 % ++
Slow 4.4 + 0.5ms 50 %
PLPC+ 5-cholesten-3-ol-7-one 434 +50ps 100 % -

Table 3.1: Decay lifetimes of the first ET and associated amplitudes of the first ETin RCs isolated in detergent
and in PLPC with the different cholesterol derivatives, measured at 750 nm. Conditions: 20°C in 10 mM Tris-
HCI, pH 8.0, 100 mM NaCl, 0.1 mM EDTA.
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As shown in Table 3.1, a correlation seems to exist between the extent of a
cholesterol derivative’s effect on the dipole potential and the slowing down of the first ET
reaction. Indeed, the major effect on the kinetics is obtained for 6-ketocholestanol for which
the fast and the slow components are slowed by ~ 6 and ~7 times, respectively, as compared
to PLPC samples (Table 3.1). Moreover, the amplitudes of the two phases invert; the slow
component starting to become dominant (~ 50 %). 6-ketocholestanol is the most effective
compound in increasing the dipole potential®®. The molecule which causes the second
greatest increase in the dipole potential, is cholesterol (Table 3.1). Interestingly we also
observed a clear slowing down of the first ET kinetics: the fast and the slow components are
slowed down ~ 4 times and the slow component becomes dominant, (~ 70 %) respectively.
Interestingly, when the effect of the molecules on the dipole potential are “negative”
(phloretin and 5-cholesten-3-4-0l-7-one), the decay Kkinetics are found to be single
exponential with lifetimes almost unchanged compared to the average lifetimes in RCs or

PLPC (respectively ~ 213 and 434 ps). We shall come back to these results below.

3.2.3 Temperature dependence of the rates and amplitudes of the
first electron transfer.

The temperature dependencies of the decay lifetimes of the first ET in RCs isolated in
detergent and in PLPC with the different cholesterol derivatives, measured at 750 nm and at

pH 8.0 are presented in Fig. 3.4.
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Figure 3.4: Eyring plots of the first ET decays over a temperature range measured at 750 nm, pH 8.0. RCs were
reconstituted in PLPC (A) with 6-ketocholestanol (B), cholesterol (C), phloretin (D) and 5-cholesten-3-3-ol-7-
one (E). The slow phase (blue), fast phase (pink) and the unique phase (orange) are represented for PLPC,
cholesterol and each derivatives in blue, pink and orange respectively.

To further characterize the effects of the cholesterol derivatives on the first ET
reaction the temperature dependencies of the associated amplitudes were also analysed. These
plots are displayed in Fig. 3.5. Although noisy, the amplitudes observed in PLPC are rather
flat over the observed temperature range, with a ratio slightly favouring the fast component
(~ - 63 = 10 % at neutral pH). The trend is different in the case of 6-ketocholestanol and
cholesterol. Indeed, a steep increase in the amplitude of the slow component is observed with
increasing temperature. The slow phase becomes the dominant phase ~7°C for cholesterol

and above 20°C for 6-ketocholestanol.
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Figure 3.5: Temperature dependence of the amplitudes of the fast (pink) and slow (blue) phases associated
with the first ET reaction at pH 8.0, temperature range of 5-25°C. RC were reconstituted in PLPC (A) with 6-
ketocholestanol (B) and cholesterol (C).

The thermodynamic parameters derived from the plots of Fig. 3.4 are presented in
Table 3.2. As previously mentioned™® ™° there is a relatively high variability in the
enthalpic and entropic terms between different “similar” samples, but “compensating” effects
between these terms yield produce free energy values allowing comparison between the
different experiments/samples. In other words, the absolute AG* values are more reliable than
the enthalpic or entropic values alone.

As can be seen in Table 3.2, the slowest ET reactions logically correspond to higher
activation free energy barriers. This is evident from a comparison in a given sample between

the fast and the slow phase but also between the different samples. Indeed, the AG* values
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measured for 6-ketocholestanol are significantly higher than those of the PLPC sample by ~ 4
kJ/mol. This also the case for the cholesterol sample. In the case of 5-cholesten-3/-0l-7-one,
the measured AG* value is the same as that measured for the slow phase of PLPC, suggesting
that the equilibrium has been entirely displaced towards the slow phase. In the case of
phloretin, the measured AG* value (51.7 kd/mol) is intermediate between the activation free

energies associated with the fast and slow phases of the PLPC sample.

20°C, pH 8.0 (20 mol% of cholesterol and its AH (J) AS (J/K) AG* (J/mol)
derivatives in liposomes)
PLPC Fast 27419 -72 49155

Slow 39005 -47 53261
PLPC+ cholesterol Fast 56909 -17 51706

Slow 26194 -106 57860
PLPC+ phloretin Unique 44279 -25 51776
PLPC+ 6-ketocholestanol Fast 8713 -148 52996

Slow 52253 -19 58120
PLPC+ 5-cholesten-3s-ol-7-one Unique 24990 -95 53561

Table 3.2: Thermodynamic parameters (derived from the Eyring plots Fig. 3.4) of the first ET in RCs
reconstituted in PLPC with the different cholesterol derivatives, measured at 750 nm, 20°C at pH 8.0.

3.2.4 P*Qa charge recombination

The P"Qa™ charge recombination lifetimes (tap) in the presence of the cholesterol
derivatives and phloretin are summarized in Table 3.3.

In isolated RCs and in PLPC, the P*Qa” decays are exponential (tap ~100 ms) as
previously observed®. The main effect observed here is the biphasic decay kinetics induced
by the presence of the four cholesterol derivatives (data not shown). This is displayed in

Table 3.3. The existence of two reaction conformations has previously been reported in
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native RCs from Rhodopseudomonas viridis™

and in the RCs from R. sphaeroides either
at low temperature'*! or in the presence of a low potential quinone acting as Qa>*. We report
here for the first time the possibility of revealing these states in the WT R. sphaeroides RCs

at room temperature, thanks to the influence of cholesterol derivatives.

20°C, pH 8.0 (20 mol% of Phases lifetime (tap) Proportion of slow and Effect PLPC on dipole
cholesterol and its derivatives in fast phase (~10% error) potential
liposomes)
PLPC 102 + 10ms 100% 415mV
PLPC+ cholesterol Fast 43+5ms 45 % +
Slow 100 £ 10 ms 55 %
PLPC+ phloretin Fast 73+12ms 40 % -
Slow 171 £15ms 60 %
PLPC+ 6-ketocholestanol Fast 86+ 10ms 20 % ++
Slow 237 £ 30 ms 80 %
PLPC+ 5-cholesten-34-ol-7-one Fast 74+10ms 40 % -
Slow 119 + 20 ms 60 %

Table 3.3: Lifetime decays and associated amplitudes of the P*Qa” charge recombination in RCs isolated in
detergent and in PLPC with the different cholesterol derivatives, measured at 430 nm, 20°C in 10 mM Tris-HCI,
pH 8.0, 0.1% LDAO, 40 mM imidazole. The lifetimes don’t depend on the temperature and the amplitudes for
all derivatives are biphasic except for PLPC.

3.2.5 P"Qg charge recombination

One may also notice the slight increase of tgp in PLPC (~ 1.6 s as compared to ~1 s in
RCs). The P*Qg” charge recombination lifetime decays (tgp) in the presence of the cholesterol
derivatives and phloretin are summarized in Table 3.4. In a similar fashion to the P*Qa"
decay kinetics, the main effect observed here is the biphasic decay kinetics of P*Qg” induced
by the presence of the four cholesterol derivatives, except for 5-cholesten-3-4-ol-7-one . Here
too, tep IS not significantly changed compared to the isolated RCs or in PLPC membranes,

where the Kinetics are single exponential. The fast phase kinetics for cholesterol, phloretin
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and 6-ketocholestanol are ~ 0.80 s. One may note a slight (~2 times) slowing down of the
slow phase for phloretin compared to all other samples, with or without cholesterol
derivatives.

Interestingly, 5-cholesten-3-4-0l-7-one, which is the only cholesterol derivative
displaying a monoexponential decay, is also the only derivative that has its dipole moment in

the membrane directed in the opposite direction to that of the other cholesterol derivatives

(Table 3.4).
20°C, pH 8.0 (20 mol% of cholesterol | Phases lifetime Proportion of slow Effect PLPC on
and its derivatives in liposomes) (tep) and fast phase (~10% | dipole potential
error)

Detergent-RC 11+01s 100%

PLPC 1.6 +0.2s 100 % 415mvV

PLPC+ cholesterol Fast 0.8 £0.1s 70 % +
Slow 1.2 £ 0.1s 30 %

PLPC+ phloretin Fast 0.8 £0.1s 62 % -
Slow2.3£0.25s 38 %

PLPC+ 6-ketocholestanol Fast 0.8+0.2s 50 % ++
Slow1.4+£02s 50 %

PLPC+ 5-cholesten-34-ol-7-one 1+0.1s 100 % -

Table 3.4: Decay lifetimes of the P*Qg" recombination and associated amplitudes in RCs reconstituted in PLPC
with the different cholesterol derivatives, measured at 430 nm, 20°C in 10 mM Tris-HCI, pH 8.0, 0.1% LDAO,
40 mM imidazole buffer .

The temperature dependencies of the slow and fast phase of the P*Qg™ decays have
been determined for cholesterol, 6-ketocholestanol and phloretin. They are presented in Fig.
3.6. In the case of 6-ketocholestanol no change in the relative amplitudes was observed. For

phloretin and cholesterol the fast phase become dominant at temperatures above 15°C.
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Figure 3.6: Temperature dependencies of the amplitudes of the fast (pink) and slow (blue) phases associated
with P*Qg” recombination in RCs reconstituted in PLPC added with cholesterol (A), phloretin (B) and 6-
ketocholestanol (C) at pH 8.0 over a temperature range 5-25°C.

3.26 P'Qa charge recombination in the presence of an
anthraquinone acting as Qa

In order to probe the effect of dipole potential modulations on a different redox
process and in a different part of the RC molecule spanning a different region of the
membrane, the native Qa was replaced by an anthraquinone and the P*AQ™ charge
recombination kinetics were measured at 430 nm. As mentioned above, this involves the
repopulation of the P"Ha™ state, involving the bacteriopheophytin situated at about mid-

membrane. The decay Kinetics at 20 °C are shown in Table. 3.5.
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20°C, pH 8.0 (20 mol% of cholesterol Phases lifetime Proportion of slow Effect PLPC on
and its derivatives in liposomes) (Tanthrap) and fast phase (~10% dipole potential
error)
PLPC Fast 2+ 0.2 ms 50 % 415mV
Slow 27 £ 3 ms 50 %
PLPC+ cholesterol Fast 1+ 0.1 ms 80 % +
Slow 7 £0.7ms 20 %
PLPC+ phloretin Fast 2+ 0.2 ms 80 % -
Slow 11 +1ms 20 %
PLPC+ 6-ketocholestanol Fast 1+ 0.1 ms 80 % ++
Slow 6 £ 0.6 ms 20 %
PLPC+ 5-cholesten-35-ol-7-one Fast 1.5+0.2ms 80 % -
Slow 12 + 1 ms 20 %

Table 3.5: Decay lifetimes of the P*AQ™ recombination and associated amplitudes in RCs reconstituted in PLPC
with the different cholesterol derivatives, measured at 430 nm, 20°C in 10 mM Tris-HCI, pH 8.0, 0.1% LDAO,
40 mM imidazole buffer.

As previously reported for R. sphaeroides, RCs containing low potential quinones
acting as Qa, the P*AQ" charge recombination is biphasic. This is verified here in all samples.

As compared to the PLPC sample, the slow and fast Kkinetics are significantly
accelerated upon addition of cholesterol and 6-ketocholestanol (Table 3.5) by a factors of 4-5
for the slow phase and 2 for the fast phase. This effect is less pronounced in the presence of
phloretin and 5-cholesten-3/5-0l-7-one, where the fast phase Kkinetics remains nearly
unchanged and the slow phase is accelerated by a factor of two.

Considering the amplitudes, the presence of cholesterol derivatives shift the
equilibrium between the two phases towards the fast component, i.e. Asnst becomes > 80% at

20°C and pH 8.0 in all samples, whereas it is about 50 % in the PLPC sample.
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3.2.7 Temperature dependences of the amplitudes of P*AQ

decays.

We have also investigated the temperature dependencies of the amplitudes of the

P*AQ" charge recombination process. The results are presented in Fig. 3.7. In PLPC samples,

the amplitudes of the fast and slow phases are nearly equal, and this repartition does not vary

much over the temperature range of 5-25°C.
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Figure 3.7: Comparison between slow (blue) and fast (pink) phases for cholesterol derivatives when present in
PLPC (A) for P*AQ" recombination with 5-cholesten-3-4-ol-7-one (B), phloretin (C), 6-ketocholestanol (D), and
cholesterol (E) over a temperature range of 5-25°C.
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In all samples containing cholesterol derivatives (Fig 3.7) the shallow temperature

dependence of both amplitudes is also observed, the fast phase remaining largely dominant (>

60-70 %) over the whole temperature range studied.

The thermodynamics parameters

The temperature dependencies of the associated rates have also been measured and

the Arrhenius plots of the fast and slow rates of charge recombination from the P*AQ" state

have been drawn (data not shown). We have analysed our data with Arrhenius plots here in

order to compare the obtained values more directly with previously published results

concerning the P*AQ™ charge recombination decays. From the Arrhenius plots the

thermodynamic parameters have been calculated and are presented Table 3.6.

20°C, pH 8.0 (20 mol% of cholesterol and its AH (eV) TAS (eV) AG°u(eV)
derivatives)
PLPC Fast 0.291 0.034 0.257
Slow 0.181 -0.144 0.325
PLPC+ cholesterol Fast 0.373 0.122 0.251
Slow 0.326 0.030 0.296
PLPC+ phloretin Fast 0.385 0.122 0.263
Slow 0.125 -0.188 0.312
PLPC+ 6-ketocholestanol Fast 0.417 0.172 0.245
Slow 0.256 -0.039 0.295
PLPC+ 5-cholesten-3/-ol-7-one Fast 0.376 0.124 0.252
Slow 0.229 -0.078 0.307

Table 3.6: Thermodynamic parameters (derived from the Arrhenius plots) of P*Qanthraquinone rf€COMbination of

RCs reconstituted in PLPC with the different cholesterol derivatives, measured at 430 nm, 20°C at pH 8.0.

For each phase the same equation was used as in previous wor

k = kg exp — (AG°m/KT) + kr

k84, 100, 112.
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where Kq is the rate constant of the P"Ha™ decay to the ground state. AG°y represents the free
energy difference between P*Qa and M, a relaxed state of P*Ha", the stabilization of which
occurs in the ns time range™* ***. Following previous work™?, kg was taken here as 2.10" s™.
kr is the limiting value of the rate constant of P*Qa- recombination reached at low
temperature. It has previously been measured for anthraquinone as 10 s™.

The increased rates of P*AQ™ recombination in the samples containing cholesterol and
6-ketocholestanol is logically reflected in smaller AG°y values (Table 3.6), especially for the
slow components. Indeed, the presence of cholesterol and 6-ketocholestanol increase the free
energy level of the slow RC conformation state of Qa", by about 30 meV compared to the
PLPC sample (Table 3.6). This effect is less noticeable in the case of the fast component

states, for which AG°®y is reduced by ~ 5 and ~ 10 meV, respectively.

3.3 Discussion and conclusion

It has previously been shown that the amplitude of the dipole potential in phospholipid
bilayers can be modulated by different cholesterol derivatives due to their different dipole
magnitudes as well as their orientations relative to the membrane plane’®. We took advantage
in the present work of these properties to study the possible influence of the dipole potential
experienced by the RC protein (when imbedded in PLPC) on its functioning, especially at the
level of the electron and proton-coupled ET reactions.

The electronic microscopy images suggest that the presence of cholesterol derivatives,
at least at 20 % of the total lipid concentration, does not modify the RC random distribution
in the proteoliposomes. No segregation of proteins could be observed as in DMPC or DEPC
proteoliposomes (freeze-fractured electron microscopy experiments) when frozen below their
transition temperatures (23 and 9°C, respectively)®* 2> *° Therefore, to a first approximation,

the effect of cholesterol derivatives on the ET could be interpreted in terms of the
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modification of the dipole potential. In other words, the influence of the cholesterol
derivatives on the protein-protein interaction is, if any, probably indirect and can likely be
neglected here. This statement is supported by the fact that no similar effects to those
detected in the present work could be observed in the above described proteoliposomes
(DMPC and DEPC) below the phase transition temperatures, where the protein-protein

interactions dominate.

Effect of the cholesterol derivatives on the first electron transfer

We observed two different effects of the cholesterol derivatives on the Qa” — Qg ET
parameters. The first observation in the presence of cholesterol and 6-ketocholestanol is the
modification of the decay biphasicity associated with this process (the slow phases becoming
dominant) and the marked deceleration of the electron transfer. In contrast, in the presence of
5-cholesten-34-ol-7-one and phloretin, the decays are nearly exponential and the rates are not
decreased compared the RC embedded in PLPC membranes or even RCs isolated in
detergent. Interestingly, 6-ketocholestanol and cholesterol display the largest increasing
effect on the dipole potential whereas 5-cholesten-3/4-0l-7-one and phloretin reduce the
dipole potential.

The Qa” — Qg ET process and the associated two Kkinetic phases have previously been

studied®”®°

. In particular it has been proposed that this process is not a “pure” ET but rather
gated (rate-limited)®” by “conformational changes” that may include protonation events,
protein and hydrogen bond network (including waters) rearrangements or even a quinone
movement between two positions, although the last hypothesis has recently been ruled out*®
116

The two phases have been attributed to different processes, the fast one (~80 pus) to ET

per se, and the longer one (~ 300-500 ps) to protonation events.
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To help in the analysis the above effects of cholesterol derivatives, recent data collected

in the Sebban group have been used. These data concern the pH dependence of both first

flash electron and proton transfer kinetics measured in wild type RCs from Rb. sphaeroides.

These data (Julia Tandori, Peter Maroti and Pierre Sebban, unpublished data) show that there

is a full correspondence between both the rates and the amplitudes of the two phases

associated with electron and proton transfers. This is clearly observed in Fig. 3.8.
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Figure 3.8: (A) pH dependence of the rate constants of the first ET (kag(1)) (open symbols) and of the first flash
proton transfer (ky") (closed symbols) in the wild type RCs from Rb. sphaeroides at 20°C. (B) Associated

amplitudes (same symbols).
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This is the first time that a biphasic character has been found for the proton transfer
kinetics associated with the first ET process. In other terms, even at the first flash (it is well
accepted for the second flash), the Qa" — Qg ET is intimately coupled to proton transfer.

Therefore our interpretation of the effects of cholesterol analogues on the Qa” — Qg ET
has to take this coupling into account. When 6-ketocholestanol or cholesterol are added their
strong positive effects on the dipole potential may increase the energy barrier for protons to
penetrate to the cytoplasmic side of the RC, perpendicular to the membrane. Indeed, a
notable increase of the activation free energy barriers for the ET processes in the presence of
the two above molecules is observed. In other words, the effects of 6-ketocholestanol and
cholesterol on the rates of ET reflect a slowing down and increased difficulty for protons
(whose transfer is coupled to that of the electrons) to penetrate the protein. The significant
increase in the amplitude of the slow phase in both samples reflects the greater importance of
the proton phase vs. the ET itself.

In samples containing 5-cholesten-34-0l-7-one and phloretin, due to their decreasing
effect on the dipole potential, the measured rates for the Qa~ — Qg ET process are nearly
unchanged as compared to the PLPC samples. The absence of biphasicity (or absence of the
slow phase) may reflect an equilibrium of the two phases, strongly displaced towards the ET
phase.

It is important to note that neither the inversion of the two phases nor the significant
slowing down of the first ET process have been reported in the work of Taly et al.?* when
investigated below the phase transition temperature of DMPC. However, in that case
electron microscopy clearly indicated that protein-protein interactions were dominant.

The effects that we observe here are, therefore, intimately associated to the presence of

the cholesterol derivatives.

68



Chapter 3

It is quite difficult to give a definitive interpretation, but our data strongly suggest that
the amplitude of the dipole potential does influence proton-coupled ET processes by
modulating the free energy barrier for proton transfer. Further experiments, in particular
analyzing mutants modified in their proton transfer capabilities, and or H bond distribution
would help in a more definitive conclusion of the strong effects of cholesterol and 6-

ketocholestanol on the Qa™ to Qg electron transfer process.

Effects of the cholesterol derivatives on the P*AQ decay kinetics

In contrast to the observed slowing down of the Qa” — Qg first electron transfer decay
kinetics when the 6-ketocholestanol and cholesterol are present, the P*AQ” — PAQ charge
recombination decays are accelerated in the presence of the same derivatives. In the presence
of 5-cholesten-33-ol-7-one and phloretin, the P'AQ" — PAQ decays are only slightly
accelerated as compared to PLPC samples. So when comparing the first electron transfer
process to the PYAQ” — PAQ charge recombination process, the effects of the cholesterol
analogues can be analyzed in terms of three categories:

First electron transfer rate constants:

PLPC > 5-cholesten-34-0l-7-one and phloretin > 6-ketocholestanol and cholesterol

P*AQ — PAQ charge recombination rate constants:

PLPC < 5-cholesten-3-0l-7-one and phloretin < 6-ketocholestanol and cholesterol

It is proposed above that the increase of the dipole potential due to the presence of the
cholesterol derivatives slows down the entry of protons into the RCs perpendicular to the
membrane due to an increase of the free energy barrier for this process. Since the electron
staying on AQ goes back to Ha and then to P* to achieve the P"AQ™ — PAQ process, and
since this process also takes place perpendicular to the membrane, it would be consistent for

the same changes of the dipole potential to have an opposite effect on the the Qa™ — Qg
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electron transfer and on the electron transfer back to P* from AQ" (or similarly the energy
level of P*AQ” would be increased by the dipole potential).

Both effects observed on the Qa” — Qg first proton-coupled electron transfer reaction
and on the P'AQ" — PAQ recombination process would expected to be therefore be
modulated oppositely by the dipole potential. This would be consistent with the dipole

potential influencing charge transfer reactions across the entire membrane.

Effect of the cholesterol derivatives on the equilibrium between two populations of RCs

The existence of two RC conformations evidenced by the presence of biphasic decay
kinetics of the P*Qa” — PQa charge recombinations in the WT RC from Rps. viridis''? or of
the P'Qa” —PQa When Qa is a low potential quinone such as anthraquinone in WT RC from R.
sphaeroides have been previously suggested’® '*’. The exact nature of the phase and of the
associated equilibrium is still unknown. It had tentatively been proposed that two
conformational states of the RC which would equilibrate rapidly (as compared to P*'Qa" charge
recombination in the WT) pre-existed in the dark. Under “fast” recombination conditions as for
P"'Qa” —PQa in Rps. viridis RC (1-2 ms) or in R. sphaeroides RC when the native Qa is
replaced by a low potential quinone (few ms), this equilibrium can no longer establish itself,
revealing a biphasic decay reflecting the presence of both states.

It has been demonstrated that pH, salt, the stiffness of the membrane, temperature and
protein mutations modulate this equilibrium® ' 8 However, the presence of the two
phases have never been reported, neither for the P* Qg —PQg, nor for the P"Qa—PQa charge
recombination at room temperature in WT R. sphaeroides RC with the native quinone (UQ1o)
acting as Qa. Here for the first time it is reported that it is possible to modulate the
equilibrium time between both phases by changing the dipole potential. Indeed, in PLPC

containing R. sphaeroides RCs, both the P'Qa" —PQa and the P'Qg" —PQg display
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exponential decays as in RCs isolated in detergent. However, biphasicity of the two types of
decays are observed in the presence of cholesterol derivatives (except for the P*Qg” —PQg
decay in the presence of 5-cholesten-34-ol-7-one).

One also has to note here that in the work of Taly et al.**

, in DMPC liposomes below
the phase transition, the P*Qa” and P*Qg’ charge recombination processes were occurring via
exponential decays. Again, this suggests that effects observed here in the presence of the
cholesterol derivatives on the biphasicity of the charge recombination are specifically
induced by these molecules and not by indirect protein-protein interactions.

The finding here that two RC states associated with two respective phases of the P*Qa’

and P*Qg  charge recombinations''®

are revealed in WT proteins by the presence of
cholesterol derivatives might be consistent with the above hypothesis of the dipole potential
affecting the way that protons penetrate within the protein. A slowing down and/or an
increased barrier for protons to reach their sites may affect the equilibrium between two
conformational states of the RCs, which were proposed to be associated with different proton
conformations. It is difficult at this stage to proceed further this hypothesis. More

experiments, using the same cholesterol samples, and varying the pH, salt, lipid stiffness

would help to further characterize these effects and states.
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Chapter 4

Thermodynamics of ATP binding to the Na®, K*-
ATPase

4.1 Introduction

The Na',K'-ATPase is one of the most crucial enzymes of animal physiology.
Throughout the animal kingdom it is responsible for pumping Na* and K" ions across the
plasma membrane and thus maintaining electrochemical potential gradients for both ions
across the membrane. A major function of the Na* electrochemical potential gradient is to act
as a driving force for the uptake of essential metabolites such as glucose and amino acids. In
the plant kingdom the corresponding role is played by the plasma membrane H*-ATPase, a
related enzyme to the Na*,K*-ATPase, which pumps H* ions across the plasma membrane
and builds up the H* electrochemical gradient which plants utilize to drive metabolite
absorption™®.

One of the puzzling observations in the Na*,K*-ATPase field is that the affinity of the
E1 conformation appears to differ depending on whether it is measured by an equilibrium
method or a pre-steady-state kinetic method. From ATP binding studies a single ATP binding
equilibrium with a Ky in the range 0.12-0.63 pM has been detected'?***. In contrast, from
pre-steady-state kinetic studies based on enzyme phosphorylation much higher dissociation
constants have been found (Kq in the range 3.5-14 uM)***%, Apparent K values can also be
determined from steady-state kinetic measurements, but these depend on all of the rate con-
stants and equilibrium constants of the enzymatic cycle and, therefore, cannot be compared
with the results of equilibrium binding measurements. The question is whether the two dif-

ferent ranges of the Ky value can be explained by the classical monomeric Albers-Post
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mechanism of Na*,K*-ATPase function. One simple explanation for the difference in behav-
iour could be that it is due to Mg?* ions. In equilibrium ATP binding studies Mg®* must be
omitted to avoid phosphorylation, whereas in pre-steady-state kinetic studies it must be in-
cluded to allow phosphorylation. In principle Mg?* ions could complex ATP in aqueous solu-
tion and compete with the enzyme for ATP. A major aim of this chapter is, therefore, to
obtain data which would allow an analysis of whether or not this is a feasible explanation.

To do this requires careful measurements of the equilibrium binding of ATP by both the
enzyme and by Mg?* under the same ionic strength and pH conditions. For this the technique
of isothermal titration calorimetry (ITC) has been used here.

ITC has so far only been applied twice previously to the Na*,K'-ATPase; once to

125, 127132 and once to detect nucleotide

measure ouabain interaction with the enzyme
binding*®. Using this technique the heat released to or absorbed from the surroundings on
ATP binding can be directly measured. In their studies Grell et al.*? incorporated glycerol in
the buffer medium. However, glycerol has not been used in any of the pre-steady-state kinetic
studies and it could possibly influence the thermodynamics of ATP binding. Therefore, to
allow the analysis described in the previous paragraph in this thesis the first ITC

measurements of ATP binding to the Na",K*-ATPase in the complete absence of glycerol

have been carried out.

4.2 Results
4.2.1 Binding of Mg** to ATP

If one wishes to compare the ATP binding affinities of the enzyme obtained from
equilibrium binding experiments and from kinetic studies, it is first necessary to establish the
dissociation constant for the interaction of ATP with Mg?* ions. The reason for this is that in

equilibrium studies Mg?* ions are omitted but in kinetic studies they are included. Interaction
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between Mg®* and ATP in the bulk solution could very well influence the enzyme’s apparent
affinity for ATP and this needs to be taken into account. The results of a titration of Na,ATP

with MgCl, are shown in Fig. 4.1.
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Figure 4.1: Titration of Na,ATP with MgCl,. The initial concentration of ATP in the ITC cell was 0.25 mM.
The buffer of both the ATP and the MgCl, solutions contained 130 mM NaCl and 30 mM imidazole, pH 7.4.
The experiment was conducted at 24°C. (A) shows the power, P, in uJ s™ that needs to be applied to the sample
cell to maintain isothermal conditions with respect to the reference cell. (B) shows the heat evolved from each
MgCl, injection per mole of Mg®* (obtained from integrating the individual heat pulses of the upper panel)
versus the molar ratio of Mg?* to ATP, i.e. [Mg®J/[ATP]. The solid line in the lower panel represents a fit of a
1:1 binding model to the data. The fit yields a Mg®*-ATP binding constant, Ky, of 1.41 (+ 0.06) x 10* M™. The
other thermodynamic parameters derived from the fit are AH = 75 ( 2) kJ mol™, AG = -23.6 (+ 0.1) kJ mol™*
and AS =331 (+5) JK* mol ™,

The data can be explained by a simple 1: 1 binding equilibrium:

Mg®" + ATP* < MgATP*
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Fitting of the data to this binding model yielded the following values: Ky = 1.41 (x 0.06) x
10* M and AH = 75 (+ 2) kJ mol™. From these fit parameters one can also calculate that AG
=-23.6 (£ 0.1) kJ mol™ and AS = 331 (+ 5) J K™ mol™. Binding of Mg®* by ATP is thus an
endothermic reaction under these conditions.

Because ATP can undergo protonation, e.g. formation of the HATP®" species, and
because it can also complex Na* ions in competition with Mg?, the value of Ky is very
dependent on the pH and the NaCl concentration. Taking both of these effects into account as
described by O’Sullivan and Smithers'® yields a theoretical apparent value of Ky of 2.1 x 10*
M™ at pH 7.4 and 130 mM NaCl. This value agrees quite well with the experimental value

determined here.

4.2.2 Heat signals due to ATP binding to the Na*,K*-ATPase

The determination of the dissociation constant for ATP to the Na*,K*-ATPase relies
on the measurement of the heat of binding of ATP to the enzyme. Any subsequent reactions
which might also produce or consume heat and which could, furthermore, perturb the ATP
binding equilibrium must be excluded. It is therefore important that enzyme phosphorylation
and ATP hydrolysis be prevented. In principle this can be done by removing all traces of
Mg and Ca?* from the buffer solution, because both ions are capable of acting as ATP
cofactors enabling phosphoryl transfer from ATP to the enzyme. In the first instance,
therefore, an ATP titration was carried out using a buffer containing 5 mM of the divalent
metal ion chelator EDTA. However, the heat signals associated with ATP injection showed a
slow return to baseline following the initial exothermic heat pulse in Fig. 4.2 (A). This slow
return to baseline is not typical of a simple binding reaction. ATP binding alone would be

expected to be very rapid, with equilibration occurring on a subsecond timescale®" 34 1%,
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Therefore, it appears that some other reaction is occurring. The slow return to baseline
also causes technical difficulties. If one is to calculate a dissociation constant, the area under

each heat pulse must be integrated to obtain the total heat evolved following each injection.
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Figure 4.2: Heat signals associated with the injection of ATP into a suspension of shark Na*,K*-ATPase in a 30
mM imidazole buffer (pH 7.4) containing 5 mM EDTA (A) or 5mM EDTA and 1 mM ouabain (B). The signals
have been normalized for comparison. The buffer also contained 130 mM NaCl in each case. Both
measurements were recorded at 24°C.

The slow return to baseline makes the actual locating of the baseline very difficult. In
order to do this it was found that one had to wait for long periods of time, i.e. up to an hour,
between each injection. Under these circumstances the danger exists that the protein might
undergo denaturation over the course of a titration, which could last up to 24 hours.
Therefore, it was crucial to locate the origin of the slow return to baseline and prevent it.

In a second ATP titration 1 mM of the specific Na*,K*-ATPase inhibitor ouabain was

included in addition to 5 mM EDTA in the buffer solution (Fig. 4.3). Ouabain is known to
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inhibit the Na*,K*-ATPase by binding to a phosphorylated intermediate of the enzyme (E2P)
and blocking the enzyme cycle by preventing dephosphorylation” *3* % |t does not prevent
ATP binding or enzyme phosphorylation (Clarke, unpublished stopped-flow data), but it does

prevent enzyme cycling by competing with K* ions and blocking the enzyme in the E,P state.
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Figure 4.3: Titration of shark Na*,K*-ATPase-containing membrane fragments from shark rectal gland with
ATP. The initial concentration of Na*,K*-ATPase in the ITC cell was 13.7 pM. The buffer of both the Na*,K"-
ATPase suspension and the ATP solution contained 130 mM NaCl, 5 mM EDTA, 1 mM ouabain and 30 mM
imidazole, pH 7.4. The experiment was conducted at 24°C. The upper and lower panels have the same meaning
as for Fig. 4.2 except that g, is here the heat evolved per mole of ATP injected. The negative value of P
indicates heat evolution, i.e. an exothermic reaction. The increase in the power of the heat pulses at 125 min is
due an increase in the injection volume at this point in order to saturate the available ATP sites. The solid line in
the lower panel represents a fit of a binding model with one class of sites to the data. This model is similar to the
monomer model described in the appendix, except that the possibility of a variable number of ATP binding sites
per enzyme molecule was included to take into account the possibility of inaccessible sites. The fit yields an
ATP dissociation constant, Ky, of 0.27 (+ 0.09) uM.
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Under these conditions it was found that the slow return to baseline was completely
eliminated as shown in Fig. 4.2 (B). Much sharper heat pulses were observed. This indicates
that the slow return to baseline observed in the previous titration must have been due to
Na’,K*-ATPase activity, and, more precisely, continuing ATP hydrolysis due to enzyme
cycling. Furthermore, if it is true that enzyme phosphorylation can only occur in the presence
of Mg?* or Ca®* ions, the results of these two titrations indicate that in the first titration 5 mM
EDTA must not have been sufficient to completely remove all divalent metal ions from the
buffer solution. Some trace amounts must still have been present to allow some enzyme
cycling to continue, although at a low rate.

To improve the situation further it was considered replacing EDTA with CDTA.
CDTA is also a divalent metal ion chelator, but it has a higher intrinsic binding constant for
Mg** and Ca** than EDTA™’. To test whether this is also the case for the apparent binding
constant for Mg?* under our buffer conditions of 130 mM NaCl and pH 7.4, ITC titrations of
both EDTA and CDTA with MgCl, were carried out (see Figs. 4.4 and 4.5). In fact it was
found that EDTA appears to bind Mg®" more strongly than CDTA under our experimental
conditions. For EDTA a [Mg®*)/[EDTA] ratio of approximately 3 is sufficient to completely
saturate all of the EDTA with Mg®" ions. In the case of CDTA one must continue the titration
to a [Mg*]/[CDTA] ratio of greater than 8 to achieve the same level of saturation.

A further experimental finding from the titration of enzyme with ATP in the presence
of EDTA (but in the absence of ouabain) was that the slow return to baseline became more
pronounced as the titration proceeded and the ATP concentration increased. This can easily
be explained by competition between EDTA and ATP for the trace amounts of Mg**

available. By including 1 mM ouabain in the buffer medium, however, any small amount of
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phosphorylated enzyme that is produced is blocked in the phosphorylated state and doesn’t

continue cycling.
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Figure 4.4: Titration of EDTA with MgCl,. The initial concentration of EDTA in the ITC cell was 0.25 mM.
The buffer of both the EDTA and the MgCI, solutions contained 130 mM NaCl and 30 mM imidazole, pH 7.4.
The experiment was conducted at 24°C. (A) shows the power, P, in pJ s™ that needs to be applied to the sample
cell to maintain isothermal conditions with respect to the reference cell. (B) shows the heat evolved from each
MgCl, injection per mole of Mg®* (obtained from integrating the individual heat pulses of the upper panel)

versus the molar ratio of Mg?* to EDTA, i.e. [Mg*")/[EDTA].
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Figure 4.5: Titration of CDTA with MgCl,. The initial concentration of CDTA in the ITC cell was 0.25 mM.
The buffer of both the CDTA and the MgCl, solutions contained 130 mM NaCl and 30 mM imidazole, pH 7.4.
The experiment was conducted at 24°C. (A) shows the power, P, in uJ s™ that needs to be applied to the sample
cell to maintain isothermal conditions with respect to the reference cell. (B) shows the heat evolved from each
MgCl, injection per mole of Mg®* (obtained from integrating the individual heat pulses of the upper panel)
versus the molar ratio of Mg?* to CDTA, i.e. [Mg*]/[CDTA].
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4.2.3 Binding of ATP to the Na*,K"-ATPase

The results of a titration of shark Na',K'-ATPase with ATP in a pH 7.4 30 mM
imidazole buffer containing 5 mM EDTA and 1 mM ouabain are shown in Fig. 4.3. A simple
binding model with one class of sites was fitted to the data, leading to an apparent ATP
dissociation constant of 0.27 (£ 0.09) uM. This value agrees well with previously reported
values using other techniques'??™?*. Unfortunately a reliable value of the enthalpy of binding
could not be determined, because of insufficient data points at low ATP: enzyme molar
ratios. However, from the initial data point of the titration one would expect AH to be of the

order of — 75 kJ mol™.

4.3 Discussion and conclusion

The isothermal titration calorimetric data presented here indicate that ATP can bind
exothermically to the E1 conformation of the Na*,K*-ATPase with a dissociation constant of
0.27 (= 0.09) uM. This value is consistent with previous studies using other methods™? %,
Under the same pH and ionic strength conditions Mg** was found to bind to ATP in free
solution with a dissociation constant of 71 (£ 3) uM. Together the data obtained allows an
analysis of the question of the effect that Mg would be expected to have on ATP binding in

pre-steady-state Kinetic measurements if the enzyme existed prior to mixing with ATP in a

monomeric form, i.e. afy protomer. This analysis is presented in the following chapter..
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Chapter 5

Model Simulations of ATP Binding Assays

5.1 Introduction

In this chapter theoretical simulations of the degree of saturation of the ATP binding
sites are presented based on the experimental data obtained in the previous chapter for the
dissociation constants of ATP with the enzyme and Mg®* with ATP. The aim of the
simulations is to find a mechanistic model of ATP binding which is consistent with both

equilibrium and pre-steady-state kinetic measurements.

5.2 Results

5.2.1 Model Simulations of the degree of saturation of the ATP
sites

To test whether competition between free Mg®* and enzyme for ATP could account
for the different Ky values reported in the literature from equilibrium and pre-steady-state
measurements, we have carried out simulations of the expected variation of the total
saturation of the ATP sites, S, for a monomeric model in the presence and absence of Mg?*
ions. The results of the simulations are shown in Fig. 5.1. The equations used for the
simulations are described in the Appendix.

The results of these simulations (see Fig. 5.1) show that a monomeric model in the
absence of Mg?* ions predicts a hyperbolic saturation curve of the ATP sites, with half-
saturation occurring in the submicromolar range, in agreement with experimental
observations***?*, One needs to be aware here that the actual half-saturating concentration

depends on how the theoretical or experimental data are plotted. Strictly speaking one should
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plot the percentage saturation of the ATP sites versus the free ATP concentration. If this is
done, the half-saturating free ATP concentration exactly equals the K4 for ATP binding (in
the case of the simulations 0.25 uM was the value used). More commonly, however, the
percentage saturation is plotted against the total concentration of ATP because this is a more
directly accessible quantity. Therefore, this is the way the simulations in Fig. 5.1 have been
plotted. The half-saturating total ATP concentration, however, doesn’t equal Kg. In the
monomer simulation the half-saturating total ATP concentration occurs at 0.59 uM, more
than twice the actual Ky. Therefore, one needs to be wary of this fact when reporting Kq

values or interpreting literature data.
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Figure 5.1: Simulated dependence of the percentages of saturation of the ATP sites of the Na*",K*-ATPase
for a monomer model with and without the presence of Mg ions and a cooperative dimer model. The
percentage saturations are given by S (see the Appendix) multiplied by 100. The values of all the parameters
used were: K; = 4 x 10° M™, K, = 1.43 x 10° M, Ky = 1.41 x 10' M™ and Kya = 2.56 x 10° M. K; and K,
represent the binding constants of the first and second ATP binding steps. The total protein concentration (i.e.
the concentration of aff protomers) used was 0.68 uM, which was chosen to agree with the conditions of the
equilibrium titrations published®*. For the monomer simulation with Mg?* ions a Mg®* concentration of 5 mM
was used.
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A significant difference between the conditions of equilibrium binding studies and pre-
steady-state kinetic studies is that Mg®* ions are excluded in equilibrium studies but included
in pre-steady-state kinetic studies. Therefore, the possibility must be considered that the
presence of Mg?* ions could be modifying the enzyme’s apparent ATP binding affinity and
that this could account for the higher value of Ky generally observed in pre-steady-state Ki-
netic studies. Certainly Mg®* ions in the bathing solution could bind ATP and compete with
the enzyme. This would be expected to increase the enzyme’s apparent Ky for ATP.
However, one must also consider that the enzyme could bind the MgATP? complex.
Simulations taking into account both of these effects have also been carried out and the
results are shown in Fig. 5.1. The equations used are described in the Appendix.

There is some disagreement in the literature concerning the relative dissociation constants
of free nucleotide and Mg-nucleotide complex for the enzyme. Campos and Beaugé*®® report
Kq values of 1.52 pM and 0.36 puM for free ATP and MgATP?, respectively, i.e. they
consider that the complex binds to the enzyme approximately a factor of 4 more strongly than
free ATP. According to the data of Fedosova et al.**, however, the Mg®* complex of ADP
should bind to the enzyme a factor of 1.6 more weakly than free ADP. Grell et al.*® found
that the affinity of ADP for the enzyme is reduced by a factor of 4 in the presence of 3 mM
MgCl,. Since there is no possible way that a Mg®*-induced increase in ATP affinity could
explain the lower affinity observed for ATP in pre-steady-state kinetic studies where Mg?* is
present, for the purposes of the simulations only the case that the MgATP? complex binds to
the enzyme more weakly than free ATP has been considered. The value of K; of 4 x 10°® M
has been chosen based on previous measurements® 2% 134 13% for the binding of free ATP.
For the binding of the MgATP? complex a value of Kya of 2.56 x 10° M has been used.
This value is based on the 1.56 fold lower Ky found by Fedosova et al.*** for the MgADP?

complex relative to free ADP.
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The results of these calculations indicate that the presence of 5 mM Mg?* would indeed
be expected to increase the enzyme’s apparent Ky for ATP. Based on the simulations shown
in Fig. 5.1 one would expect a half-saturating total ATP concentration of 0.73 pM, in
comparison to 0.59 mM in the absence of Mg®". For these simulations the enzyme
concentration used was 0.68 uM. This value was chosen to reproduce the conditions of the

radioactivity-based equilibrium binding assay of Fedosova et al.*.

If the enzyme
concentration is reduced by a factor of 10 to reproduce the conditions of the fluorescence-
based stopped-flow kinetic measurements of Kane et al.**, corresponding simulations show
that for monomeric enzyme in the presence of 5 mM MgCl, the expected half-saturating total
ATP concentration would be 0.42 uM. This value is still more than an order of magnitude
lower than the average value of Ky determined from pre-steady-state Kinetic studies, i.e. ap-
proximately 8 uM. Therefore, a direct competition between Mg?* and enzyme for ATP

cannot explain the different ATP binding affinities observed in pre-steady-state kinetic and

equilibrium studies.

5.2.2 ATP-induced conformational change
A possible mechanism which could in principle explain a lower Ky from equilibrium

versus pre-steady state kinetic measurements is shown below:

El1 + ATP < E1-ATP <« E1’-ATP — E2P
A mechanism such as this has been proposed by Jencks and co-workers™® **° based on
quenched-flow measurements on sheep kidney Na',K'-ATPase. The most important

difference between this mechanism and the classical Albers-Post mechanism is that it

includes a rate-limiting conformational change of the enzyme-ATP complex, E1-ATP «
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E’-ATP, prior to a rapid phosphoryl transfer reaction to produce the phosphoenzyme.
Because the reaction E1-ATP < E1’-ATP is assumed to be the rate-determining step, the
maximum observed rate constant of phosphorylation when starting in the E1 state must be
given by the rate constant of this reaction. Furthermore, the concentration of ATP required to
achieve the half-saturating observed rate constant (i.e. Kq) must be given by the ATP
concentration required to achieve half-saturation of the species immediately before the rate-
determining step, i.e. E1-ATP. In contrast, in equilibrium ATP titrations one would measure
the total degree of saturation of the enzyme with ATP, i.e. the sum of the degrees of
saturation of E1-ATP and E1’-ATP. As long as the equilibrium constant of the reaction
E1-ATP « E1’-ATP is greater than 1, the apparent Ky determined by equilibrium titrations
would be lower than that determined by pre-steady-state kinetic measurements, i.e. in
agreement with experimental observations.

However, there are at least two pieces of evidence which contradict the attribution of
the different Ky values from equilibrium and pre-steady-state Kinetic measurements to such a
mechanism. Firstly, if this mechanism were correct, then the maximum observed rate
constant achievable for phosphorylation of the enzyme should depend on whether or not the
enzyme is pre-incubated with ATP. If the E1-ATP < E1’-ATP reaction is rate-determining
when starting in the E1 state, then pre-equilibration with ATP such that the enzyme starts in
E1’-ATP should lead to a significantly higher observed rate constant of phosphorylation.
However, stopped-flow Kinetic investigations of the formation of E2P using enzyme from
both pig and rabbit kidney have shown that the maximum observed rate constant is always in
the range 180-200 s, whether the enzyme is pre-incubated with Na*, ATP or Na* and ATP
together®’. A further argument against such a mechanism is that it predicts only a single ATP
binding step. However, the careful analysis of the observed rate constants and the amplitudes

of pre-steady-state kinetic data by a number of researchers have shown in fact that evidence

86



Chapter 5

for two ATP binding steps can be detected®® *** 2. For these reasons, a rate-determining
conformational change of an enzyme-ATP complex must be rejected as an explanation of the
difference in ATP binding behaviour observed in equilibrium and pre-steady-state Kinetic

measurements.

5.2.3 Model Simulations of the dependence of the percentage of
enzyme in the E1ATP:EL1ATP state for a cooperative dimer
model.

If Mg®* competition for ATP and a rate-determining conformational change of an
enzyme-ATP complex are both rejected as possible explanations of the different Ky values
observed for ATP from equilibrium and pre-steady-state kinetic measurements, the only
reasonable remaining explanation is that there are in fact two ATP binding steps. Recently

published crystal structures of P-type ATPases®’ 3

show that there is only a single ATP
binding site per a-subunit of the enzyme. Therefore, the only possibility for two ATP binding
equilibria which is consistent with the crystal structures is anticooperative binding of two
ATP molecules to an (af), enzyme diprotomer. A mechanism describing this explanation is
shown schematically below (see Fig. 5.2).

E1 : E1

E1ATP : E1 E1:E1ATP

E1ATP : E1ATP

Figure 5.2: Cooperative dimer model of ATP binding. K; and K, represent the binding constants of the first and
second ATP binding steps. The species ELATP:E1 and E1:E1ATP are chemically equivalent, but they are
included for statistical reasons (i.e. because E1:E1 has two available ATP binding sites). For anticooperative
ATP binding K; > K.
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In Fig. 5.3 the result of a simulation of the degree of saturation of an enzyme dimer, Sgim,
(i.e. the fraction of enzyme in the ELATP:EL1ATP state) as a function of the total ATP

concentration based on this mechanism is shown.
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Figure 5.3: Simulated dependence of the percentage of enzyme in the ELATP:E1ATP state for a cooperative
dimer model. The percentage saturations are given by Sy, (see Appendix) multiplied by 100. The values of all
the parameters used were: K; = 4 x 10° M™* and K, = 1.43 x 10> M™. The total protein concentration (i.e. the
concentration of of3 protomers) used was 0.68 uM, which was chosen to agree with the conditions of the
equilibrium titrations published***.

The equations used for the simulation are described in the Appendix. The graph
shows that Sgm rises much more slowly with increasing ATP concentration than the total
saturation of the ATP sites, S, for the same dimer model (cf. the Dimer curve in Fig. 5.1).
This is, thus, consistent with the slower rise in the observed rate constant experimentally
observed in pre-steady-state kinetic measurements relative to the rise in bound ATP observed

in equilibrium titration experiments.
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5.3 Discussion and conclusion

Simulations of the degree of saturation of the ATP sites for a monomeric enzyme model
(see Fig. 5.1) showed that direct competition between Mg?* and the enzyme cannot explain
the differences observed between equilibrium and pre-steady-state kinetic results.

The simulations in Figs. 5.1 and 5.3 are shown over the same ATP concentration range
for ease of comparison. However, if one extends the simulations over a larger concentration
range it is found that 50% of the enzyme is present as ELATP:E1ATP at a total ATP
concentration of 15 uM, whereas 50% of the ATP sites are occupied already at 1.7 uM. These
numbers are based on a protein concentration of 0.68 uM, as used by Fedosova et al.*>*. If the
enzyme concentration is reduced by a factor of 10 to reproduce the conditions of the pre-
steady-state kinetic experiments of Kane et al.*°, the corresponding half-saturating total ATP
concentrations are 14 uM for EIATP:E1ATP and 1.4 uM for the ATP sites. The difference in
the concentration range over which dimers are saturated by ATP as opposed to the
concentration over which the ATP sites within a dimer are saturated can easily be explained
if one considers the hypothetical case where half of all of the sites are occupied. Because in
the dimer model the first ATP that binds to a dimer is assumed to bind with high affinity and
the second with low affinity, dimers with only one ATP binding site occupied would form
preferentially to dimers with both sites occupied. If one imagines a situation where every
dimer has one ATP molecule bound, the total saturation of the sites would be 50%, but the
percentage of completely saturated dimer would still be 0%. Thus, Sgim must rise more slowly
than S for the dimer model.

The observed rate constant (or reciprocal relaxation time) found in pre-steady state kinetic

studies of enzyme phosphorylation'?> 126 128130

shows an ATP concentration dependence
which agrees very well with the ATP concentration dependence of Sgim Shown here (see Fig.

5.3). These studies have yielded a higher ATP dissociation constant than equilibrium binding
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studies, i.e. 3.5-14 uM from pre-steady-state kinetic studies in comparison to 0.12-0.63 uM
from binding studies. The higher ATP concentration required for saturation in pre-steady-
state kinetic studies suggests, therefore, that the formation of a fully saturated enzyme dimer,
E1ATP:ELATP, is required for the maximum rate of phosphorylation, as previously
suggested™.

Based on the analysis presented here it seems most likely that the different ATP con-
centrations required for half-saturation in equilibrium and pre-steady-state Kinetic studies is
due to a different concentration dependence of the experimental observable, i.e. concentration
of bound ATP or observed rate constant, respectively. In binding studies one is measuring the
degree of total occupation of the enzyme’s ATP binding sites, whereas in pre-steady-state
kinetic studies the observed rate constant depends on the degree of occupation of an enzyme
dimer. Both of these have different ATP concentration dependences (cf. Figs. 5.1 and 5.3).

Recent crystal structure data® has shown that the structure of the Na*,K*-ATPase is very
similar to that of its related enzyme, the Ca®*-ATPase of sarcoplasmic reticulum. This pro-
vides strong support for the validity of comparisons between the two enzymes. Therefore, it
is important at this stage to mention the work of Maller et al."** on the sarcoplasmic
reticulum Ca?*-ATPase. This enzyme occurs in the sarcoplasmic reticulum membrane with a
high density and forms an aggregated state, similar to the Na*,K*-ATPase in the plasma

membrane. Mgller et al.'*

investigated the effect of protein-protein interactions on the
enzyme’s kinetics by comparing the kinetic behaviour of aggregated vesicular Ca**-ATPase
and monomeric enzyme solubilised using the detergent C,,Es. What they found was that
detergent solubilisation decreased the enzyme’s ATP affinity. For aggregated enzyme they
measured an ATP Ky of 2 uM, whereas for monomeric enzyme they determined a Kq of 7

uM. This result suggests that, for the Ca?*-ATPase, protein-protein interactions in the native

membrane enhance the enzyme’s affinity for ATP. The same could be true of the Na* K'-
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ATPase. This would imply that the low Ky of around 0.2 uM obtained from equilibrium titra-
tions in the absence of Mg?* actually corresponds to ATP binding to an (af), protein dimer,
whereas the high Kg of around 10 uM obtained from pre-steady-state kinetic studies is due to
ATP binding to disaggregated protein monomers, i.e. individual aff protomers. The confor-
mational change of the enzyme which brings about the change in the enzyme’s ATP affinity
could then be attributed to protein disaggregation within the membrane.

There are both kinetic and structural data which would support such a conclusion.
First of all, in the two gear pumping model which it was recently demonstrated® could
explain stopped-flow kinetic data over an ATP concentration range of approximately 5 orders
of magnitude, the higher gear of pumping following binding of ATP to both aff protomers of
the (af)2 diprotomer involved a synchronous pumping by each af3 protomer. The simplest
way that each aff protomer could pump with the same rate constant would be if they were
completely independent of one another, i.e. disaggregated with no interactions between them
(Fig. 5.4). Protein disaggregation following ATP binding is also supported by x-ray crystal
structural data obtained on the Ca®*-ATPase. Olesen et al.'** have shown that an important
role of ATP in the function of P-type ATPases, apart from phosphorylating the enzyme, is to

maintain the cytoplasmic domains in a compact closed conformation.

A B.

E1-ATP: E1 E1-ATP: E1-ATP

Figure 5.4: Conformational hypothesis of a-subunits of the dimer of Na*, K'=ATPase in the presence of one or
two ATP molecules to explain the two different rates of pumping for the Na*, K =ATPase when bound to one or
two ATP molecules. A: one of the monomer’s site is occupied by 1 ATP and the other is empty. B: both sites of
the monomers are occupied. In state A the cytoplasmic domains of the two Na*,K*-ATPase molecules interfere
with one another. In state B there is no interaction between the cytoplasmic domains.
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In the absence of ATP the cytoplasmic domains of the E1 conformation are much
more widely spread and, because of the high density of these enzymes in specialized
membranes such as in the kidney and the shark rectal gland used here, this could easily lead
to protein-protein interactions within the membrane and consequent changes in nucleotide

binding affinity.
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Chapter 6

Role of Mg®" in the Na*,K*-ATPase Mechanism

6.1 Introduction

In animals, an important role of Mg?* is as a cofactor of ATP and other nucleotides
when they bind to proteins. In the case of ATP, the Mg®* ion is complexed by the negatively
charged oxygens of its phosphate groups. The Mg?* is, thus, thought to help shield the nega-
tive charges of the phosphates, allowing reaction with the electron pairs of attacking groups

and facilitating phosphoryl transfer'*

. One of the most important enzymes where this is the
case is the Na',K*-ATPase.

Although there have been a number of research groups who have investigated the role
of Mg?* in the function of the Na* K*-ATPase’®® ****! 'much more work has focussed on the
transported ions, Na* and K*. The aim of the present chapter is to provide reliable data on the
strength of binding of Mg?*" ions to the Na',K'-ATPase and its role in the enzyme’s
mechanism. A difficulty in studying Mg*" interaction with the Na* K'-ATPase under
physiological conditions, i.e. in the presence of ATP and Na" ions, is that it immediately
induces phosphorylation, so that Mg®* binding cannot be separated from the subsequent
phosphorylation reaction. This precludes equilibrium binding studies. Therefore, one must
use a Kinetic approach. From steady-state Kinetic studies one could obtain a K, value for
Mg?" ions. However, under steady-state conditions the K, value would be influenced by the
rate constants and equilibrium constants of the entire reaction cycle of the enzyme, and it
would not give an accurate reflection of the strength of binding of Mg?®*. Therefore, here a

pre-steady-state kinetic technique (stopped-flow spectrofluorimetry) has been applied. In

order to follow the kinetics of the enzyme the voltage-sensitive fluorescent probe RH421 was
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151

utilised. This technique has previously been employed by Pratap and Robinson™" to study the

Mg®* concentration dependence of the Kkinetics of enzyme phosphorylation and

113 Jater showed that the concentration of

conformational changes. However, Kane et a
RH421 Pratap and Robinson™! used for their studies was at an enzyme inhibitory level.
Furthermore, with improved sensitivity of detection Kane et al.**® found that it was possible
to detect two kinetic processes in such experiments®®. Therefore, in this chapter the effect of
Mg®* ions on the kinetics of enzyme phosphorylation and subsequent conformational changes
has been re-investigated by the stopped-flow technique. Furthermore, together with data
obtained under the same experimental conditions for Mg?* binding to ATP (see Chapter 4),
this allows one to analyse the question of the relative contributions of the enzyme and ATP in
binding Mg?* in the enzyme-ATP-Mg?* complex. In the case of the E1 conformation of the
enzyme, it will be shown here that, although the enzyme environment is definitely important

for the catalysis of phosphoryl transfer from ATP, it is ATP itself which is totally responsible

for Mg®* binding.

6.2 Results

6.2.1 Rates of ATP-induced stopped-flow fluorescence traces

On mixing shark rectal gland Na’,K'-ATPase-containing membrane fragments
labeled with RH421 with Na,ATP (as described under Materials and Methods), an increase in
fluorescence occurred (see Fig. 6.1). Two exponential time functions were required to fit the
data. The faster phase constituted on average 80 % of the overall amplitude and the slower

phase 20 %.
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Figure 6.1: Stopped-flow fluorescence transients of Na*,K*-ATPase from shark rectal gland noncovalently
labelled with RH421 (100 nM, after mixing). Na*,K*-ATPase (40 pg/ml or 270 nM, after mixing) was rapidly
mixed with an equal volume of a solution containing Na,ATP (1 mM, after mixing). Both the enzyme
suspension and the Na2ATP solutions were prepared in a buffer containing 130 mM NacCl, 30 mM imidazole
and either 5 mM EDTA or varying concentrations of MgCl, (pH 7.4, 24 °C). The traces have been labelled in
order of increasing fluorescence intensity change. Curve a corresponds to a control experiment in the presence
of 5 mM EDTA and no added MgCl,. Curves b-I correspond to the following MgCl, concentrations: b) 0.0025
mM, c) 0.01 mM, d) 0.15 mM, e) 0.2 mM, f) 0.4 mM, g) 1.0 mM, h) 2.0 mM, i) 2.5 mM, j) 3.5 mM, k) 4.5 mM
and 1) 5.0 mM, respectively. The fluorescence of membrane-bound RH421 was measured at an excitation
wavelength of 577 nm at emission wavelengths of > 665 nm (RG665 glass cutoff filter).

As the MgCI, concentration of the enzyme suspension and the ATP solution was
increased, the overall kinetics of the fluorescence change became faster until a saturating
limit was reached, which was characterized by a reciprocal relaxation time of ~190-200 s*
for the faster phase (see Fig. 6.2) and ~45-50 s™ for the slower phase (see Fig. 6.3). The fact
that the Kinetics of both phases saturate at constant values implies that the overall rate-
determining step for each process is a first-order reaction (i.e. phosphorylation or an enzyme

conformational change).
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Figure 6.2: Dependence of the observed rate constant, kiast ™, Of the fast phase of the RH421 fluorescence
change on the concentration of MgCl, (after mixing) for stopped-flow experiments in which Na*,K*-ATPase
was rapidly mixed with Na,ATP. All of the experimental parameters were as described in the caption to Fig.
6.1. The solid line represents a nonlinear least-squares fit of the data to Eq. 5 and Egs. 16 — 19. The calculated
fit parameters were: k; = 195 (+ 6) s* and Ke = 1.45 (+ 0.22) x 10* M™. Kg corresponds to a dissociation
constant, Kg, of 0.069 (x 0.010) mM.
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Figure 6.3: Dependence of the observed rate constant, Kgon’™, of the slow phase of the RH421 fluorescence
change on the concentration of MgCl, (after mixing) for stopped-flow experiments in which Na*,K*-ATPase
was rapidly mixed with Na,ATP. All of the experimental parameters were as described in the caption to Fig.
6.1. The solid line represents a nonlinear least-squares fit of the data to Eq. 10 and Eqgs. 16 — 21. The calculated
fit parameters were: k™" = 13 (+ 4) 5™, k"™ = 74 (+ 10) s?, K¢ = 1.26 (+ 0.8) x 10° M. K¢ corresponds to a
dissociation constant, Ky, of 0.8 (+ 0.5) mM.
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The slower kinetics observed under nonsaturating Mg®* concentrations implies that
both first-order reactions are preceded by Mg®" binding, i.e., the first-order reactions are
preceded by Mg®* binding. Therefore, any reaction scheme in which Mg?* binding occurs
subsequent to a slow conformational change can be excluded as a possible mechanism.

A control experiment in which 5 mM EDTA and no MgCl, were included in the
buffer resulted in almost the complete disappearance of the fluorescence change (see Fig.

130 it was shown that if 30 mM sodium orthovanadate was added to

6.1). In previous studies
the drive syringe containing the Na’,K'-ATPase membrane fragments, the fluorescence
change also completely disappeared. These control experiments indicate that the observed
fluorescence changes are in fact due to the hydrolytic action of the Na*,K*-ATPase.

Based on previous studies™** ** 12

, it is known that RH421 responds to the formation
of the E2P state with an increase in fluorescence. The fast phase of the fluorescence transients
observed can, therefore, confidently be attributed to the reaction EIMgATP(Na*); — E2MgP
+ 3Na" + ADP. The maximum observed relaxation time for the fast phase (195 (+ 6) s™)
agrees well with rate constants determined™® ** *** for enzyme phosphorylation using the
quenched-flow technique and radioactively labelled ATP, which yield values of the order of
200 s™. Phosphorylation can thus be considered as the rate-determining step for the reaction
sequence responsible for the fast fluorescence phase.

The origin of the slow phase has been previously considered in detail*?*. Based on
additional stopped-flow measurements and theoretical simulations it was attributed to a
relaxation of the dephosphorylation/rephosphorylation equilibrium. The meaning of this
requires some explanation. In the absence of K* ions, as in the experiments performed here,
dephosphorylation of the E2MgP species is slow, but it still occurs. Measured rate

131, 138, 153, 154

constants are in the range 2-7 s™. Following dephosphorylation, because excess

ATP is present, the enzyme can undergo a conformational transition back to the E1 state and
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be rephosphorylated by ATP, i.e. E2 — E1(Na*); + ATP — E2P + 3Na* + ADP (Mg* ions
would also be bound to the protein, but they have been omitted here for simplicity). The rate-
determining step in this rephosphorylation pathway is the conformational transition, E2 —

81, 82

E1(Na")s, which based on previous measurements using enzyme from rabbit or pig

kidney would be expected to have a rate constant in the range 65-90 s™ at saturating Na®,

Mg®* and ATP concentrations. Based on the Van Slyke approximation'*®

, the reciprocal of
the overall expected rate constant for the entire pathway from E2 to E2P via ATP
rephosphorylation is given by the sum of the reciprocal of the rate constants of the separate
reaction steps, E2 — E1(Na")s and E1(Na*); + ATP — E2P + 3Na* + ADP. Taking values of
65-90 s™ for the first reaction and the value of 195 s™ measured here for the fast phase for the
second, yields an overall expected rate constant in the range 49-62 s™.

Enzyme dephosphorylation and rephosphorylation via ATP, therefore, represent a
coupled equilibrium which must relax subsequent to the initial phosphorylation of the
enzyme by ATP. According to kinetic theory the reciprocal relaxation time for the relaxation
of any first order or pseudo-first order process is simply given by the sum of the forward and
backward rate constants. Therefore, adding the rate constants given above for
dephosphorylation and rephosphorylation yields an expected reciprocal relaxation time of 51-
69 s*. The observed rate constant measured here of 45-50 s for the slow phase at a
saturating MgCl, concentration is slightly below this range, but this small difference could be
explained by the different source of the enzyme, i.e. shark rectal gland in comparison to pig
or rabbit kidney for the previous studies on which this calculation was based.

Further evidence™! supporting the assignment of the slow phase to the relaxation of
the dephosphorylation/rephosphorylation equilibrium comes from measurements in which 7
mM KCI was included in the buffer prior to mixing with ATP. Under these conditions an

increase in fluorescence was still observed, but the fluorescent transient was then
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monoexponential. This can be explained by an acceleration of the dephosphorylation reaction
by K" ions. The rate constant for K*-stimulated dephosphorylation has been estimated based

82.1% to have a value of around 312 s™. Adding this value to

on stopped-flow measurements
the rate constant for rephosphorylation given above (49-62 s™), then yields an expected
observed rate constant for relaxation of the dephosphorylation/rephosphorylation equilibrium
of 361-374 s™. This is far greater than the maximum reciprocal relaxation time found here for
the fast phase due to initial ATP phosphorylation of 195 (+6) ™. Therefore, under K*-
saturating conditions the dephosphorylation/rephosphorylation equilibrium would be

expected to relax instantaneously on the time-scale of the initial phosphorylation, which is

consistent with the experimental observation of only a single phase under these conditions.

6.2.2 Amplitudes of ATP-induced stopped-flow fluorescence
traces

The total amplitudes of the fluorescence change, AF/Fy, are shown in Fig. 6.4. AF/F

was found to increase approximately linearly with increasing Mg?* concentration.

5 T T T T T T T T T T

AF/F

[MgClL)f mM
Figure 6.4: Dependence of the total amplitude, AF/Fy, (i.e. the fast phase plus the slow phase) of the RH421
fluorescence change on the concentration of MgCl, (after mixing) for stopped-flow experiments in which
Na*,K*-ATPase was rapidly mixed with Na,ATP. All of the experimental parameters were as described in the
caption to Fig. 6.1. The solid line represents a least-squares fit of the data to a straight line. The calculated fit
parameters were: y-intercept = 1.21 (+ 0.06) and slope = 0.48 (+ 0.03) mM™ (r? = 0.95). Within experimental
error the fitted curve passed through the origin.
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At very low Mg?* concentrations it appears that there is a more rapid increase
(perhaps hyperbolic) in AF/F, with increasing Mg?* concentration which is overlayed by the
linear increase. A rapid increase in AF/Fy at low Mg?* concentrations makes sense, because in
the absence of Mg?* ions no phosphorylation by ATP can occur at all.

Because RH421 responds to the formation of the E2P state with an increase in

fluorescence'*? °1 12 the

increase in fluorescence amplitude observed here with increasing
Mg?* concentration could be due to an increase in the rate of E2P formation relative to the
rate of E2P breakdown with increasing Mg®* concentration.

Another explanation could be that Mg?* increases the accessibility of the enzyme
towards phosphorylation by ATP.

A third explanation could be that increasing Mg®* concentrations increases the
sensitivity of RH421 towards E2P formation. The kinetic results shown in Fig. 6.2 clearly
demonstrate that the rate of formation of E2P is accelerated by Mg?* ions. However, the other

two explanations of ATP accessibility and RH421 sensitivity may also be contributing to the

fluorescence amplitude increase.

6.2.3 Mg“*-dependence of the degree of phosphorylation

To resolve the question of the origin of the Mg?*-induced linear increase in AF/Fq
observed in the stopped-flow experiments (see Fig. 6.4), direct measurements of the degree
of phosphorylation of the Na*,K*-ATPase by radioactively labelled ATP at varying Mg?*
concentrations were carried out by Prof. Flemming Cornelius (University of Aarhus,
Denmark). The results obtained (data not shown) show that the degree of phosphorylation
does indeed increase with the concentration of Mg?*, i.e. consistent with the results of Fig.
6.2 showing an increase in the rate of formation of E2P. However, the degree of

phosphorylation reaches a saturating level at a MgCl, concentration of around 0.5 mM,
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whereas AF/Fy continues to rise linearly up to at least 5 mM (see Fig. 6.4). Therefore, the
dependence of AF/Fy on Mg®* can’t be explained by an increased phosphorylation level. The
only reasonable explanation would appear to be that the sensitivity of RH421 towards E2P
formation increases with the Mg?* concentration. This could possibly be caused by Mg?*
binding to the lipid phase of the membrane, to which the dye is also sensitive™’.

It is worth noting that half-saturation of the level of phosphoenzyme occurs at a Mg®*
concentration of the order of 10 uM. This is much lower than the half-saturating
concentration observed for the observed rate constant for the fast phase (see Fig. 6.2), which
occurs at approximately 1 mM. One reason for this is that a lower ATP concentration of 25
uM was used for the radioactivity measurements in comparison to 1 mM for stopped-flow.
This would decrease competition for the available Mg?* from unbound ATP in solution
(discussed in more detail later). However, a more fundamental reason for the difference is
that the half-saturating Mg®" concentration observed in the measurements of the
phosphoenzyme level depends not only on the strength of binding of Mg?* to the enzyme but
also on the relative rates of enzyme phosphorylation and dephosphorylation under the
experimental conditions used. Because phosphorylation is known to be much faster than

dephosphorylation under these conditions™" **®

, the phosphoenzyme level saturates at a
concentration far below that which would be expected based alone on the dissociation

constant of Mg?* for the enzyme.

6.2.4 Model simulations of the stopped-flow fluorescence
transients

In order to gain a deeper understanding of the MgCl, concentration dependence of the

observed Kinetic behaviour computer simulations of the fluorescence transients were carried
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out. These were based on the assignment of the fast and slow kinetic phases described above.

Accordingly, the sequence of reaction steps used was:

EIMgATP(Na*); —— EIMgP(Na*), (1)

k
E2MgP(Na™), k<—;> E2MgP +3Na*+ADP (2

E2MgP I("<—>; E2Myg @3)

-3

Remember that k.3 represents the rate constant for rephosphorylation of the enzyme by
continuing around the enzymatic cycle via E1 and undergoing phosphorylation by ATP; it is
not the rate constant for “back-door” phosphorylation by inorganic phosphate. Reaction (3)
thus actually represents the entire Albers-Post-cycle as a single equilibrium. Reaction (2)
describes the Na* binding equilibrium to the E2P state. Reaction (1) is required for the initial
turnover of the enzyme after mixing with ATP. For subsequent turnovers this reaction is
incorporated in the reverse direction of reaction (3).

Simulations based on this model show that a biphasic fluorescence increase is
expected as long as the fluorescence of dye associated with enzyme in the E2Mg state is
greater than that of dye associated with the initial ELAMgATP(Na")s state. This agrees with the
results of previous stopped-flow experiments showing that the fluorescence of RH421
decreases when the enzyme undergoes the transition from the E2 state to the E1(Na®)s

state®" 19 1% | fact, as shown previously*?®

, a biphasic fluorescence increase would also be
expected for a mechanism involving only reactions (1) and (3), i.e. ignoring Na* dissociation
from the E2MgP(Na"); state. This would require the fluorescence level of the E2 state to be
greater than that of the E2MgP state. However, since evidence exists™® % ! that

fluorescence changes of RH421 associated with the Na*,K'-ATPase arise predominantly
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from steps involving ion binding to or release from the enzyme, the complete reaction
scheme (1)-(3) has been used here.

Based on the simulations the observed two phase-fluorescence increase can be
understood as follows. Initially the enzyme is in the low fluorescent state EIMgATP(Na")s.
The fast phase of the fluorescence increase on mixing with ATP can be explained by
phosphorylation of the enzyme and its conversion into the higher fluorescent state E2MgP.
The slow phase of the fluorescence increase is attributed to the conversion of some of the

enzyme into the other high fluorescent state E2Mg.

6.2.5 Fitting of the fast phase of the stopped-flow kinetic data
Because ATP phosphorylation of the enzyme by ATP also requires a Mg?* ion to bind
as a cofactor, under conditions of excess Na*, ATP and Mg?" over enzyme the initial
formation of the E2MgP state can be considered as a pseudo first-order reaction, which
requires complete saturation of the Mg®* binding sites to relax with its maximum rate

constant. Under these conditions it can be shown*3°

that, if one neglects competition between
enzyme and unbound ATP for Mg®*, the expected dependence of the observed rate constant

for the fast phase, kis*™, on the Mg®* concentration is given by:

Mg?*
ks = kg % 4)

where k; is the overall rate constant for phosphorylation of the enzyme and its conversion
into the E2P state and Ky is the apparent dissociation constant of Mg®* and enzyme in the
E1ATP state. The term [Mg®*]/(Kq + [Mg**]) represents the fraction of Mg** sites of ELATP

occupied by Mg?®* or, in other words, the degree of saturation of the Mg?* sites. Equation (4)
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predicts a hyperbolic dependence of kes®™ on the Mg?* concentration. However, in fact the
situation is more complicated, because, if the dissociation constants of ATP and enzyme for
Mg®* are of a similar order of magnitude, excess unbound ATP would compete effectively
with the enzyme for the available Mg?*. This effect, therefore, needs to be taken into account
if one wishes to derive accurate values of k; and K.

Equation (4) can be written in a more model-independent form as:

k?gsst =k Sgp (5)

where Sg; represents the degree of saturation of the Mg®* sites on the ELATP(Na*); species.
Competition between enzyme and free ATP for Mg?* can be taken into account as described
in the Appendix. Equations (A6)-(A9) (see Appendix) allow one to calculate a value of Sg;
for any given values of the binding constants of enzyme and ATP for Mg?* and then, in
combination with eq. (5), to fit this model to the experimental ks’ data. Following this
procedure leads to values of k; and Kq of 195 (+ 6) s™ and 0.069 (+ 0.010) mM, respectively.
The value of k; agrees quite well with measurements on enzyme from other sources, which
have also yielded values of k; close to 200 s™ under comparable experimental conditions®* %
130,131 'The value of Ky is indistinguishable from the dissociation constant of ATP alone for
Mg?* of 0.071 (+ 0.003) mM under the same buffer conditions (see Chapter 4).

The salt concentrations are important here, because it appears that Mg®* can also

interact with the Na* transport sites'®* 1%

and ATP can also be complexed by Na* ions, both
of which could make the apparent K4 measured very dependent on the NaCl concentration. In
the absence of any other added ions Grisham and Mildvan®* reported that Mg?* binding to

the enzyme in the absence of ATP and the absence of added salt occurred with an apparent Kg

of 0.15 mM, whereas in a buffer containing 100 mM NaCl and 10 mM KCI, i.e. comparable
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to the conditions here of 130 mM NaCl., the apparent Kg was 1.0 mM. This value can’t be
directly compared to the Ky determined here, though, because Grisham and Mildvan®*® were
measuring direct binding of Mg®* to the enzyme, whereas here the binding of Mg?* to an
enzyme-ATP complex has been measured. From steady-state activity measurements
Garrahan et al.'®* determined a Ky, value for Mg®* of 12-13 uM. However, this value also
can’t be directly compared to the Ky value determined here, because in steady-state
measurements subsequent enzyme reactions would perturb the initial Mg®* binding

equilibrium.

6.2.6 Fitting of the slow phase of the stopped-flow kinetic data
In the case of the slow phase, which was attributed to the relaxation of reaction (3)
above, under saturating conditions the observed rate constant should be given by the sum of

the forward and backward rate constants:

b b b
Ksiow =k3 +k’3° (6)
The obs superscripts are used to indicate that under non-saturating conditions these rate

constants of reaction (3) could also depend on the Mg?* concentration due to coupling to

other reactions. In fact the backward reaction of reaction (3) involves at least two steps:

Kobs + Kobs +
E2Mg —4— EIMg(Na®); + ATP —— E2P +3Na™ + ADP  (7)

ATP and Na™ binding reactions have not been explicitly included here, because it is assumed
that these reactions are fast equilibria and that both ATP and Na* are present at saturating
concentrations. Furthermore, the reverse reaction of the conformational change of

unphosphorylated enzyme (E1Mg(Na'); — E2Mg) has been neglected, because in the
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absence of K* and the presence of high concentrations of both Na* and ATP the E1/E2
equilibrium would be expected to lie far on the side of E1. According to the Van Slyke
approximation™ for sequential irreversible reactions the overall observed rate constant for

this reaction sequence can be approximated by:

1 _ 1 1
bs ~ | 0ob b
T

(8)

k;:°* is the same as the experimentally determined kes®™. Therefore, substituting from eq. (5),

rearranging and substituting the resulting expression for k.s*™ into eq. (6) gives:

k%K, S
k.S + k3P

9)

obs obs
kslow = kS +

This equation does in fact predict an approximately hyperbolic increase in keon™™ with
increasing Mg?* concentration as experimentally observed (see Fig. 6.3) with a saturating
value given by k;®ki/(k; + ks*). The Mg?* concentration dependence of ko™ could, thus,
be explained by Mg**-stimulation of the phosphorylation reaction, as is the case for the fast
phase. In the first instance, therefore, egs. (9) and (A6)-(A9) (from Appendix) were fitted to
the experimental observed rate constant data with the assumption that ks> and ks°* are both
independent of the Mg®* concentration. An adequate fit to the data could, however, only be
achieved if Kg, the binding constant of Mg®* to ELATP(Na*)s, was also allowed to vary. The
best-fit value of Kg was a factor of 10 lower than that already determined from the analysis of
the fast phase (i.e. K4 was a factor of 10 higher). Because this situation would be inconsistent,

obs

the possibility that k;°* is also Mg®*-dependent needs to be considered.

obs

A Mg®*-dependence of k,°™ could come about if Mg?* binding to E2 stimulates the E2

— E1 transition via an allosteric effect. This is already well known to be the case for ATP*®®,

To consider such an effect eq. (9) must be modified to:
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kobs kobs |:k£"i” +(k£“ax _k‘Tin)SEz}leEl

| . : (10)
o KSes +[k2"” + (k- kjf"”)SEz}

where k™" and k™

represent the minimum and maximum values of ks when the E2 state of
the enzyme has no bound Mg®* ions and when it is saturated by Mg?*, respectively. Sg; and
Se, represent the degrees of saturation of the E1 and E2 states by Mg?*. Sg; can be calculated,
taking into account competition from the excess unbound ATP, according to egs. (A6)-(A9)
(see Appendix). Analogous equations can be written for the E2 state to allow the calculation
of Sga.

A fit of eq. (10) to the experimental data is shown in Fig. 6.3. The fit was carried out
using a fixed value of Karp, taken from calorimetric measurements (see Chapter 4), and fixed
values of k; and Kg, based on the values determined from the analysis of the fast phase (see
the previous section). The only parameters allowed to vary were ks**, k™", ks™ and K (the
binding constant of Mg?* to the E2ATP conformation of the protein). It was found that the

value of kg

, the rate constant for dephosphorylation, was indistinguishable from zero and
could in fact be removed from eg. (10) with no change to the fit. This is interesting, because
previous direct measurements of the rate constant for dephosphorylation in the absence of K*

131,138, 154, 138 i the range 2-7 s™. Therefore,

but in the presence of Mg?** have yielded values
this result suggests that Mg®* may also have an allosteric effect in accelerating the rate of
dephosphorylation. However, this possibility should be investigated by more direct
measurements than those reported here. An allosteric effect of Mg?" on ks hasn’t been
included eq. (10). This could be done, but with the number of fit parameters already included
in the equation a significantly better fit to the experimental data would not be obtained. The

values of the other parameters obtained from the fit were: k™" = 13 (+ 4) s™, k"> = 74 (+

10) st and Kr = 1.3 (+ 0.8) x 10° M™. The value of K corresponds to a dissociation constant
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of Mg?* with the E2ATP conformation of the protein of 0.8 (+ 0.5) mM. In comparison with
the EIATP(Na’); conformation this represents an order of magnitude weaker binding of
Mg?®*. It is interesting that this parallels a much weaker binding of ATP itself to the E2
conformation relative to the E1 conformation'®®. In contrast to the E1 conformation,
therefore, it seems that the enzyme environment of the E2 conformation does weaken Mg®*
binding to ATP.

The value of k," derived from the fitting of 74 s™ is consistent with the values in the
range 65-90 s previously found® ® for the E2 — E1(Na"); transition in the presence of
saturating concentrations of Mg®* and ATP for Na*,K*-ATPase from pig and rabbit kidney.
The lower value of k,™", the rate constant for the same transition but in the absence of Mg?*",
of 13 s™ is in accordance with the idea that Mg?* has an allosteric effect similar to ATP in
accelerating this reaction. One needs to be in mind, however, that although the fit shown in
Fig. 6.3 is completely consistent with the data obtained for the fast phase, there are a much
larger number of rate constants and equilibrium constants affecting the relaxation of the slow
phase. This makes it difficult to give precise estimates of the parameters in the fitting model.

For this reason, as in the case of dephosphorylation reaction, the effect of Mg®* on the E2 —

E1(Na")s transition should be investigated by more direct means.

6.3 Discussion and conclusion

The kinetics of Na'- and Mg**-dependent partial reactions of the Na*,K*-ATPase
from shark rectal gland have been investigated via the stopped-flow technique by mixing
enzyme-containing membrane fragments fluorescently labeled with the probe RH421 with
ATP at varying Mg?* concentrations. As in the case of previous stopped-flow studies using

81, 82, 130, 131

the same technique , two Kinetic phases were observed, both associated with a
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fluorescence increase. The faster phase is attributed to the phosphorylation of the enzyme and
its conversion to the E2MgP state. The slower phase is attributed to a subsequent relaxation
of the dephosphorylation/rephosphorylation (via ATP) equilibrium and build up of some
enzyme in the E2Mg state. Because of the high quality of the data obtained, here for the first
time the Mg?* concentration dependence of the reciprocal relaxation times associated with
both phases could be analysed.

It was found that both phases showed similar roughly hyperbolic increases in their ob-
served rate constants to saturating values, but the observed rate constant of the fast phase
saturated at a lower Mg®* concentration than the slow phase. The Mg®* concentration de-
pendences of the fast phase can be explained by Mg**-stimulation of the enzyme’s phos-
phorylation by acting as a cofactor of ATP. This phase involves the direct phosphorylation of
enzyme in the E1Mg(Na")s state by ATP. The slow phase also involves phosphorylation by
ATP, but after the enzyme has proceeded once around its enzymatic cycle, i.e. after dephos-
phorylation and a conformational change back to the initial ELMg(Na"); state. Since the slow
phase also involves enzyme phosphorylation, the Mg?* concentration dependence of its ob-
served rate constant can also partly be explained by Mg?®*-stimulation of ATP phosphoryla-
tion. However, the fact that the slow phase saturates at a higher Mg?* concentration than the
fast phase implies that this is not the only effect. The concentration dependence of the slow
phase could be explained by an additional stimulation by Mg?* of the E2ATP —
E1ATP(Na"); reaction.

The fact that within experimental uncertainty the reciprocal relaxation time of the
slow phase at an infinitely low Mg®* concentration is indistinguishable from zero, implies
that the dephosphorylation rate constant of the enzyme in the absence of both K* and Mg?* is
also indistinguishable from zero. This result would suggest that Mg®* plays an allosteric role

in accelerating the dephosphorylation reaction to some extent. A similar allosteric role has
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recently been proposed for ATP®, with which Mg?* complexes. However, further more direct
measurements of the dephosphorylation reaction and the effects of varying Mg**
concentrations on it would be desirable.

From crystal structures'®® of the related P-type ATPase, the Ca®*-ATPase, it is
known that Mg?* binds to the enzyme in a complex with a nucleotide, (i.e., ATP under
physiological conditions but its inert analogue AMPPCP in the crystals). It is, therefore,
interesting to compare the Mg®" dissociation constant determined here with the dissociation
constant of Mg?* with ATP in free solution. This has been determined using isothermal
titration calorimetry (see Chapter 4) under the same buffer conditions as used here for the
stopped-flow measurements to be 0.071 (£ 0.003) mM. This is indistinguishable from the
value of Ky determined in this chapter in the presence of the enzyme, i.e. 0.069 (£ 0.010)
mM. This implies that the enzyme environment of the E1 state has no effect on the strength
of complexation of Mg®* by ATP. Therefore, although the enzyme specifically binds ATP,

the Mg®* ion necessary for phosphorylation is only bound indirectly to the E1 conformation

of the enzyme via ATP.
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Chapter 7

Effect of cholesterol, its oxidised derivatives and
perchlorate on the activity of the Na*, K'-ATPase

7.1 Introduction

In previous chapters it was shown that cholesterol and its derivatives have an effect on
the Kkinetics of photosynthetic reaction centres from purple bacteria. It is likely that ion pumps
would also be influenced by the electrical properties of the membrane as well as steric factors
such as the membrane thickness and the order of the surrounding lipid. Other studies showed
that the electrical dipole potential of cell membranes was directly correlated to the quantity of
cholesterol present in the membrane™. Thus, one of the topics investigated in this chapter is
the effect of cholesterol and different cholesterol derivatives on the Na*, K*-ATPase activity.

Cornelius*® described the effect of cholesterol on the Na*, K*-ATPase activity. His
results suggested that cholesterol interacts directly with the Na*, K*-ATPase as an essential
effector perhaps by influencing its conformational mobility or protein-protein interactions. In

|'166

a study from Castuma et a cholesterol within the lipid bilayer was found to decrease the

mobility of the phospholipids and increase the order of the bilayer.

In this chapter fluorescence experiments are described to better understand how the
dipole potential and membrane orientational polarisability might affect Na®, K'-ATPase
activity. The pumping of ions across a membrane against an electrochemical potential
gradient leads to the formation of unstable enzyme intermediates, which can relax to a lower
energy state only if they release ions to the other side of the membrane with the higher
electrochemical potential for that ion. Surrounding lipid could in principle stabilise those

enzyme intermediates via dipole reorientation and so could partially dissipate the free energy
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of ATP hydrolysis and inhibit ion pumping. Here we investigated the degree of energy
stabilisation by cholesterol and its derivatives via measurements of the Stokes shift of a probe
molecule, di-8-ANEPPS. To fully elucidate the effect of lipid-protein interactions on ATP
hydrolysis and ion transport by the Na’,K'-ATPase, it is necessary to reconstitute it in

liposomes of defined synthetic phospholipids.

In 1955 it was already found **’

that bromide, nitrate and iodide could cause a change
in the tension in the muscle. It was proposed that the effect is a result of ions adsorbing to the
surface of muscle membrane with an order of effectiveness given by the so-called Hofmeister
series first described by Hofmeister'®® **°. The Hofmeister series was originally based on the
ability of the studied ions to precipitate a given protein. It has been suggested'’ that the
effect of salts on the molecular organization of water is an important factor but it is still
unclear how such a modification in the water molecule organization can have an effect on
protein function. Lyotropic anions, such as perchlorate, are known to alter the kinetics of
individual partial reactions of the ion pump Na*, K*-ATPase'’*. However, its effect on the

enzyme’s overall steady-state activity has not yet been studied. This has also been

investigated in this chapter.

7.2 Results

7.2.1 Enzyme activity in the presence of cholesterol and chemical
analogues

Liposomes have been synthezised with phosphatidylcholine in the presence of
different cholesterol derivatives and then mixed with membrane fragment containing Na*,
K*-ATPase. The activity of the enzyme has been investigated by the decrease in UV

absorption of NADH over the course of time due to its oxidation in the presence of pyruvate
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kinase-lactate dehydrogenase and phosphoenolpyruvate. The activity of the enzyme was
measured for each type of liposome and has been compared to the activity of enzyme in
membrane fragments. The determination of the specific activity of the Na*, K'-ATPase was
calculated from the rate of change of the absorbance of NADH. The relative errors in the

enzyme activity values are all within the range 2-3%. The results are shown Table 7.1.

24°C,pH 7.4 Enzyme activity
(50 mol% of cholesterol and its (umol Pi/mg/h)
derivatives)

PLPC 609 + 12
PLPC+ 4-cholesten-3-one 850 + 17
PLPC+ 5-cholesten-3-4-ol-7-one 911+18
PLPC+ coprostanol 566 + 11
PLPC+ cholesterol 708 + 28
PLPC+ 6-ketocholestanol 280+5

Table 7.1: Effect of cholesterol and derivatives on enzyme specific activity contained in synthetic liposomes.
Enzyme was included in PLPC with cholesterol derivatives. Buffer conditions: 5 mM MgCl,, 25 mM Tris-HCI,

pH 7.4, 10 mM KCI and 130 mM NaCl.

As shown in Table 7.1, the activity of the Na*, K'-ATPase when inserted into vesicle
membranes dropped significantly from 1850 pumol Pi/mg/h in membrane fragments to 609
pmolPi/mg/h when reconstituted in PLPC vesicles. When cholesterol is added to the vesicles
the enzyme’s activity increased to 708 pmol Pi/mg/h. This is also observed for 4-cholesten-3-
one (850 pmol Pi/mg/h) and 5-cholesten-3-5-ol-7-one (911 pmol Pi/mg/h). Interestingly, the
results are very different for the cholesterol derivatives 6-ketocholestanol and coprostanol.
The enzyme activity decreases from 609 pmol Pi/mg/h for PLPC to 566 umol Pi/mg/h for
coprostanol and 280umol Pi/mg/h for 6-ketocholestanol. It is important to note that 5-
cholesten-3-5-0l-7-one is the derivative that has the greatest effect on the enzyme’s activity

and is also the only derivative studied that decreases the dipole potential®.
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7.2.2 Orientational polarizability measurements on
phosphatidylcholine vesicles

Di-8-ANEPPS is a well-established probe for quantifying the dipole potential and the
orientational polarizability of lipid membranes'® % * 72 Fluorescence excitation spectra
have been recorded for di-8-ANEPPS bound to phosphatidylcholine vesicles containing the
enzyme in the presence of cholesterol and its chemical analogues and the orientational
polarizability has been calculated using the method described in Materials and Methods. The

results are shown in Fig. 7.2.

—«— Cholesterol
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Figure 7.2: Graph representing the orientational polarizability versus the molar percent of cholesterol and its
derivatives present in vesicles. Effect of cholesterol derivatives concentration on the orientational polarizability,
Af, of the dye [di-8-ANEPPS]= 7uM, [PC]= 2mM and 10, 30 or 50 mol% of cholesterol, 6-ketocholestanol, 5-

cholesten-3-4-o0l-7-one, coprostanol and 4-cholesten-3-one have been added to the vesicles containing Na*,K*-
ATPases. Buffer conditions: 5 mM MgCl,, 25 mM Tris-HCI, pH 7.4, 10 mM KCI and 130 mM NaCl.
Orientational polarizability values were deducted from Stokes shifs magnitudes.

The relative errors in the orientational polarizability values are all within the range 5-
10% based on the errors in the paramaters in the equation to calculate the orientational

polarizability (see Materials and Methods).
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It was found that with vesicles composed only of phosphatidylcholine and containing
enzyme the orientational polarizability was 0.23. When 10 mol% of cholesterol and its
derivatives were added to the vesicles the orientational polarizability value for each type of
molecule was comparable to the value of phosphatidylcholine in the absence of sodium
perchlorate, i.e. no significant change is observed. No significant change is observed at 30
mol% for coprostanol, 6-ketocholestanol and 4-cholesten-3-one compared to the same
derivatives at 10 mol% (Fig. 7.2). However, for 5-cholesten-3-/-ol-7-one the orientational
polarizability is slightly decreased at 30 mol% compared to its value at 10mol% (Fig. 7.2). If
the vesicles containing the enzyme were mixed with 50 mol% it appears that there is an
increase in the orientational polarizability for 4-cholesten-3-one from 0.27 at 10 mol% to
0.36 at 50 mol% (Fig. 7.2). A significant decrease in orientational polarizability is also
observed for cholesterol and 5-cholesten-3-/-ol-7-one that shifts from 0.26 at 10 mol% to
0.22 at 50 mol% and from 0.25 at 10 mol% to 0.20, at 50 mol% respectively (Fig. 7.2).

On the other hand, no significant changes were observed for 6-ketocholestanol and
coprostanol. In general one can observe that the difference between cholesterol and its
derivatives on the orientational polarizability is greatest when their percentage in the vesicle
1s >50 mol%.

5-cholesten-3--ol-7-one and cholesterol show the greatest difference at 50 mol%.

Interestingly 5-cholesten-3-/-0l-7-one and cholesterol have opposite effects on the dipole

potential as cholesterol increases the dipole potential and 5-cholesten-3--ol-7-one decreases
it. This is because their dipole moments are in opposite directions when within the bilayer.
The same experiment has been repeated in the presence of 50 mM of sodium
perchlorate, which is known to decrease the dipole potential value™ and the results are
displayed in Fig. 7.3. When sodium perchlorate is added to the preparation with vesicles

composed only of phosphatidylcholine and containing enzyme the orientational polarizability
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was shifted from 0.23 to 0.18 (Fig. 7.3). Unlike the values of the orientational polarizability
without sodium perchlorate significant effects are already observed at 30 mol% of cholesterol

derivatives (Fig. 7.3).
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Table 7.3: Graph representing the orientational polarizability versus the molar percent of cholesterol and its
derivatives present in vesicles. Effect of cholesterol derivatives concentration in presence of 50mM of sodium
perchlorate on the orientational polarizability, Af, of the dye [di-8-ANEPPS]= 7uM, [PC]= 2mM and 10, 30 or
50 mol% of cholesterol, 6-ketocholestanol, 5-cholesten-3-4-ol-7-one, coprostanol and 4-cholesten-3-one have
been added to the vesicles containing Na*,K*-ATPases. Buffer conditions: 5 mM MgCl,, 25 mM Tris-HCI, pH
7.4, 10 mM KCI and 130 mM NaCl and 50mM of sodium perchlorate. Orientational polarizability values were
deducted from Stokes shifs magnitudes.

At 30 mol%, 6-ketocholestanol and cholesterol increase the orientational
polarizability from 0.25 at 10 mol% to 0.40 at 30 mol% for cholesterol and 0.29 at 10mol%
to 0.50 at 30 mol% for 6-ketocholestanol (Fig. 7.3). The situation is quite different with
coprostanol and 4-cholesten-3-one which decrease the orientational polarizability from 0.28
at 10 mol% to 0.22 at 50 mol% for 4-cholesten-3-one and 0.29 at 10 mol% to 0.23 at 50
mol% for 6-ketocholestanol. Surprisingly 5-cholesten-3-4-0l-7-one doesn’t show any

difference between 10 mol% and 30 mol% in the presence of sodium perchlorate (Fig. 7.3).
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In Fig. 7.3, 50 mol% cholesterol decreases the orientational polarizability from 0.50 at
30 mol% to 0.43 at 50 mol%. On the other hand 6-ketocholestanol, 4-cholesten-3-one,
coprostanol and 5-cholesten-3-4-0l-7-one increase the orientational polarizability when the
percentage goes up to 50 mol%.

It is important, here, to note that the major effect on the orientational polarizability
occurs for cholesterol and 6-ketocholestanol, which were the derivatives that induced the

greatest effect on the 1 ET of RC (see Chapter 3).

7.2.3 Effect of sodium perchlorate on the enzyme activity
The results of the investigation of the effect of sodium perchlorate on the Na*, K'-
ATPase’s steady-state activity are presented in Fig. 7.4. The highest concentration of sodium

perchlorate used was 100mM.
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Figure 7.4: Effect of sodium perchlorate on Na*, K*-ATPase’s activity. The experiment has been carried out on
fragments membrane bound-enzyme (0.5 uM). Buffer conditions: 5 mM MgCl,, 25 mM Tris-HCI, pH 7.4, 10
mM KCI and 0-10 OmM perchlorate. A control experiment has been carried out without perchlorate, 130 mM
NaCl and 10 mM of KCI.; enzyme specific activity in these conditions is 1850 umol Pi/mg/hr.

The relative errors in the enzyme’s activity values presented in Fig. 7.4 are all around
10% based on the values obtained from repeated experiments. In Fig. 7.4, one can notice that
the enzyme’s specific activity decreases steadily when sodium perchlorate is added until 0

pmol Pi/mg/hr at a concentration of sodium perchlorate of 100 mM. It is interesting to note
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that the enzyme has an activity of 1850 pmol Pi/mg/h in the presence of 130 mM of NaCl but

close to zero in presence of 100 mM sodium perchlorate.

7.2.4 Effect of sodium perchlorate on the fluidity of membrane
fragments containing Na*, K*-ATPase

The results of the effect of sodium perchlorate on the fluorescence anisotropy of di-8-
ANEPPS in membrane fragments containing enzyme are reported in Fig. 7.5. The
fluorescence anisotropy of dyes such as di-8-ANEPPS that have their absorption and
fluorescence transition moments oriented along the long axis of the molecule reflect the
rotational mobility of the dye inside the membrane and hence the membrane fluidity at

different concentrations of sodium perchlorate.
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Figure 7.5: Effect of sodium perchlorate concentration on the fluorescence anisotropy of di-8-ANEPPS. The
experiment has been carried out on Na*, K*-ATPase membrane fragments (orange) and without membrane
fragments (green) as a control experiment. Buffer conditions: 5 mM MgCl,, 25 mM Tris-HCI, pH 7.4, 10 mM
KCl and 0-10 OmM perchlorate.

A control experiment has been carried out without membrane fragments and an
increasing concentration of sodium perchlorate revealing no change in the fluorescence
anisotropy. The relative errors in the fluorescence anisotropy values are all around 10% based

on the average values obtained from repeated experiments. Interestingly, in the presence of
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10-140 mM of sodium perchlorate the fluorescence anisotropy of the probe in the membranes
increases from ~0.04 to ~0.14, indicating a perchlorate-induced increase in rigidity or

decrease in fluidity of the membrane.

7.3 Discussion and conclusion

The aim of this chapter was to explain the mode of action of different cholesterol
derivatives and perchlorate on the enzyme’s activity. Measurements of Na®, K'-ATPase
activity reconstituted in different kinds of vesicles demonstrate that the enzyme has a greater
activity when reconstituted in vesicles containing 5-cholesten-3--ol-7-one and 4-cholesten-
3-one. As it is known that 5-cholesten-3--0l-7-one causes a decrease in the dipole potential
and 4-cholesten-3-one causes a large increase in dipole potential. Based on the results of the
enzyme’s activity for each cholesterol derivative it is not possible to conclude a direct
correlation between their effect on the dipole potential and on the enzyme’s activity.

The results obtained from the study of the membrane orientational polarizability for
each of the cholesterol derivatives in Fig. 7.3 show that the effect on the orientational
polarizability varied significantly between the different cholesterol analogues. This suggests
that the cholesterol derivatives can either increase or decrease the membrane fluidity.

The measurements of fluorescence anisotropy with membrane fragments containing
Na®, K'-ATPase allowed a comparison of the effect of sodium perchlorate on the
phospholipid mobility with its effect on the enzyme’s activity. An increase in the
fluorescence anisotropy is observed as the concentration of sodium perchlorate is increased.
This indicates a decrease in membrane fluidity. This could directly influence ion pump
activity via a steric effect, or it could influence the enzyme’s activity indirectly via

electrostatic effects due to a decrease in the charge mobility of the surrounding lipids. This
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could suggest that the difference in the local electric field created by cholesterol derivatives
might have the same mode of action as sodium perchlorate in terms of the orientation of
charge and rigidity of the phospholipids. However, as the cholesterol derivatives’ effects on
the dipole potential or orientational polarizability don’t show a correlation with their effect on
the enzyme activity one may suggest that the dominant effect of perchlorate on the enzyme’s

activity is due to a restriction in its degree of movement.
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Appendix

Chapter 3

1. Composition of RM medium

for 11
10 % (NH4),S04 6.67 mg
10 % DL- Malic acid, pH 6.8 26.7 ml
Super salts 66.7 ml
0.64 M Potassium phosphate buffer 10 ml
Peptone 19
Yeast extract 19
1M MgCl, 533 ul
1M CaCl2 333 ul
H.0 888 ml

The RM medium was autoclaved for 30 minutes and after cooling kanamycin (30 ug/ml) was

added.

2. 10 % Malic acid

for 11
DL-Malic acid 100 g
NaOH 60 g
H.0 uptoll, pH 6.8.
3. Super salts

for 11

Na,EDTA 049
MgSO,.7H,0 409
CaCl,.2H,0 1.7¢g
FeSO, 0.24¢g
Thiamine-HCI 0.02g
Trace elements 20 ml
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H>0O 980 ml
4. Trace elements

for 250 ml
MnSO4.H,0 0.397 g
HsBO3 0.79
CU(N03)2.3 H,0 0.01g
ZnS04.7 H,0 0.06 g
(NH4)6M07024.4 H,O 1.06 g
5. RCV Agar
A.
10 % (NH4),S04 10 ml
10 % DL- Malic acid, pH 6.8 40 ml
Super salts 100 ml
0.64 M Potassium phosphate buffer 15 ml
H.0 335 mi
B.
Agar 209
H.0 500 ml

A and B components were autoclaved separately and mixed after both being cooled to 50 <C.

Kanamycin (30mg/ml) was added.
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Chapter 5

Computer simulations of equilibrium titrations and the concentration dependence of pre-
steady state kinetic data were performed using the commercially available program Berkeley-
Madonna 8.0 (University of California, Berkeley) via a globally-convergent variation of the
Newton-Raphson method to find the roots of egs. (A2), (A3) and (A8).

Single site model without Mg®*. Binding of ATP to the E1(Na*); conformation of the enzyme
can be described by the equilibrium,

K1

E1+ATP <« EATP
,where K; is the apparent binding constant of ATP to the enzyme. Taking into account mass

balance of the enzyme, the concentration of ELATP is:

Ky [E]tot [ATP]

1+K, [ATP] (AD

[EIATP]=

where [E]: is the total concentration of enzyme. Taking into account mass balance for ATP
the free ATP concentration, [ATP], is related to the total enzyme concentration and the total

ATP concentration, [ATP] by:

Ky [E]tot [ATP]

1+K, [ATP] =0 (A2)

[ATP] + —[ATP]

tot

Solving for the roots of eq. (A2) allows [ATP] to be calculated and then, by substitution into
eq. (Al), [ELATP] as well.

For the analysis of equilibrium titrations and pre-steady-state kinetic data, the degree of
saturation, S, of the ATP binding sites as a function of [ATP] needs to be calculated. S is
given by [EIATP]/[E]wt. [ELATP] can be determined from eq. (Al) after solving for [ATP]

fromeq. (A2).
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Single site model including Mg®*. Equilibrium binding assays can never yield the apparent Kq
of the enzyme for ATP in the presence of Mg?*, because under these conditions the enzyme
would immediately undergo phosphorylation and continue cycling until all the ATP was con-
sumed. Therefore, the equilibrium condition can never be fulfilled. However, if sufficient
equilibrium binding information is available for the individual equilibria involved from
separate binding studies, a theoretical K4 can be calculated for comparison with that obtained
in pre-steady-state kinetic studies.
Under these conditions it is necessary to consider three separate equilibria:

K1

E1+ATP < EATP

KM
Mg** +ATP < MgATP

KMA
Mg** +ATP < MgATP

In theory there is a fourth equilibrium, i.e. the binding of Mg?* ions to the enzyme. However,
experimentally the Mg?* concentration of the bulk solution is far in excess of the enzyme, so
that the small amount of Mg?* lost from the bulk by binding to the enzyme is negligible. It is
also assumed that Mg?* is far in excess of the ATP concentration, so that the free Mg?*
concentration can be approximated by the total concentration, [Mg?*]ir. Taking into account

mass balance for ATP under these conditions [ATP] is related to [E]iwt, [Mg**]iot and [ATP]iot

by:

Ky [E]tot [ATP]

1+K, [ATP]+ KyaKm [Mgﬂtot [ATP]

[ATP]+ +Ky | Mg?" | [ATP]

tot

2+
. KmaKm [E]tot[Mg lot [ATP] AP
1+K, [ATP]+ KyaK [MgZJ’lot [ATP]

=0 (A3
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Solving for the roots of eq. (A3) allows [ATP] to be calculated. The concentrations of ELATP

and EIMgATP can then be determined from:

[ELATP]= 1Bl [ATP] (Ad)
1K, [ATP] + KyaKy | Mg?" | [ATP]
KmaKwm [El,. | Mg?* [[ATP
[EIMgATP] = maKm [ ]tot[ g J[ ] (A5)

1+K, [ATP]+ KaK [Mgﬂtot [ATP]

The total degree of saturation of the ATP sites under these conditions is given by S =
([ELATP]+[ELMgATP)/[E]ot.

Cooperative dimer model. From stopped-flow kinetic experiments® it was found that ATP
binding was better described by a cooperative binding of two ATP molecules to an enzyme
dimer (see Fig. 5.2). Taking into account mass balance for the enzyme, the equilibrium

concentrations of enzyme dimer with one and two molecules of ATP bound are given by:

Ky [E]tot [ATP]

[ELATP:E1] = >
142K, [ATP] + K;K, [ATP]

(A6)

2
K;K, [E] [ATP]
2+4K, [ATP]+2K1K, [ATP]?

[ELATP:EIATP] = (A7)

In eq. (A6), [EIATP:E1] represents the sum of the concentrations of the two species
E1ATP:E1 and EL1:E1ATP. These two species are chemically indistinguishable, but for
statistical reasons it is important to consider both, because this takes into account the fact that
there are two sites available on a protein dimer for the first ATP molecule to bind whereas
there is only one site available for the second ATP molecule. Taking into account mass

balance for ATP, [ATP] is related to [E]wr and [ATP]ic by:
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2
Ky [E], [ATP]+ KiK, [E],  [ATP]
142K, [ATP]+ KK, [ATP]?

-0 (A8)

[ATP] + tot =

— [ATP]

Solving for the roots of eq. (A8) allows [ATP] to be calculated and then, by its substitution
into egs. (A6) and (A7), [ELATP:E1] and [ELATP:ELATP] as well.

If one wishes to fit or simulate equilibrium titrations and pre-steady-state kinetic data, the
total degree of saturation, S, of the ATP sites for the cooperative dimer model is given by
([E1ATP:E1]+2[E1ATP:E1ATP])/[E]wt. Note that in this expression, as in the case of eq.
(A6), [ELATP:E1] actually represents the sum of the concentrations of the two species
E1ATP:E1 and E1:E1ATP. The fraction of enzyme dimer, Sgim, totally saturated with ATP,

i.e. in the form ELATP:E1ATP, is given by [ELATP:ELATP]/([E]wt/2).

Chapter 6

Simulations
Computer simulations of the time course of fluorescence changes experimentally ob-

served via stopped-flow were performed using the commercially available program Berkeley
Madonna 8.0 (University of California, Berkeley) via the variable step-size Rosenbrock inte-
gration method for stiff systems of differential equations. The simulations yield the time
course of the concentration of each enzyme intermediate involved as well as the total fluores-
cence. Based on the reaction scheme 1-3, the differential rate equations describing the

changes in the concentrations of all the enzyme intermediates are:

d [ElI\/IgATP(Na+)3J
dt

— k| EIMgATP(Na")s (A1)

d [EZMgP(Na+)3}
dt

_ kl[EllvlgATP(Na*)sJ P [EZMgP(Na*)sJ +k,[E2MgP] (A2)

136



Appendix

dlE2MeP) [Ei::/lgp] =ky [EZMQP(N&U\%} —k_,[E2MgP]-k3[E2MgP]+k_3[E2Mg]  (A3)

The total fluorescence, F, is due to contributions from fluorescence levels, f, of the probe as-
sociated with each of the enzyme conformational states. Because the fluorescence increases
following mixing with ATP and the enzyme starts in the E1IMgATP(Na®); state, the
fluorescence level of this state has been defined to be zero. Because the major changes in

152, 154, 162

fluorescence are thought to involve the binding or release of ions , the fluorescence

level of the EIMgP(Na"); has also been taken to be zero. The total fluorescence is then given

by

F= fEZMgP [EZMgP] + fE2Mg [EZMg] (A5)

Numerical integration of Eqs. A1-A4 and calculation of the fluorescence using Eg. A5 yield a
biexponential fluorescence transient with both phases associated with a fluorescence increase
(as experimentally observed) using any values of feamge and feamg as long as they are both
greater than zero. Based on the experimental results obtained, at saturating Mg®* concentra-
tions the values of ki, ks and k.3 used were 237 s, 5 s and 63 s, respectively. The values of
ko and k., for Na* release and binding to the E2MgP state were both chosen to have values of

.17 which showed

1000 s™. This is based on the electrical measurements of Holmgren et a
reciprocal relaxation times of > 1000 s™ for the release of Na* from the phosphorylated en-
zyme. For the purposes of the simulations normalized enzyme concentrations were used.

Thus, the initial concentration of ELIMgATP(Na*); was taken as 1.0 and the initial concentra-

tions of all other enzyme species were taken as 0.0.
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Data fitting

Nonlinear least squares fitting of equations describing the Mg*" concentration de-
pendence of the stopped-flow fluorescence amplitudes to the data was performed using Ori-
gin 6.0 (Microcal Software, Northampton, MA, USA). Nonlinear least squares fitting of
equations describing the Mg®* concentration dependence of the observed rate constants to the
data were performed using Mathematica via a globally-convergent variation of the Newton-
Raphson methods to find the roots of Egs. A6 and A7.

Immediately after mixing with ATP but prior to any phosphorylation occurring the

following equilibria would be expected to exist in solution:

E1ATP (Na")s; + Mg®* — E1IMgATP(Na*);

ATP + Mg®* <> MgATP
Ke and Kartp represent the association constants for these two equilibria. It is assumed that be-
cause the enzyme is saturated by ATP and Na" there is no enzyme in the E1(Na")s, ELATP or
E1 states and, therefore, binding of Mg?* to these states has been ignored. Furthermore, it is
also assumed that under conditions of excess ATP and Mg?* over enzyme the concentrations
of EIMgATP(Na*); and ELATP(Na")s can be neglected when calculating the total ATP con-
centration and that the concentration of ELMgATP(Na*); can also be neglected when calcu-
lating the total Mg?* concentration. Under these conditions, taking into account mass balance
for ATP, the free ATP concentration is related to the total Mg?* concentration, [Mg?*]ie;, and

the total ATP concentration, [ATP]t, by:

K aTp [ATP][MgZJ“J
1+KATP [ATP]

[ATP]+ L _[ATP] =0 (A6)
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Solving for the roots of Eq. A6 allows [ATP] to be calculated for any values of [Mg?*];: and
[ATP]w. Considering mass balance for Mg?*, the free Mg** concentration is related to the

[Mg* 1wt and the total enzyme concentration, [E]e, by:

Kg [E]tot[l\/lgﬂ

1+K g [Mg“}

[M92+J+ K aTp [ATP][Mgﬂ + —[Mg”lot -0 (A7)

Once Eq. A6 has been solved for [ATP], this can then be used to solve for the roots of Eq. A7
to find [Mg®*] for any values of [Mg”*].: and [E]ir. Taking into account mass balance for the
enzyme, from the expression for the association constant of Mg®* with the enzyme, the con-
centration of ELIMgATP(Na")s, the species which must be produced to allow phosphorylation

to occur, is:

Ke [El | Mo*" |
1+ Kg [Mgﬂ

[ElMgATP(Na*)ﬂ - (A8)

The degree of saturation, Sg1, of the Mg?* sites on the E1 conformation of the enzyme is

given by:

[ElMgATP(Na+)3J

[Eleo

After the enzyme has been mixed with ATP and cycling has begun, Mg®* could also

Sg1 = (A9)

bind to the E2 conformation of the enzyme according to the following equilibrium:

E2ATP+Mg®" <> E2MgATP
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Kr represents the association constant for this equilibrium. In a similar fashion to the E1 con-
formation one can find the free Mg®* concentration when the enzyme is in the E2 conforma-

tion by solving an analogous expression to Eq. A7, i.e.

Ke [Elye| Mo?" |

1+K [Mgﬂ

[M92+J+ K aTp [ATP][MgZ*}r —[Mg”lot —0 (AL0)

Eqg. A6 can still be used to calculate the free ATP concentration. The degree of saturation,
Se,, of the Mg?* sites on the enzyme is given by:
Ke [Mgﬂ

SE2 =1+ Ke [Mgzq (Al1)
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