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P-glycoprotein probed by Pi«>HOH oxygen exchange
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ABSTRACT

The aim of this study was to characterise the catalytic mechanisms of
sarcoplasmic reticulum Ca?*-ATPase and multidrug resistance P-glycoprotein
using oxygen exchange methodology.

The initial part of this work was to characterise the 1¥Oxygen enrichment of
. [0} inorganic phosphate and [y-18OJATP that we synthesised using methods
developed in Paul Boyer’s laboratory at University of California, Los Angeles.
The results from Gas Chromatograph Mass Spectrometry indicated that both
the inorganic phosphate and the ATP were highly enriched with 180Oxygen.
We then proceeded with characterising sarcoplasmic reticulum Ca?*-ATPase
and multidrug resistance P-glycoprotein.

Using phosphorylation with [*P] inorganic phosphate and medium
phosphate<>water oxygen exchange, we characterised the effects of a solvent,
dimethyl sulfoxide, and a specific Ca?*-ATPase inhibitor, thapsigargin, on the
kinetics of phosphoenzyme formation. We discovered that thapsigargin
activated medium phosphate<>water oxygen exchange in the presence of 30%
(v/v) dimethyl sulfoxide. Scrutiny of the activation revealed that thapsigargin
accelerates the phosphoenzyme hydrolysis step, whereas dimethyl sulfoxide
inhibits the off-rate of inorganic phosphate from the active site.

We have also purified and reconstituted P-glycoprotein from the plasma
membrane of Chinese hamster ovary cell line grown in Colchicine-
supplemented medium. Using purified P-glycoprotein we have investigated
the effects of Verapamil, Nicardipine, Vinblastine, Hoechst 33342 and
Rhodamine 123 on ATPase activity and oxygen exchange at 25 °C.
Stimulation of both ATPase activity and oxygen exchange was observed only
with Verapamil. However we observed that increasing dimethyl sulfoxide up
to 35% (v/v) activated oxygen exchange without increasing ATPase activity.
Although the mechanism of activation by dimethyl sulfoxide and Verapamil
were different, a single catalytic pathway is exhibited by P-glycoprotein in the
presence of either compound.

i



AMPS
Ca?*-ATPase
CHO
CHrB30
DMF

EDTA
EGTA

GC/MS
GE/F
HOH
MDR
MES
Me:SO
MOPS
NBD
NEM
180y
PAGE
P.
P-gp
P;

P18Qy, P180;, P130;, P8Oy, POy

ABBREVIATIONS

ammonium persulphate

Calcium adenosine triphosphatase
Chinese hamster ovary

Chinese hamster ovary cell line B30
dimethyl formamide
ethylenediaminetetra-acetic acid
ethyleneglycol-bis-(8-aminoehtyl ether)
N,N,N' N'-tetraacetic acid
phosphoenzyme

total amount of active Ca?*-ATPase
fluorescein isothiocyanate

gas chromatogram/mass spectrometry
glass fibre filters

water

multidrug resistance
2-[N-morpholino]ethanesulphonic acid
dimethyl sulfoxide

3-[N-morpholino] propane-sulphonic acid
nucleotide binding domain
N-ethylmaleimide

BOxygen

polyacrylamide gel electrophoresis
partition coefficient

P-glycoprotein

inorganic phosphate

inorganic phosphate containing 4, 3, 2, 1, or
0 atom(s) of [130] oxygen

iv



PIPES

SERCA

SDS

SR
TCA

TMAH -

TEMED
TES

TLC
™

Tris

piperazine-N-N"-bis[2-ethanesulphonic
acid]

sarco- and endoplasmic reticulum

Ca?*-ATPase
sodium dodecyl sulphate
sarcoplasmic reticulum

trichloroacetic acid

~ tetramethylammonium hydroxide

N,N,N’,N”-tetramethylethylenediamine
N-tris[hydroxymethyljmethyl-2-

aminoethanesulphonic acid

~ thin layer chromatography

transmembrane

tris (hydromethyl)aminoethane



CONTENTS

PUBLICATION
ACKNOWLEDGEMENTS
ABSTRACT
ABBREVIATIONS
TABLE OF CONTENTS

1. INTRODUCTION
1.1 INTRODUCTION TO OXYGEN EXCHANGE

1.1.1 Pi->HOH oxygen exchange reactions

1.1.2 Medium and intermediate Pi«<>HOH oxygen exchanges
1.1.3 FoF1 ATP synthase

1.1.4 P-type ATPases

1.2 INTRODUCTION TO SR Ca?*-ATPase

1.2.1 Structure

1.2.2 The catalytic cycle

1.2.3 Phosphorylation with P;
1.2.4 Thapsigargin

1.3 INTRODUCTION TO MULTIDRUG RESISTANCE
P-GLYCOPROTEIN

1.3.1 ABC superfamily
1.3.2 Overall structure of P-gp
1.3.3 Structure of the transmembrane domain

1.3.4 Number of drug binding sites

Page No.

ii
ii
iv

vi

14

18

18
24
26
28

32

32
36
36
38

vi



1.3.5 ATP binding domain

1.3.6 Models

1.3.7 Interaction of the nucleotide binding sites
1.3.8 Mechanism

2. EXPERIMENTAL PROCEDURES

2.1 METHODS IN OXYGEN EXCHANGE

2.1.1 Materials
2.1.2 Diazoethane synthesis

2.1.3 ['80] Phosphate synthesis, purification, derivatisation and GC-Mass

Spectrometry
2.1.4 Synthesis and purification of [y-180O]ATP
2.1.5 [y-180]ATP enrichment analysis

2.2 SR Ca?*-ATPase EXPERIMENTS

2.2.1 Materials

2.2.2 Sarcoplasmic reticulum vesicles preparation

2.2.3 Inorganic phosphate

2.2.4 Thapsigargin effect on phosphoenzyme levels

2.2.5 Medium Pi>HOH oxygen exchange in SR Ca?*-ATPase
2.2.6 Labelling with FITC

2.2.6 Cross-linking with glutaraldehyde

2.3 P-GLYCOPROTEIN EXPERIMENTAL PROCEDURES

2.3.1 Materials
2.3.2 Electrophoresis

40
42
43
45

47

47

47
47

48
50
50

52

52
52
52
52
53
53
54

56

56
56

vii



2.3.3 Cell culturing, plasma membrane preparation and P-gp purification 56

2.3.4 Reconstitution into unilamellar vesicles

2.3.5 ATPase activity assay

2.3.6 D Bio-Rad protein assay and TCA precipitation
2.3.7 Silver staining SDS-PAGE gels

2.3.8 ATP stability assay

2.3.9 Intermediate oxygen exchange

2.3.10 Plots, statistical and data analysis

3. RESULTS

3.1 OXYGEN EXCHANGE RESULTS
3.1.1 Enrichment of [1¥O]phosphate
3.1.2 Synthesis and [180] enrichment analysis of [y-180]ATP

3.2 SR Ca**-ATPase RESULTS

3.2.1 The effect of thapsigargin on oxygen exchange

3.2.2 Inhibition of phosphoenzyme levels by increasing concentrations of
thapsigargin

3.2.3 Pi concentration dependence of phosphoenzyme levels

3.2.4 FITC labelling

3.2.5 Cross-linking with glutaraldehyde

3.2.6 Evaluation of rate constants governing the

P; phosphorylation reaction

3.3 P-GLYCOPROTEIN RESULTS

3.3.1 Protein purification and reconstitution
3.3.2 ATPase activity
3.3.3 Intermediate Pi«<>HOH oxygen exchange

58
59
59
60
60
60
61

62

62

62

66

70

70

73

74

75

76

92

103

103

109
112

vili



4. DISCUSSION
4.1 Oxygen exchange methodology
4.2 SR Ca*-ATPase

4.3 MDR P-glycoprotein

5. REFERENCES

120

121
122
129

135

ix



1. INTRODUCTION .

1.1 INTRODUCTION TO OXYGEN EXCHANGE

The concept that phosphate transfer reactions involve the incorporation of
water oxygens into P; and phosphorylated metabolites over and above that
required for simple hydrolysis arose from observations during the growth of
bacteria. It was found that the oxygens of the phosphoryl moieties of
nucleotides and other phosphorylated substrates in bacteria undergo a rapid
exchange with the oxygens of water, much more rapid than the nett uptake of
phosphate from the surrounding medium (Chaney et. al., 1972), suggesting
more than one oxygen was incorporated from water per hydrolysis or
synthesis event. The principal routes of oxygen incorporation into nucleotide
di- and tri-phosphate were postulated to be via exchanges of oxidative

phosphorylation, hydrolysis of phosphates and transfer from other substrates.

Much of the impetus for development of oxygen exchange methodology and
theory arose from the finding that mitochondria catalyse a rapid exchange of
oxygens of inorganic orthophosphate (P;) with water (Pi->HOH exchange)
(Cohn, 1953). Paul Boyer's laboratory at UCLA, in particular, has been
instrumental in championing the methodology, and revealing how useful it
can be in mechanistic studies. His work concentrated mainly on
mitochondrial and chloroplast FoF1 ATP synthase and it is in this area that the
power of the technique emerged. What follows is an introduction to oxygen
exchanges and then the development of methodology and advances through

experiments conducted in his laboratory.

1.1.1 Pi»>HOH oxygen exchange reactions

There are two basic types of phosphoryl hydrolysis reaction, one in which
there is direct hydrolysis e.g. in ATP synthase, inorganic pyrophosphatase
and MDR P-glycoprotein (equation 1), and the other which occurs via a
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phosphorylated intermediate e.g. P-type ATPases and alkaline phosphatase
(equation 2).

E+ ATPOEATP + HHOGEADP.PioE+ ADP + P 1)

E + ATPOEATPSE-P + ADPSE-P + HROEDPoE+ P (2)

During the course of hydrolysis for both reactions one oxygen from water is
obligatorily incorporated into the released P;. When the P; does not
immediately leave the enzyme’s active site, it can undergo reversal back to
ATP or phosphoenzyme with the elimination of one oxygen from the P; to
water. Then the ATP or phosphoenzyme can undergo hydrolysis and an
oxygen from water is again incorporated into the P;. These reversals may
occur several times before the P; is finally released. It is this extra
incorporation of oxygens from water into the P; that is referred to as Pi->HOH

oxygen exchange.

1.1.2 Medium and intermediate P;<>HOH oxygen exchanges

Two types of PicoxHOH oxygen exchanges need to be distinguished, medium
and intermediate. The former refers to an exchange when a reactant such as
ATP or P; binds, undergoes exchange and returns to the medium without
forming new products that are released to the medium. The latter exchange
occurs during chemical conversion of reactants to products e.g. ATP to ADP

and P



ADP intermediate exchange
HOH

Scheme 1.1.1 Intermediate and medium oxygen exchange during diréct
hydrolysis.

In Scheme 1.1.1 medium Pi¢>HOH oxygen exchange would refer to an
exchange that occurs when P; binds, undergoes exchange during reversible
ATP synthesis and hydrolysis at the active site, and P; returns to the medium.
It is conveniently measured by using P; highly enriched in 8Oxygen [80].
Medium ATP<>HOH oxygen exchange would refer to an exchange in which
ATP binds, undergoes hydrolysis, and is returned to the medium and the
extra oxygens from water incorporated into the ATP measured. It is
conveniently measured using standard ATP and 80 water, and the amount of

180 incorporated into the ATP over time is measured.

Mechanistic details of medium Pi«<>HOH oxygen exchange using [10] P; are
given in Scheme 1.1.2. Note that [180] P; has to bind to the active site
containing ADP, undergo synthesis to ATD, still remaining at the active site,
reverse hydrolysis and dissociate. The ADP is derived from ATP hydrolysis
coming into the active site in the forward direction of catalysis. The five P;
species generated during medium Pi«<>HOH oxygen exchange are shown in

Fig. 1.1.1.
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Scheme 1.1.2 Detailed mechanism of medium Pi«<>HOH oxygen exchange.
The exchange is medium Pi«>HOH oxygen exchange if the reaction starts
with enriched P; and depletion of 180 in the P; is measured over time. The box
represents the active site of the protein and the species in square brackets the
transition state for the reaction.

[ISO]Pi

i ;

Figure 1.1.1 Phosphate species in medium Pi«<>HOH oxygen exchange shown
in scheme 1.1.2. The species are unenriched P¥Oy (i), P¥O; (ii), P8O, (iii),
P1803 (iv) and P8Oy (v).

Intermediate Pi«>HOH oxygen exchange occurs when ATP undergoes

hydrolysis and extra oxygens from water, over and above the obligatory one,



are incorporated into Py It is conveniently measured using ATP with the
gamma phosphoryl group containing highly enriched 80 and the 80/160
distribution in the released P; is measured (Scheme 1.1.3). The P; species

produced during such a reaction are shown in Fig. 1.1.2

? T
ADP—QOQ— P — @ ADP + C—pP —@

RNl ¢

® . /\

P
ATP

Scheme 1.1.3 Detailed mechanism of intermediate Pi«<>HOH oxygen
exchange. The exchange is intermediate Pi«->HOH oxygen exchange only if
enrichment levels are measured in P;, not ATP, and the reaction starts with
enriched ATP. The box represents the binding site of the protein and the
specie in the square brackets the transition state for the reaction.

1 0O 1 @ 111 @ v &
| | ! |
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|
O O O i

Figure 1.1.2 Phosphate species in intermediate Pi«->HOH oxygen exchange
shown in scheme 1.1.3. The species are unenriched P80y (i), P80y (ii), P'80;
(iii) and P18QOs (iv).



As mentioned above, medium and intermediate oxygen exchange can also
occur via hydrolysis of a covalent phosphorylation intermediate. A simplified

Ca?*-ATPase catalytic scheme is shown below:

Ca ATP
DN D) e
E1 <> Ca.E1l Ca.E1-P :
Einterm’ediate exchange
I 1 N Ca i

E2 $=> E2.Pi <3 E2-P

P; OH

‘...::7 ....................... b

medium exchange

Scheme 1.1.4 Intermediate and medium oxygen exchange reactions in an
enzyme that can be phosphorylated.

Here P; reacts with the Ca?*-free E2 conformation to form a phosphoprotein
intermediate and medium Pi<>HOH oxygen exchange can be measured using
P; enriched in #O. Intermediate Pi«>HOH oxygen exchange is measured
during nett ATP hydrolysis using 80O enriched ATP. It is a measure of the
number of reversals of the P; derived from ATP before release. In the case of
the Ca?* pump, Ca?* binding converts the protein into an E1 conformational
state that cannot react with P;, However if ATP is added and the pump turns
over, E2 intermediates reactive to P; will be generated and then medium

Pic>HOH oxygen exchange can be measured using [**O] P

1.1.3 FoF1 ATP synthase

In a seminal paper by Boyer et. al., 1973, oxygen exchanges (Pi«>HOH and
ATP<HOH) as well as Pi«>ATP exchange of submitochondrial particles were
used to demonstrate that energy coupling during oxidative phosphorylation



(utilisation of H* gradient) is used to release preformed ATP and not for the
synthesis of ATP. In these experiments 180 water was used and the extent of
180 incorporation into medium P; or ATP was measured. They showed that
the uncoupler, 5-13 (dissipates H* gradient), inhibited P;<ATP and
ATP-HOH exchanges but not Pi«>HOH oxygen exchange. The former two
exchanges require the nett synthesis of ATP, whereas Pic>HOH exchange
does not require ATP dissociation from the active site. Hence synthesis and
hydrolysis of ATP on the enzyme surface was energy independent. They
suggested that the energy requiring step was the release of preformed ATP,
and this was substantiated by demonstrating tightly bound [*?P]ATP in

submitochondrial particles in the presence of uncouplers, Pi and ADP.

These results are best interpreted by references to Scheme 1.1.5 (Cross and
Boyer, 1975), which depicts the active site of the ATP synthase as a box. The
steps required for each exchange are indicated. It can be readily seen that
blocking step 4, by an uncoupler would inhibit medium ATP<-HOH and
Pi«>ATP exchanges, but not Pi«>HOH exchange.

ADP + P; > ATP + HOH <> ATP

3 (tight) 4  (loose)
| 1 l 2 TS
7
ADP P; ATP

Scheme 1.1.5 Reaction steps at the active site (represented by a box) of ATP
synthase (Cross and Boyer, 1975).

Steps required for exchange reactions are.-

e 2 3for medium Pic->HOH
e 3, 4, 5for medium ATP«-HOH
e 2 3 4 5for ¥Pi—>ATP



However, puzzling experiments were also reported in this 1975 paper in
which addition of hexokinase, which converted ATP to ADP + glucose-6-
phosphate and effectively lowered the concentration of ATP, resulted in
strong inhibition of Pi«>HOH exchange. This result cannot be explained by
the simple scheme in Scheme 1.1.5. This scheme as indicated above predicts
that medium Pi<>HOH oxygen exchange should continue in the absence of

ATP or if the released ATP is removed by hexokinase.

It was then discovered that the uncoupler-insensitive Pi«<>HOH exchange was
in fact intermediate Pi<>HOH exchange i.e. derived from the hydrolysis of
ATP (Rosing et. al., 1977). Medium Pi«<>HOH exchange was just as sensitive to
uncouplers as ATP<-HOH exchange and ATP<P; exchanges. This
demonstrated that the ability of P; to be bound at the catalytic site competent
for oxygen exchange requires energy input. The continuation of intermediate
exchange after energy dissipation still meant that the actual synthesis of ATP
at the active site did not require energy. These results led to the idea that
energization either from the proton gradient or from ATP binding and
cleavage was required for medium P; to participate in catalysis, as in Scheme
1.1.6. Here *E represents an energised form of the complex (Rosing et. al,.
1977). These characteristics cannot be explained by a single site and require a

multisite mechanism.

E + ADP + P, & E.ADP.P, & *E.ADP.P; <> EATP + H;O

Scheme 1.1.6 Reaction steps during ATP synthesis in the ATP synthase. “E
represents an energised state and ~ indicates an energy-coupled transition
(Rosing et. al,. 1977).



It was then found that medium Pie>HOH, ATPoP;, and ATP«HOH
exchanges were strongly inhibited and intermediate Pic>HOH oxygen
exchange accelerated when the concentration of ADP was lowered by
pyruvate kinase (Kayalar et. al., 1977; Hackney and Boyer, 1978). This finding
together with the requirement for ATP in these exchanges noted above forced

the development of an alternating site model (Scheme 1.1.7) for the ATP

synthase.
HOH ATP> E P, + ADP
Iy 4
* ATP
ADP> s ADP
ATP>
P> E P,
‘ UNCOUPLER-
SENSITIVE
5 ENERGIZED D)
STATE
ADP> *
P>E<ATP ATps To<ADP
: E-
ATP
B\A 3
P,+ ADP <ATP
E HOH

Scheme 1.1.7 An alternating site scheme for oxidative phosphorylation. The
designation < or > indicates a transitorily tightly bound substrate. A centre
dot indicates a more loosely bound substrate. The E represents an enzyme
capable of synthesising bound ATP from bound ADP and Pi. The asterisk
indicates an energised state of the enzyme (Kayalar et. al., 1977).

The scheme (Scheme 1.1.7) accounted for the sensitivity of the exchange
reaction to substrate concentrations. Variation in the exchange reactions with

changes in substrate or product concentration provided a powerful means of
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proving and investigating subunit interaction during catalysis. Thus, if the
binding of a substrate on one subunit changes the rate of a partial reaction on
another subunit, the changes are likely to alter the exchange characteristics as

the concentration of substrate is lowered.

Further evidence of catalytic site cooperativity came from the demonstration
of more than one catalytically competent active site, and the fact that as the
concentration of ATP is lowered, one catalytically competent ATP remains
firmly bound (Rosen et. al., 1979). This behaviour is indicative of catalytic site
cooperativity, since the firmly bound ATP is responding to the vacancy of the
other sites. The notion was advanced that energy-linked conformational
changes in the ATP synthase lead to binding of P; and ADP in a mode
competent for ATP synthesis at one site and simultaneously release of loosely

bound ATP from another site (Binding Change Mechanism). The changes in
the number of reversals of the bound species ADP.Pi>ATP as the ADP
concentration is lowered (Fig. 1.1.3) provided a powerful means of proving
that there was sequential participation of the catalytic sites (Hackney et. al.,
1979; Stroop and Boyer, 1985). At low ADP, where single site catalysis is
occurring, there is increased exchange and the reaction reverses on average 50
times. At saturating ADP and P; there is much less exchange and the number
of reversals is on average one per catalytic site event. If the experiment is
conducted at an intermediate concentration of ADP (i.e. 10 uM) then the
distribution of [*80]ATP species (Fig. 1.1.4) is indicative of a single pathway
i.e. all catalytic sites behave identically, and not with some undergoing a lot of

exchange and others very little (Stroop and Boyer, 1985).
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Figure 1.1.3 Observed and theoretical distributions of 12O in ATP formed by
the chloroplast ATP synthase at two different ADP concentrations where
upper and lower limits of oxygen exchange occurs. The ATP species formed
have 0, 1, 2, 3 180 atoms in the y-phosphate (Stroop and Boyer, 1985).
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Figure 1.1.4 Observed and theoretical distributions of 180 in synthesised ATP
at an intermediate ADP concentration where oxygen exchange is between the
upper and lower limit (Stroop and Boyer, 1985).
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The exchange at 10 uM ADP is in fact not completely homogeneous (more
than one pathway), and there is the possibility that this may be due to
nonequivalence of the oxygens (non-random rotation) in the P; or the

participation of another pathway (Sines and Hackney, 1986).

The ATP synthase couples the energy deriffed from a proton gradient into the
synthesis of ATP. However, if the head region (F1) containing the o and f
subunits are separated from the whole protein, it operates in reverse and
hydrolyses ATP. The hydrolysis of ATP by chloroplast CF1 ATPase showed a
marked increase in the extent of exchange as the ATP concentration is
lowered (Fig. 1.1.5), going from virtually no exchange to almost the maximum
possible, namely more than 3 oxygens exchanged per hydrolysis
(Kohlbrenner and Boyer, 1983). This behaviour is readily explained by
catalytic site cooperativity, because ATP dissociation from one subunit
prevents ATP and ADP dissociation at the other subunit, causing greatly
increased ATP«ADP.P; reaction and increased oxygen exchange. The
distribution of [180] P; species at all ATP concentrations gives a distribution

expected for single catalytic pa’fhway.

4 i [ T 1
B
g
~
sl i
&
2
<]
g
> 2 i
B
=
=
1 1 | ‘ —
0 10 20 30 250

UM ATP

Figure 1.1.5 Effect of ATP concentration on water dxygen incorporation into P;
released. CF; ATPase hydrolysis of MgATP was catalysed by heat activation
(Kohlbrenner and Boyer, 1983).
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The power of the technique was shown with chloroplast F1 ATPase, where
covalent derivatisation with 2-azido-ATP allowed detection of 3 catalytic
pathways during [y-18O]ATP hydrolysis (Xue et. al., 1988). This provided one
of the first indication of the 3 participating catalytic sites.

The high resolution structure for bovine mitochondrial F1-ATPase was solved
by John Walker’s laboratory in Cambridge (Abrahams et. al., 1994). It showed
a asPs subunit structure inserted on a central y-subunit (see Fig. 1.1.6 for a
recently postulated complete structure). There was evidence of six nucleotide
binding sites, 3 non-catalytic sites (mainly associated with the a-subunit), 3
catalytic sites (mainly confined to the B-subunit). Their experiments indicated
one empty site on a B-subunit, a second B-subunit with bound ADP and a
third B-subunit with bound AMP-PNP, plus 3 a-subunits with bound AMP-
PNP. This arrangement of catalytic sites is exactly that was predicted by
Boyer” Binding Change Mechanism, where each of the 3 catalytic sites passes

through a cycle of ‘open’, ‘loose’” and “tight’ states as shown in Fig. 1.1.7.

Figure 1.1.6 Structure of FiFo ATPase. The enzyme comprises of two
segments, F1 and Fo. The F1 segment has 3 o subunits, 3 B-subunits and 1 ¢, &
and y subunits. The Fo has 1 a subunit, 2 b subunits and 9-12 ¢ subunits
(Schnitzer, 2001)
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AP P

Figure 1.1.7 Binding Change Mechanism in ATP synthase. Rotation of the
central asymmetric mass (ydeb2), which is yellow, causes conformational
changes in the three catalytic sites (af pairs) which are green or blue. The
changes in conformation results in the affinity for ligands being open (O),
loose (L) and tight (T) during ATP synthesis (Cross, 1994).

The F1-ATPase structure was the largest asymmetric structure to be solved up
to that time. Paul Boyer (UCLA) and John Walker (Cambridge University)
received the Nobel Prize in Chemistry in 1997. The prize was shared with Jens
Skou (Arrhus University) for the discoveries of Na*,K*-ATPase.

1.1.4 P-type ATPases

At the same time as the discovery of the uncoupler insensitive Pi«<>HOH
oxygen exchange was made, Boyer’s laboratory also found that Na*K*-
ATPase catalysed a rapid Pi<>HOH exchange in the absence of Na* (Dahms
and Boyer, 1973) and the sarcoplasmic reticulum Ca?*-ATPase an even more
rapid exchange in the absence of Ca?* (Kanazawa and Boyer, 1973). The two
ATPases belong to a family of P-type ATPases which undergo
autophosphorylation on an aspartyl residue during cation pumping (see
section 1.2 for more details). Again, the active site of a P-type ATPase is
represented by a box and the reaction steps are shown as a scheme in Scheme

1.1.8.
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Asp-P + HOH <> Asp + P;
A

v

P

Scheme 1.1.8 Phosphorylation with inorganic phosphate in the P-type
ATPases. Asp represents an aspartate residue at the active site of an enzyme.

Kanazawa and Boyer found that the exchange was inhibited by Ca?" in the
same concentration range as the inhibition of P; phosphorylation, suggesting
that the exchange reaction was occurring on the same intermediates
generated during the normal catalytic cycle. Turnover of the pump in the
presence of Ca?* with high ATP concentration inhibited the exchange.
However using acetyl phosphate as substrate still permitted medium oxygen
exchange, again suggesting participation of normal catalytic intermediates. In
the same year, Degani and Boyer showed that the amino a;:id residue that is
phosphorylated during the catalytic cycle is an aspartic acid (Degani and
Boyer 1973). The overall rate constant for phosphorylation from P was
compatible with the rate of oxygen exchange (Boyer at. al, 1977). As
mentioned above, Ca?* inhibited oxygen exchange by converting the pump
into a Pi-unreactive E1 conformation and acetyl phosphate release this
inhibition by turning the pump over and generating the intermediate (E2)
reactive to Pi. The same could be achieved with ATP, but most prominently at
low ATP concentration, since high concentrations accelerate the E2 to E1
conformational transition, thereby lowering the amount of enzyme reactive to

P; (de Meis and Boyer, 1978).

The time dependent distribution of [130] P; species produced during medium
Pi>HOH oxygen exchange in the absence of Ca?* was compatible with
catalysis by a single catalytic pathway (Ariki and Boyer, 1980). A comparison
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of medium and intermediate oxygen exchanges in the absence and presence
of low concentrations of ATP, showed that the exchange characteristics as
exemplified by the partition coefficient {P. = ky/(k: + k.1)} were very similar,
indicating again that the same catalytic species were involved in forward and
backward reaction (McIntosh and Boyer, 1983). In both exchanges, high ATP
concentrations (as well as nonhydrolysable ATP analogues like AMPPCP and
AMPPNP) raised the P, demonstrating that the ATP bound to E.P; in a non
cétalyh‘c but regulatory mode and changed its properties. A combination of
phosphoenzymé and medium Pie-HOH oxygen exchange measurement

permitted for the first time determination of all rate constants for the reaction:

k; ks
E+Pi€<>»EP <>»E-P
| k.,

The value of k7 is determined directly from oxygen exchange data and E-P

measurements:
total rate of exchange = k[E-P]

However, the other three rate constants depend on the amount of enzyme
reactive to P; (Ei). A combination of oxygen exchange, E-P measurements, and
intrinsic fluorescence allowed Guillain et. al., to deduce that the equilibrium
constant of the covalent step (K;) was over to E-P, and from this fact that the
binding of P; was exceptionally slow (5 x 103 M-1.s!) (Guillain et. al, 1984).

Another P-type ATPase, namely H*-ATPase from yeast, Schizisaccharomyces
pombe, also catalyses a medium Pi>HOH oxygen exchange (Amory et. al.,
1982). The exchange technique was used to show that the affinity for P; is
extremely low and account for the failure to measure E-P from [*P] Pi. A
small amount of E-P was however obtained in the presence of ATP. The

partition coefficient (P¢) is fairly high (0.45) and is not affected by ATP. Again,
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as in the case of the Ca?*-ATPase, the Pc obtained from medium exchange was
the same as that from intermediate exchange, indicating identical

intermediates participate in the exchange.

Gastric H* K*-ATPase, a P-type pump closely homologous to Na*,K*-ATPase,
catalyse an extremely rapid medium Pi«>HOH oxygen exchange in a manner
that is activated by K* and inhibited by H* (Faller and Diaz, 1989). Like in the
Ca?*-ATPase, the partition coefficient is increased at lower pH. Also, P;
binding was found to be siinﬂarly slow, implying a protein conformational
event associated with the binding. The very rapid exchange by H* K*-ATPase

implies that the covalent reaction of E.Pi&E-P is extremely rapid.

More recently, medium Pi¢>HOH oxygen exchange has been used to asses the
functional role of mutations of two conserved motifs in mammalian Na*,K*-
ATPase expressed in yeast cells (Farley et. al, 1997). Lysine in the motif
KGAP, and an aspartic acid and two prolines in the DPPR motif were
mutated and found to affect both rate of exchange and P.. It is remarkable that
an exchange reaction specific to the expressed protein could be measured as
extremely small amounts were expressed. As seen above, yeast possesses a
H*-ATPase that catalyses the reaction as well. The authors considered that the
very low affinity for P; of the endogenous H*'-ATPase minimised its
contribution. Also the intrinsic rates of exchange are much lower for the
proton pump. Even though mutations to the lyéine affected exchange the
authors considered from structural predictions that it was probably an
indirect effect. However, they proposed that the aspartic acid of the DPPR
signature might be directly involved in Mg?* ligation.
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3.2.6 Evaluation of rate constants governing the P; phosphorylation reaction

The rates of loss of POy species and average 20 displacement from all
phosphate species during medium Pi«>HOH exchange under various
conditions are shown in Figs. 3.2.2, 3.24, 3.2.6 and 3.2.8. The following -

equations were used to obtain each time point:

% POy = (POy/ (PO4+P03+P02+PO1+POQ) x 100 (iii)
where POy to PO; are abundance values and not

percentages.

Av. enrch = 0(POg)+0.25(PO1)+0.5(PO2)+0.75(PO3)+1(POq) (iv)
where POp-POy are percentage distributions

The graphs are used to determine R4 (used to calculate P. values), which is

represented by the following equation (Stempel and Boyer, 1986):
R4 = kPOA / kav (V)

where kpoi is the rate constant for % POy loss and
kav is the rate constant for average enrichment loss.

For example in graph 3.2.4a (pH 7.0)
Rs=0.11/0.029 = 3.93

A partition coefficient (P) value can be calculated using Rs4. The Pc value is
closer to 0 when k2<< k1 and is closer to 1 when k2 >> k1 (Stempel and Boyer,
1986).

Pc=(4-Rq)/3 (vi)
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Using the Pc value, the average number of reversals per encounter can be

calculated from the relationship (Stempel and Boyer, 1986):
Number of reversals = P./(1-P.) (vii)

The reversals refer to the average number of times bound phosphate switches
from E.P to E-P state, back and forth prior to release from the enzyme into the

mediam.

The total rate of exchange, T:, expressed as ninoles oxygen atoms/min/mg of

protein, is given by following equations (Hackney et. al., 1980):

T: = [E-Plk ' (viii)
and
T = [(4-3P.)/ (4-4Pc)] x dkav x Pi/protein (ix)

where P; = total P; in nmol

protein = total protein in mg

kav = rate constant of average 80 depletion in min-!
The total rate of exchange (T;) under all the conditions used is shown in Table
3.2.1. From equation (viii) the rate constant k can be determined if the E-P

value is measured under the same conditions as that used for oxygen

exchange.

ko =T:/[E-P] ()



94

For the reaction:
Kl 2
E+P < EP ¢ E-P (1)

E:, K1 and K3 can be defined as follows:

E; = [E] + [E.P] + [E-P] &
K1 = ([E]J[P])/[EF] 3)
Kz = [EP]/[E-F] (4)
therefore  [E.P] = Ko[E-P] )
and K1 = ([EJ[Pi})/[EP] (3)

substitute [E] and [E.P;] in the equation (3’) above to derive the

following equation

Ki = (|E] - Kof E-P] - [E-P))[P]/Ko[E-P]

KiK3[E-F] = [P][Et] - [PJ(K2[E-P] ~ [P][E-F))
(EJ[Pi] = KiK2[E-P] + Ko P{[E-F] + [F][E-F]
[E[Fi] = [E-P[(K:Kz + K2[Pi] + [Py
[Bdl/[E-F] = (KiKz + K2[P] + [P])/[P]
[E-Pl/[E] = [P/ (KiKz + K3[P] + [Fi])

[E-PI/[Ed = [Pi]/(KiKa + [Pi](K2 + 1)) (xi)

This equation allows K; and Kz to be determined from a graph of [E-P]/[E:] vs
[Pi].

The constants, K1 and K3, are defined as (Hackney et. al., 1980):
Ki=ki/k (xii)
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K2=ka/kz (xiii)
Pe=ka/ (k2 + k1) (xiv)

These three equations were used to calculate other rate constants as follows:

ko=k2/K;
ki=(k2/Pe) -k
and ki =ki1/Ky

The kinetic parameters obtained from the curve fitting using E: of 6.9

nmol/mg of protein and calculations are listed in Table 3.2.1

Examination of the equilibrium constants indicates that 30% (v/v) MexSO in
the presence and absence of thapsigargin has a strong effect on Ki and none
on Ky, at both pH 6.0 and 7.0. The large decrease in K; by MexSO is due to
inhibition of ki by as much as 250-fold, whilst k; remains virtually
unchanged. These changes in ki, and in turn K; (K= ki/ki), indicate an
increase in affinity of Ca?*-ATPase for P; by Me;SO.

The partition coefficient, P, is increased 5 to 30-fold by 30% Me;SO in the
absence or presence of thapsigargin. The changes in Pc values reflect the large
decrease of ki; ky, if anything, is inhibited by Me;SO. Thapsigargin has little
effect on the P..

Thapsigargin increases Kz 5-7 fold irrespective of cosolvent and pH. Whereas
the mechanism depends on the cosolvent. In the absence of Me;SO, the effect
is due to 3-7 fold increase in ko, with k; hardly affected. In the presence of
Me;SO there is a large 31-67 fold increase in k2, but the effect is partially

offset by increase in k.

We also fitted the phosphorylation data in Fig. 3.2.10 and calculated the

kinetic parameters using an E; value close to E-Pmax. A value of 6.33 nmol/mg
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of protein was chosen, which is close to E-Pmax of 6.33 nmol/mg of protein. In
the absence of thapsigargin, K> becomes extremely small and K; large. The
values of K1 and K: are hardly changed in the presence of thapsigargin as E-
Prax is quite a bit less than 6.3 and 6.33 nmol/mg of protein.

The changes in K; and K> can be traced to an increase in rate constants k; (46-
740 s71; 120-630 s at pH 6.0 and 7.0 respectively) and ki (800-11000 s-1; 11000-
62000 s at pH 6.0 and 7.0 respectively). However, although k. is increased
relative to the situation at higher E;, the effect of Me;SO is again on k; i.e. a
true affinity change for Pi. In fact, Me2SO becomes inhibitory on kz (740-73 s-;
630-120 s at pH 6.0 and pH 7.0 respectively), so does thapsigargin (740-48 s-;
630-117 s at pH 6.0 and 7.0 respectively) in the absence of MexSO. The effect
of thapsigargin in activating the exchange remains on k2. In conclusion, the
MezSO and thapsigargin effects on P; affinity and oxygen exchange are
independent of E:.

The change in concentration of catalytic intermediates with time in the
approach. to equilibrium using the rate constants in Table 3.2.1 and a P;
concentration of 10 mM are shown in Figs 3.2.17 and 3.2.18. This allows
calculation of kphos (or more usually ko), the rate constant for formation of E-
P. The value was obtained by calculating the tos for E-P formation and using

the equation:

kphos = 069/t05

It is not a true rate constant as there is necessarily a lag in the formation of E-P
due to the binding process. Firstly, note that the kinetics is much faster at pH
7.0 compared with 6.0. Examination of the overall kinetics reveals that Me;SO
cause quite a pronounced overshoot in concentration of E-P; presumably due
to its effect in inhibiting k1 and hence increasing E.P; levels. Thapsigargin
diminishes the overshoot, both in the presence and absence of Me;SO,

presumably by decreasing final E-P levels through its effect on ko. It is
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interesting how at both pH values the kinetics is much fastest in Me2SO and
thapsigargin, which has direct consequences in the Pi>HOH oxygen

exchange.

The calculated kpnos values are listed in Tables 3.2.1. It can be seen that Me;SO
has rather small effects at either pH whereas thapsigargin increases the value,
especially in the presence of Me2SO. When E; is closer to E-Pmax, both Mez50
and thapsigargin activate (Table 3.2.2).
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“The max1mum level of phosphoenzyme formed by phosphorylation with [3?P] inorganic phosphate at 25°C under conditions as in Fig.
3.2.9."Total rate of exchange is calculated from [(4-3P)/(4-4P)]4k, [P,)/[protein] where P_ is the partition coefficient expressed by the
relationship ky/(k, + k ,), k,,is the rate constant for the average loss of '#0 for all four phosphate species, [P;] =2 mM and [protein] = 0.4 mg
of protein/ml (Mclntosh and Boyer 1983). “The phosphoenzyme levels at the inorganic phosphate concentration used for medium P,«>HOH
oxygen exchange (2 mM). “The partition coefficient is determined from the equatlon (4-R,)/3 where R, is the ratio of the rate constant of
PO, depletion to the rate constant of average '®0 depletion from all phosphate species (k,,) (Hackney et. al., 1980). ‘k_, was determined
from the relationship Total Exc. Rate = [E-P]k, where [E-P] is E-Ppnp.- 7 E, . was taken from FITC labelling experiments as 6.9
nmol/mg of protein. k, and k, were calculated from K, = k_,/k; and K, = k_/k,, k; was determined from the relationship P, = ky/(k, + k_,)
(Hackney et. al., 1980). °k,,, , the rate constant for formation of E-P was determined from the tos of a simulated reaction where the P;
concentration was 10 mM and k;,k .k, and k_, as in this table "Fitting the data into Fig 3.2.10 led to an E-P,_,, value of 6.9 nmol/mg of
protein. This value is higher than-obtained for the other curves, and since P, has low affinity under these conditions, it is subject to the most
error. We therefore used an average of other E-P,,, values, which is 6.3 nmol/mg of protein.
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Figure 3.2.17 Changes in the Ca?*-ATPase intermediates during Pi

phosphorylation. The lines represent E: (dash double-dot dash line), E (solid
line), E.P; (dotted line) and E-P (dashed line).
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Figure 3.2.18 Changes in the Ca?*-ATPase intermediates during P;
phosphorylation. The lines represent E: (dash double-dot dash line), E (solid
line), E.P; (dotted line) and E-P (dashed line).
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3.3 P-GLYCOPROTEIN RESULTS

3.3.1 Protein purification and reconstitution

The initial part of this study involved P-glycoprotein (P-gp) purification in
order to characterise its catalytic properties. P-gp used in this study was
purified from the plasma membrane of Chinese Hamster Ovary (CH*B30)
cells grown in Colchicine supplemented medium. The purification is based on
procedure developed in the laboratory of Dr. R. Callaghan (Callaghan et. al.,
1997). Plasma membranes were prepared ‘according to the method of Lever,
1977 using nitrogen cavitation and sucrose density centrifugation. The sample
was frozen in liquid nitrogen and stored at -80 C. This preparation will
henceforth be called CH'B30 membranes. For purification of P-gp,
approximately 1 ml (~ 10 mg of protein) of CH'B30 membranes were
concentrated by high speed centrifugation. The pellet was solubilised in a
mixture of lipids and detergent, then centrifuged once again at high speed
before the supernatant (=~ 5 mg of protein) was subjected to ion exchange
chromatography to purify P-gp from other proteins. The protein composition
of samples at various stages of purification is shown in Fig. 3.3.1. P-gp
migrates with a molecular weight of 170 kDa. In the starting material, lane 1,
P-gp is visible as a major membrane protein, perhaps around 5% of the total
protein. Lane 2 is the protein that remained in the supernatant after the
plasma membranes were centrifuged down and no P-gp is in this fraction.
The pellet was solubilised in a mixture of asolectin lipids and dodecyl
maltoside, and centrifuged again to pellet unsolubilised protein. The
solubilised supernatant protein is shown in lane 3 and the pellet from the
second centrifugation in lane 4. Most of the P-gp is located in the solubilised
fraction. The solubilised protein was subjected to Bio-Rad Q column anion
exchange chromatography with elution in increasing NaCl concentration. P-
gp containing fractions eluted from the Q-column were pooled and

concentrated by ultrafiltration with a 100 kDa cut-off membrane (lane 5).
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Approximately 1.5 mg of protein was recovered. A protein band with a
molecular weight of 170 kDa was distinctive at this stage and represents
approximately 90% of the protein.

The elution profile from the Q-column is shown in Fig. 3.3.2. Three protein
peaks were observed, peaks i, ii and iii, as judged by absorbance at 280 nm.
SDS-PAGE of the fractions (Figs. 3.3.3a and 3.3.3b) shows that P-gp begins to
elute in the void volume after peak i and continues to elute until the trailing
end of peak ii. Fraction 3-14 were pooled and concentrated. The 100 kDa cut-
off of the ultrafiltration membrane removes micelles and most of low

molecular proteins from the concentrate.

In order to emulate native P-gp milieu, the purified protein can be
reconstituted into unilamellar phospholipid vesicles (MacDonald et al., 1991;
Callaghan et al, 1997). The reconstitution efficiency, i.e. replacement of
detergent by phospholipids, was analysed by SDS-PAGE and [PH]
phospholipid distribution after ultracentrifugation in a sucrose gradient. The
gradient separates lipid micelles from protein/lipid / detergents particles. The
association of [H] phospholipids with the P-gp indicates a successful
reconstitution. Most of the P-gp was in the 5 and 10% sucrose region,
although there were traces throughout the gradient (Fig. 3.3.4a). The
radioactivity profile (Fig. 3.3.4b) shows that the level of radioactivity
paralleled the protein distribution, confirming reconstitution. Reconstitution
was repeated six times and only in one case did the reconstitution fail, and in
the latter the protein and radioactivity accumulated in the 30% (v/v) sucrose

region at the bottom of the tube. This protein was probably denatured.
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Figure 3.3.1 SDS-PAGE gel of P-glycoprotein after solubilisation and anion
exchange chromatography. Protein were separated by electrophoresis on a 7
% SDS-PAGE gel and detected by silver staining. The lanes are CHrB30
membrane proteins (lane 1), supernatant after first spin (lane 2), solubilised
protein prior to anion exchange column (lane 3), pellet after second spin (lane
4), and concentrate of pooled fractions after ion exchange (lane 5).
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Figure 3.3.2 Elution profile from Q-column of solubilised membrane proteins.
The proteins were eluted with increasing percentage of buffer B containing 1
M NaCl (see experimental methods). Buffers contained 0.075 % (w/v) dodecyl
maltoside, 18 % (v/v) glycerol, 10 mM PIPES pH 6.9, 1 mM EDTA, 0.02 %
(w/v) NaNs The numbers i, ii, iii identify the major peaks. The flow rate was
2 ml/min and fractions were collected every min.
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Figure 3.3.3 SDS-PAGE gel showing the protein content of the 2 ml fractions
from anion exchange chromatography. Proteins were separated by
electrophoresis on 7 % SDS-PAGE gels and detected with silver staining.
From left to right gel (a) fractions 1-12 and gel (b) fractions 13-25. Each lane
was loaded with the same volume.
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Figure 3.3.4 Reconstitution efficiency. (a) SDS-PAGE gel of reconstituted
protein distribution (% refers to (w/v) sucrose) and (b) trace amounts [*H]
phosphatidyl choline distribution after sucrose gradient ultracentrifugation.
Aliquots of 200 ul were sampled from each 400 pl sucrose layer. From each
aliquot 100 pl were used for SDS-PAGE and 25 pl assayed for radioactivity.



109

3.3.2 ATPase activity

Solubilised Q-column protein concentrate and reconstituted proteoliposomes
were assayed for ATPase activity and compared to the activity of CH'B30
membrane protein preparation from which P-gp was purified (Fig. 3.3.5).

The basal activity of solubilised P-gp exhibited Vimax = 26 £ 3 nmol/min/mg of
protein and Kin (ATP) = 0.56 + 0.19 mM. Verapamil, a modulator but not a
substrate of P-gp, stimulated basal activity 3-fold, Vaax = 77 £ 7
nmol/min/mg of protein, Km (ATP) = 040 + 0.12 mM. The CH'B30
membranes showed a Verapamil-stimulated activity of Viyax = 144 £ 18

nmol/min/mg of protein and Kw (ATP) = 0.37 £ 0.17 mM.

Assuming the P-gp represénted approximately 5% of the total membrane
protein of CH'B30 membranes (see SDS-PAGE gel in Fig. 3.3.1) and that the
ATPase activity is derived from P-gp, the specific activity of the protein in the
native membrane is approximately 144 x 20 = 2880 nmol /min/mg of protein.
This means that the specific activity of the purified solubilised protein could

be 30-40-fold lower than that in the native membrane.

Reconstitution of P-gp into unilamellar vesicles increases the basal activity
and Verapamil-stimulated activity approximately 2-fold (Fig. 3.3.6, Vimax
(bésa1)= 44 + 3 nmol/min/mg of protein, Kmn (basal)# 0.31 + 0.07 mM; Viax
(Verapamil)= 101 * 6 nmol/min/mg of protein, Kn (Verapamil)= 0.30 * 0.07).
Verapamil is a fairly potent activator of reconstituted P-gp (Fig. 3.3.7, ECso = 1
uM) and vanadate an inhibitor (Fig. 3.3.8, ECso =1 uM). Inhibition of the pump
by vanadate trapping of nucleotide diphésphate during ATP hydrolysis has
been previously shown by Urbatsch et. al., 1995.
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Figure 3.3.5 ATP concentration dependence of ATPase activity of CHrB30
membranes and purified solubilised P-gp. Activity of CH'B30 membranes in
the presence of 50 uM Verapamil (v). Solubilised protein basal activity (m) and
50 uM Verapamil stimulated activity (a). The preparation (0.02 mg of
protein/ml) was incubated in 150 mM NHyCl, 20 mM Tris-HCl pH 7.4, 0.05%
(w/v) NaNs, 5 mM MgSOy in the presence and absence of Verapamil at 37 °C
for 25 min. Values obtained from an average of 3 independent preparations
and error bars show s.e. mean.
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Figure 3.3.6. ATPase activity of reconstituted purified P-gp. Basal activity (m
and 50 pM Verapamil stimulated activity (a). The preparation (0.02 mg of
protein/ml) was incubated in 150 mM NH4Cl, 20 mM Tris-HCl pH 7.4, 0.05%
(w/v) NaNs, 5 mM MgSOy in the presence and absence of Verapamil at 37 °C
for 25 min. Values obtained from an average of 3 independent preparations
and the verticals lines show s.e. mean.
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Figure 3.3.7 Effect of Verapamil on ATPase activity of reconstituted P-gp. The
preparation (0.02 mg of protein/ml) was incubated in 150 mM NH4C], 20 mM
Tris-HCl pH 7.4, 0.05% (w/v) NaN3; 5 mM MgSO; and Verapamil as
indicated at 37 °C for 25 min with 2 mM ATP.
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Figure 3.3.8 Effect of vanadate on basal ATPase activity of reconstituted P-gp.
The preparation (0.02 mg of protein/ml) was incubated in 150 mM NH.CI, 20
mM Tris-HCI pH 7.4, 0.05% (w/v) NaNs, 5 mM MgSO4 and vanadate as
indicated at 37 °C for 25 min with 2 mM ATP.
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3.3.3 Intermediate P; <>HOH oxygen exchange

Intermediate Pi<-HOH oxygen exchange refers to exchange of oxygen atoms
between P; and HOH during hydrolysis of ATP. At least 100 nmol of P;
needed to be processed in order to obtain reproducible and accurate GC-Mass
Spectral data. Basal ATPase activity of solubilised P-gp has a Vmax of 26
nmoles P; produced/min/mg of protein at 37 °C (previous section). A single
preparation of solubilised P-gp contains approximately 1.5 mg of protein. In
order to allow a number of oxygen exchange experiments per preparation, we
used 0.05-0.15 mg of protein for each experiment. This meant that enough P;
could only be produced in about 1 h. It will be seen below that most
experiments were conducted at 25 °C to minimise non-enzymatic hydrolysis

of ATP, and between 2-5 h incubation times were opted for.

A comparison of solubilised P-gp and non-enzymatic hydrolysis at various
temperatures over 5 h is shown in Fig. 3.3.9. At 0 °C approximately 0.7 nmoles
of phosphate was produced over 5 h in the absence of protein. There was a
small increase when protein was present. The proportion of enzymatic
hydrolysis increased at higher temperatures. Non-enzymatic hydrolysis
becomes detectable at 30 and 37 °C. The greatest activation by P-gp (i.e. the
largest enzymatic/non-enzymatic hydrolysis ratio) was at 25 °C. It is not clear
why the 180-enriched ATP was hydrolysed by P-gp more slowly at higher
temperature than %0 ATP in this experiment. Sodium azide was added to the

medium to inhibit some of the non-P-gp enzyme hydrolysis.

Basal ATPase activity catalysed by detergent solubilised P-gp at 25 °C showed
low oxygen exchange (Fig. 3.3.10). In comparison to the phosphate species
produced in the absence of exchange (hydrolysis by Glycerokinase), it can be
seen that the drop in PO; and rise in PO; are small. The distribution of 80O

enriched species fits reasonably well to a reaction with a partition coefficient
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(Pc) of 0.09. This means that there were very few reversals of the bound P; to

ATP.

Nicardipine, like Verapamil, is a modulator but not a substrate of P-gp, and
also stimulates ATPase activity (Ferté, 2000). The effect of Nicardipine on the
exchange is shown in Fig. 3.2.11. A comparison is made between hydrolysis in
the presence and absence of P-gp-inhibitor, XR 9576. This inhibitor inhibits
basal activity approximately 60% (Martin et. al, 1999). Its effect on
Nicardipine-stimulated activity has not been determined. It can be seen that
there is increased exchange in the presence of Nicardipine compared to the
basal exchange shown in the previous figure. The distribution of 1¥0O-enriched
P; species indicates a Pc of 0.25. This is significantly larger than 0.09 value seen
in the basal activity, and indicates a greater number of reversals at the active
site. XR9576 inhibited the exchange activity, producing a profile somewhat
similar to basal activity, compatible with it inhibiting most of the Nicardipine-
stimulated activity.

All P-gp substrates and modulators were prepared as Me;SO solutions
because of their hydrophobicity. The effect of Me2SO alone on the exchange is
shown in Fig. 3.2.12. It is evident from the drop in percentage of POs; and
increase in POz and PO, that increasing Me;SO concentration increased the
amount of exchange. The P. value increas;ed from the basal value of 0.09 to
0.39 at 35% (v/v) Me50. At 45% MeSO there was no exchange. The
corresponding ATPase activity is shown in Table 3.3.1. ATPase activity
measurements were determined from oxygen exchange by calculating the
amount of P; produced from GC-Mass Spec data. This was achieved by
adding a standard amount of [18O]P; after stopping Pi & HOH oxygen
exchange reaction. The added ['®O]P; can be distinguished from the [8O]P;
produced from hydrolysis of [y-180] ATP since only the added P; has a P1¥0O;
species. The amounts of added P80;, P180;, P130O; and P¥Op could also be
determined since the species distribution of the added [1®O]P; was already

known. The activity for this preparation was extremely low, but the results
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seemed to indicate that Me;SO up to 35% had little effect, and inhibited at
higher concentrations. The results indicate that as low a concentration of
Me;SO as was possible needed to be used to assess drug effects on the

exchange.

The effects of various compounds on oxygen exchange are shown in Fig.
3.3.13. As mentioned above Verapamil and Nicardipine are modulators and
activators of P-gp, whereas Vinblastine, Hoechst 33342, and Rhodamine 123
are substrates (i.e. transported) of P-gp (Shapiro et. al., 1999; Ferté, 2000). The
concentration of Me;SO was kept at 2% (v/v). During the 5 h incubation all
substrates except Verapamil failed to activate above basal oxygen exchange.
Investigation of the Verapamil effect on several preparations provided a Pc
value of 0.17 (Fig. 3.2.14). This value is significantly larger that the 0.09 value

obtained in basal activity and indicates more reversals at the active site.

The effects of various drugs on ATPase activity are shown in Table 3.3.2. All
the drugs except Verapamil failed to stimulate basal activity under conditions
in the legend to the table. Verapamil stimulated basal activity of solubilised P-
gp 2.5-fold. This stimulation is similar to the activation by Verapamil that we
previously obtained with ATPase activity measurements at 37 °C using a
calorimetric assay to measure phosphate production. It is not clear why
Nicardipine and the P-gp substrates failed to activate ATPase activity. Similar
results were obtained in a repeat experiment on a different preparation. The
lack of stimulation by Nicardipine is probably responsible for the lack of

effect of Nicardipine on the oxygen exchange seen above.

A single experiment of the combined effect of Verapamil and Me>;SO is shown
in Fig. 3.3.15. There is a large increase in oxygen éxchange in the presence of
Verapamil and Me;SO together. This increase is more that the effects of
Verapamil and Me;SO separately (compare with Figs. 3.3.12 and 3.3.13).
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Figure 3.3.9 Amount of phosphate produced by chemical and P-gp mediated
hydrolysis of ATP. ATP (2 mM) was incubated with and without P-gp (0.067
mg of protein/ml) in 50 mM Tris/HCl pH 7.4, 150 mM NH4Cl, 5 mM MgSO;,
0.02% (w/v) NaNs for 5 h at the indicated temperatures.
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Figure 3.3.10 Distribution of enriched phosphate species after P-gp basal
exchange. Solubilised P-gp (0.16 mg of protein/ml) was incubated with 2.5
mM [y-180]ATP for 5 h at 25 °C in 50 mM Tris/HCI pH 7.4, 5 mM MgCl,, 150
mM NH4Cl, 0.02% (w/v) NaNs. The profile for no exchange was from
Glycerokinase mediated hydrolysis of [y-180] ATP. Theoretical is the D;
distribution at a P. value of 0.09.
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Figure 3.3.11 Oxygen exchange in the presence of Nicardipine. Solubilised P-
gp (0.067 mg of protein/ml) was incubated with 0.5 mM [y-18O]ATP for 5 h at
25 °C in 50 mM Tris/HCl pH 7.4, 5 mM MgCl, 150 mM NH4Cl, 0.02% (w/v)
NaNs, 10 uM Nicardipine in the absence and presence of 1 uM XR 9576. No
exchange refers to P; produced by Glycerokinase catalysed hydrolysis of ATP.
Theoretical is the 130-enriched P; distribution of one catalytic pathway with P¢
value 0.25.
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Table 3.3.1 The effect of increasing MeSO concentrations on ATPase activity.
Hydrolysis activity was measured from the amount Pi produced during oxygen
exchange at 25 C°. Solubilised P-gp (0.1 mg of protein/ml) was incubated with 2.5
mM [#180O]ATP for 5 h in 50 mM Tris/HCl pH 7.4, 5 mM MgCly, 150 mM NH4Cl,
0.02% (w/v) NaN3 and increasing amounts of Me2SO . At the end of the incubation
period 100 nmoles of highly 18O-enriched P; was added to each sample. The proportion
of P104 species allowed the proportion of other enriched species derived from the
added Pi to be calculated, and hence the amount of P-gp-catalysed hydrolysis was
determined by subtraction. “

% MexSO Activity (nmol/min/me)
0 23
5 24
10 2.2
25 2.6
35 2.0
45 , 1.1
100+
1T ? B O % Me,SO
7 : 5% Me,SO
T m n B
: 10% Me,SO
50 &
B8 25% Me,SO
25- 2 q r . 35% Me,SO
gl [ [ : B 45% Me,SO
N NI R G

123 123 123 123 123 123 123 123 123 123

80O per phosphate

Figure 3.3.12 The effect of increasing MeSO on basal oxygen exchange.
Solubilised P-gp (0.16 mg of protein/ml) was incubated with 2.5 mM [y-
BO]JATP for 5 h at 25 °C in 50 mM Tris/HCI pH 7.4, 5 mM MgClz, 150 mM
NH4C], 0.02% (w/v) NaNs and increasing concentrations of Me2SO. The open
bars represent theoretical P; distribution. Each set of open bars corresponds to
the P; distribution to the left of it. These P. values were 0.12 for 5% (v/v)
MexS0O, 0.19 for 10% (v/v) Me2S0O, 0.36 for 25% (v/v) MexSO and 0.39 for 35%
(v/v) MexSO.
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Table3.3.2 The effects of drugs on ATPase activity. Hydrolysis activity was measured
by reference to 100 nmoles of highly enriched Pi added after the incubation time at 25
°C. Solubilised P-gp (0.1 mg of protein/ml) was incubated with 2.5 mM [-180O]ATP
for 5 h in 50 mM Tris/HCI pH 7.4, 5 mM MgCl, 150 mM NH4Cl, 0.02%
(w/v)NaN3 and 50 puM Verapamil or 10 uM Nicardipine/ Hoechst 33342/
Rhodamine 123.

Reaction parameters Activity (nmol/min/mg)
Basal 8.9
2% MeSO 11.3
Verapamil 26.2
Nicardipine 111
Hoechst 33342 15.7
Rhodamine 123 10.4
100+
M 0 3 & i@ No exchange
. . s —12% DMSO
7 : ] '3 (=21 Verapamil
o s' 1 Nicardipine
&~ 50 : L :E: . .
2 N % Vinblastine
: s [EH Hoechst33342
25 LB ez Rhodamine123
04 el il rall =1 K?l
123 123 1723 123 123
80 per phosphate

Figure 3.3.13 The effect of various drugs on oxygen exchange in P-gp.
Solubilised P-gp (0.16 mg of protein /ml) was incubated with 2.5 mM [y-180]
ATP for 5 h at 25 °C in 50 mM Tris/HCl pH 7.4, 5 mM MgClz, 150 mM NH4(C],
0.02% (w/v) NaNsand 50 pM Verapamil or 10 uM Nicardipine/ Vinblastine/
Hoechst 33342/ Rhodamine 123. No exchange refers to Glycerokinase-
catalysed hydrolysis of ATP.
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Figure 3.3.14 The effect of Verapamil on oxygen exchange in P-gp. Solubilised
P-gp (0.16 mg of protein/ml) was incubated with 2.5 mM [y-130] ATP for 5 h
at 25 °C in 50 mM Tris/HCl pH 7.4, 5 mM MgCl,, 150 mM NHCl, 0.02%
(w/v) NaNzand 50 uM Verapamil. Theoretical is the P; distribution of a single
catalytic pathway with a P. value of 0.17. No exchange refers to
Glycerokinase-catalysed hydrolysis of ATP. The bars indicate the standard
deviation from the mean where n = 4.
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Figure 3.3.15 The effect of Verapamil on oxygen exchange in the presence of
10% (v/v) MexSO. Solubilised P-gp (0.16 mg of protein/ml) was incubated
with 0.5 mM [y-18O]ATP for 5 h at 25 °C in 50 mM Tris/HCI pH 74, 5 mM
MgCl, 10% (v/v) Me:SO, 150 mM NH.Cl, 0.02% (w/v) NaNs, 10 uM
Verapamil. The P; distribution in 10% MexSO and Verapamil did not fit with
any of the P. values of one or two catalytic pathways. No exchange refers to
Glycerokinase-catalysed hydrolysis of ATP.
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4. DISCUSSION

Medium and intermediate Pi«->HOH oxygen exchanges provide insights into
the catalytic step of phosphoryl group hydrolysis, which are usually very
difficult to obtain by other means. The exchange characteristics of a particular
pathway is governed by the partition coefficient, P, which encompasses the
partitioning of P; between dissociation from the active site and formation of a
covalent phosphoryl moiety, in this study either phosphoenzyme (Ca2*-
ATPase) or ATP (P-gp). An alteration in the P. indicates a changed catalytic
pathway with new rate constants governing the interaction of P; with the

enzyme active site.

Under favourable circumstances, when P values are fairly different, two
pathways can be detected from a fit of the expected enriched P; distribution to
the experimental. Medium Pi«>HOH oxygen exchénge becomes measurable if
significant amount of the Michaelis complex E.P; and E-P or ATP is formed
from medium P;. This is the case for SR Ca?*-ATPase where phosphoenzyme
formation from P; can be measured. Phosphoenzyme and oxygen exchange
measurements allowed us to elucidate all four rate constants of the P; reaction
with Ca?*-ATPase and reveal the mechanism of Me;SO activation and a novel,

unexpected effect of thapsigargin on this reaction.

Intermediate Pi<>HOH oxygen exchange refers to the exchange that occurs
during ATP hydrolysis when the Pi species involved is derived from ATP.
Again the exchange is governed by the P.. Application of this exchange to P-
gp catalysis showed that basal activity (absence of modulators or substrates)
is characterised by very little exchange, or reversal of P; from ATP and only a
single pathway can be discerned. Activation of ATPase activity with
Verapamil significantly enhances the number of reversals, and again only a

single pathway can be distinguished.
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4.1 Oxygen exchange methodology

The oxygen exchange methodology needed to be created virtually from
scratch as it had not been done in our laboratory since the early 1980's. .
Fortunately [**O]P; remained from that period, as well as N-ethyl-N-nitroso-
p-toluenesulfonamide needed for the synthesis of diazoethane (used to
derivatise P;). Since the synthesis of the latter is dangerous, we explored the
possibility of MALDI-TOF mass spectrometry without derivatisation, but no
peaks attributable to P; could be discerned. This form of mass spectrometry

was also unsuitable for derivatised P,

Analysis of derivatised P; was eventually achieved on a Hewlett Packard GC-
Mass Spectrometry instrument in use by the Forensic Laboratories reasonably
close to University of Cape Town. The instrument had the advantage of an
expert operator, Sue Peall. A disadvantage was that the laboratory was a busy

one and the samples could take some weeks to get analysed.

Initially, natural unenriched P; was analysed to establish the elution times, the
purity of the P;, looking in particular for contaminants which might have the
same molecular mass as some of the P; species, a»nd the natural abundance of
['8O]P; in our sample. Our results compared favourably with those published
by the Boyer laboratory (Stempel et. al., 1986). The enriched P; synthesised
those decades ago proved still to be highly enriched in '80O. This highly
enriched P; was used for the synthesis of [y-18O]JATP as described by
Mokrasch et. al., 1960. Glycerokinase cleavage allowed analysis of the success
of the enrichment, and this proved to be as good as can be expected and equal

to that achieved in Boyer’s laboratory (McIntosh and Boyer, 1983).
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4.2 SR Ca?*=-ATPase

Several novel findings came out of our study of the interaction of thapsigargin
and MexSO with Ca?*-ATPase. Perhaps the most important is that
thapsigargin has little effect on medium Pi«>HOH oxygen exchange, and
greatly stimulates the exchange in the presence of Me;SO. These effects can be
traced to thapsigargin activation of the E-P hydrolysis step and MeSO
inhibition of P; dissociation. It shows unequivocally that thapsigargin binds to
E2-P. Related to this binding is the observation that thapsigargin does not
completely inhibit E-P formation. The work also solves a long standing issue
as to the mechanism of Me;SO increasing the apparent affinity for Pi. We
show that this is overwhelmingly due to its effect in inhibiting P; dissociation
and hence changing the true affinity for Ps

Interestingly, the effect of thapsigargin and Me;SO together is synergistic, the
combined effect on total rate of oxygen exchange is much greater than that of
either agent élone. The cause of the synergism is difficult to tease out at the
level of rate constants, but their effects on k., are illustrative. Me;SO alone is
inhibitory, while thapsigargin alone is stimulatory to about the same extent
(Table 3.2.1). When they are together only the thapsigargin effect prevails,
namely a stimulation. The effect is not additive. Similar changes are observed

in other rate constants, and the combined effect is synergistic.

The lack of an effect of thapsigargin on the total rate of Pi«>HOH exchange
obscures the fact that E-P levels drop and k. is activated (total rate of
exchange = ko[E-P]). Obviously, the presence of an exchange reaction means
that E-P levels are not zero, and in fact we measured a low but significant
amount of E-P even in the presence of excess thapsigargin. These findings are
in agreement with the later work of Sagara et. al.,, 1992. The E2.Thapsigargin
complex is not a dead end state, as suggested previously by Sagara et. al.,

1992. The work of Lee’s laboratory also suggested that E-P levels went to zero
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in the presence of thapsigargin (Wictome et al., 1992). Ca?* loading has been
reported to have a significant effect on phosphorylation from P; (Sagara et. al.,
1992), but we cannot confirm this (Fig. 3.2.9). It has been reported very
recently that thapsigargin binds to most catalytic intermediates of the cycle,
modulating their kinetics (Fortea et. al.,, 2001). They found that hydrolysis of
E-P from ATP in the presence of Ca?* and thapsigargin is not inhibited. This is
in agreement with our results, except that we observe an activation of

hydrolysis when the E-P is derived from Pi.

As detailed in the Introduction, it has been known for a long time that Me;SO
or glycerol increase the apparent affinity for P, and eliminate the pH
dependence of the reaction (de Meis et. al, 1980, Dupont and Pougeois, 1983).
The mechanism of the effect has not been resolved. de Meis and co-workers
have shown that the organic solvent increase the partition coefficient of P;
from aqueous phase into an organic phase (de Meis et al., 1980, de Meis and
Inesi, 1988), and concluded that Me2SO changes the properties of the medium
and not the protein. This means that the apparent increase of affinity is a true
one, and the mechanism is through increasing P; binding. On the other hand
Dupont and Pougeois, 1983 have inferred from their results that the binding
of P; promotes a conformational change that induced the release of water
molecules, thereby increasing the hydrophobicity of the active site and
favouring E-P formation. Our results suggest that both mechanisms are
incorrect and that Me;SO primarily decreases the off rate constant of P;. Thus
Me2SO must be directly altering the interaction of P; with the active site,
increasing the number and/or strength of the bonding interactions. For a
polar molecule like phosphate, these interactions will be salt linkages or
hydrogen bonds and Me;SO must increase these, One possibility is through
the organic solvent lowering the pKa of the oxygens, thereby promoting
protonation and perhaps an increased possibility of hydrogen bonding. A
number of probes show that interaction of P; with Caz*-ATPase promotes

changes in conformation. In most of these studies it is difficult to distinguish
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between E2.P; and E2-P, and the effect are usually attributed to E2-P. For
example, bound 2/, 3'-O-(24,6-trinitrophenyl)-ATP, becomes highly
fluorescent on phosphorylation from P; (Watanabe and Inesi, 1982; Bishop et.
al., 1984; Berman, 1986). Glutaraldehyde cross-linking of K492 and R678
prevents E2-P formation and E2-P cannot be cross-linked (Ross et. al., 1991).

The protein becomes more compact in E2-P as judged from proteolytic
digestion (Danko et. al., 2001). The atomic structure of Ca?*-stabilised Ca?*-
ATPase showed the head domains to be open and relatively apart (Toyoshima
et. al, 2000). Modelling the structure on image reconstruction of 2-D crystals
formed in decavanadate and absence of Ca?* suggested that the N and A
domains come together over the P domain. In particular a segment of the A
domain moves into the active site to apparently form a cap over the P; binding
site (at Asp351, which is phosphorylated) and excludes the N domain. These
domain movements and stabilisation of their new interactions could be

favoured by Me;SO.

¥

Our findings that Me;SO affects mainly k1 seems to be in conflict with the
results of Champeil et. al., 1985. The latter group showed that Me2SO up to
20% (v/v) increased kobs approximately 7-fold, suggesting that the effect may
be principally on k2. We find that the rate constants we elucidated lead to kobs
(kphos) values that are not much affected by the organic solvent. We are not
sure why there is this difference, but it may be due to the higher Me;SO
concentration in the present experiments. de Meis et. al., 1980 found that 40%
MezSO had a large inhibitory effect. So, to some extent our conclusions may

depend on MezSO concentration.

Determination of K; and Kz required knowledge of the total amount of active
enzyme, E:. The reaction with P; in MezSO is considered to yield an amount of
phosphoenzyme that is very close to E: (e.g. Champeil et. al., 1985). This in

effect means that K; is close to zero. The arﬁount of E-P under these
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conditions is less than the amount of E; that can be calculated from the
molecular weight and the percent purity of the vesicles (7.2 nmoles/mg of
protein, see results section). The discrepancy between the E-Pmax and E: has
generally been attributable to inactive ATPase, since purer preparations yield
higher values (Barrabin et. al, 1984). We sought to partially eliminate this
problem by choosing a preparation which had very high E-Pmax levels.
Usually our SR preparations exhibit E-P levels of around 5 nmoles/mg of
protein. The preparation used in this study had E-P levels in excess of 6

nmol/mg of protein. They were selected from 12 preparations.

We attempted to obtain a value for E; that was independent of E-Pmax by using
the FITC reaction. Our results confirm that the reaction is highly specific and
can be used to titrate the number of active sites, The method depends on the
reaction going to completion and the purity of the compound. Under the
conditions used and at low ratios of FITC to Ca?*-ATPase the amount of
unreacted or unreactive FITC was very small and this served to make the end

point of the titration sharper.

Taking the amount of FITC-reactive protein as active Ca?*-ATPase assumes
that the inactive Ca?*-ATPase does not react with FITC. This need not be valid
as one can imagine that the N-domain may exist as a well folded entity when
the rest of the protein is denatured. In fact, a recombinant section of the large
cytoplasmic loop is specifically labelled by FITC (Mouﬁn et. al., 1998). Thus
the amount of active protein may be overestimated by this method. For this
reason and for other possible errors in the method (such as reaction with
other lysines), we also fitted the phosphorylation data using an E: of 6.33
nmol/mg of protein. This had the effect of decreasing Kz and increasing Ki
substantially, which translated to a large increase in k; and k1. However, the
overall conclusion for the MezSO effect on P; affinity and the activation of k2

by thapsigargin remains valid.
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The reaction scheme is likely to be more complicated than a simple two step

reaction.

El E1-P.Ca,

y :
pH dependent /I L

E2 = E2.P, = E2-P
1

E2.Mg

The pump exists in a number of non phosphorylated forms, that are
dependent on pH. Low pH or protonation (likely of the transport sites)
favours E2, while high pH shifts the protein to E1, a conformation that can
bind Ca?*. Mg?* stimulates phosphorylation but is inhibitory at high
concentrations, probably by binding to the transport sites (Loomis et. al,
1982). The inhibitory effect is larger at pH 7.0 (Champeil et. al., 1985). A
further complication is the status of the protonated sites (e.g. vacant, partially

protonated, occluded and various orientations).

The binding site for thapsigargin is not known fof certain. Chimeric proteins
made up of combinations of Caz*-ATPase and Na*,K* -ATPase, as well as site-
directed mutagenesis have imphcéted helices 3 and 7 (Norregaard et. al., 1993;
Yu et al, 1998; Toyoshima et. al, 2000). The structure of thapsigargin is
extremely hydrophobic with 4 alkyl chains emanating from the molecules.
These are likely to be located in the lipid bilayer. The extremely tight
interaction of thapsigargin with Ca?*-ATPase (picomolar affinity, Davidson
and Varhol, 1995) suggests multiple interaction points. However, a recent
report by Young et. al,, 2001 suggested the binding site of thapsgargin is,
outside the membrane in the luminal loops between TM3/ TM4 and
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TM7/TM8. This location seems rather unlikely given the high affinity and
hydrophobicity. We favour a binding site in between helices 3 and 7, close to Phe254

as shown in Fig. 4.2.1.

Figure 4.2.1 A putative thapsigargin binding site (red insert) in the membrane domain
of Ca**-ATPase atomic structure solved by Toyoshima et. al., 2000.

We studied the influence of thapsigargin on the stability of the membrane helices by
investigating its effect on stabilising the protein in detergent in the absence of Ca".
The uncertainty of the thapsigargin binding site does not affect the fact that it
stabilises the protein. We used glutaraldehyde to confirm that thapsigargin at a molar
ratio of 1:1 protects Ca*"-ATPase against detergent-associated denaturation. The
denaturation in detergent is perhaps due to loss of stabilising interactions of
phospholipids with transmembrane helices when Triton X-100 micelles replace
membrane bilayers. Thapsigargin could counteract these effects by holding helices 3

and 7, and possibly others, together.
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The strong stabilisation of the membrane helices by thapsigargin suggests that the
helices are locked and unable to undergo significant movements. This means that not
much is happening in this region during activated oxygen exchange. This is suprising
as E2-P formation and hydrolysis is considered to be associated with H' translocation
(Madeira, 1980; Chiesi and Inesi, 1980; Meissner, 1981; Yamaguchi and Kanazawa,
1985; Levy et al., 1990). The activating effect of thapsigargin on the exchange may be
explained by either of two mechanisms. Firstly, thapsigargin may uncouple the
Ca**/H" binding site from the events in phosphorylation domain. This would allow
reversals of E-P formation whilst the transmembrane helices are locked together. The
second possibility can be explained using the scheme below. Thapsigargin in the
presence of Me,SO could stabilise intermediates with an occluded H' state. Reversals
of the stabilised intermediates (enclosed in a dotted box) would not require major

conformational changes.
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Mutation of a highly conserved Lys758 to Ile in Ca’’-ATPase enhances E2-P
hydrolysis and inhibits E2 to El1Ca, transition (Sorensen et. al., 1997). Future
experiments on this mutation could investigate whether this mutation produces a
similar activation as the combined effect of thapsigargin and Me;SO. Furthermore, it
would be interesting to see if addition of thapsigargin and Me,SO to this mutant

produces an additional increase in oxygen exchange.
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4.3 MDR P-glycoprotein

The P-glycoprotein used in these studies was derived from Chinese Hamster
Ovary (CHO) cell line, CH'B30. The predominant isoform is P-gp isoform-1
(Al-Shawi et. al., 1994), which is analogous to human multidrug resistance
(MDR1), the transporter responsible for multidrug resistance in human
cancers. Culturing in the presence of Colchicine induces the overexpression of
P-gp so that the amount increases to approximately 5% of the plasma
membrane. We found that the Verapamﬂ-stimulated ATPase activity of this
crude preparation was approximately 150 nmol/min/mg of protein at 37 °C.
If all the ATPase activity is attributable to P-gp this would mean a specific
activity of approximately 3000 nmoles/min/mg of protein. This is about
equal to the highest activities reported for purified or semi-pure CHO P-gp
(Urbatsch and Senior, 1995; Borgnia et. al,, '1996; Callaghan et. al., 1997),
suggesting that indeed most of the activity is due to P-gp.

Purification of P-gp and reconstitution in egg yolk phosphatidyl choline and
phosphatidyl ethanolamine produced an activity of approximately 80
nmol/min/mg of protein. Previously, this laboratory has obtained activities
of up to 2137 nmol/min/mg of protein for purified CHO P-gp reconstituted
into asolectin liposomes (Callaghan et. al., 1997). It is not clear why most of
the purified P-gp in the present batches appeared to be inactive. It is likely
that this occurred during time the protein was in contact with the detergent
dodecyl maltoside. Asolectin was added together with the detergent to help
preserve activity. However, during the anion exchange chromatography (Q-
column) it is possible that most of the lipids dissociate from the protein since
the elution buffer contains only dodecyl maltoside and not lipids. Inactivation
of the protein during this step, measured by Vinblastine binding capacity, is
know to occur, especially if the pH is a bit higher (Callaghan et. al., 1997). It

may be advantageous to have a small amount of lipids in the elution buffer.
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The elution was done at room temperature. Perhaps a lower temperature
would be better. Shapiro‘ and Ling performed their anion exchange
Chromatography step at 4 °C (Shapiro and Ling, 1997). The use of other
detergents is not beneficial (Callaghan et. al, 1997).

The purified reconstituted P-gp was stimulated approximately 2-fold by
Verapamil. This is a bit lower than most laboratories reports of 3-10 fold
(Ambudkar et. al., 1992; Al-Shawi et. al., 1993; Shapiro and Ling 1994), but is
consistent with a previous report from our laboratory (Callaghan et. al, 1997).
The basal activity seemed rather insensitive to vanadate (inhibition only 20%),

suggesting that some of the basal activity may not be due to P-gp.

We chose to use a solubilised preparation for oxygen exchange studies, since
it is as pure as the reconstituted protein, more stable (unpublished
observation) and required less manipulations. A disadvantage was that the
activity was a bit lower (60 compared to 80 nmol/min/mg of reconstituted

protein). It exhibited Verapamil stimulation to the extent of 3-fold.

The lower ATPase activities obtained during the oxygen exchange
experiments were due to the lower temperature and long incubation time. It is
unlikely that full activity was sustained over 2-5 h. The preparations used in
the exchange studies consi‘stenﬂy showed approximately 2-fold activation
with Verapamil. However, we never obtained stimulation with Nicardipine,
Vinblastine, Hoechst 33342 and Rhodamine 123. Nicardipine has generally
provided greater stimulation than Verapamil in our laboratory’s routine
ATPase assays. It is unclear what is the reason for this difference, but may

have something to do with the long incubation times or lower temperature.

The low ATPase activity measured during the oxygen exchange experiments
and long incubation times made us concerned that non enzymatic ATPase

hydrolysis could contribute a significant amount of phosphate. At 25 °C it
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actually contributed 10-20% of the total phosphate produced (Fig. 3.3.9). Since
non enzymatic hydrolysis occurs without oxygen exchange, over and above
the one required for hydrolysis, it means that the amount of exchange
occurring during enzymatic hydrolysis would be underestimated, and in part

explain the very low P. value (0.09) obtained for the basal activity.

Increasing concentration of MexSO up to 35 % (v/v) had a dramatic effect of

increasing the Pc value and oxygen exchange. The effect is very similar to that

obtained for Ca?*-ATPase, where, as have seen, the rate constant for P;

dissociation was lowered 100-200 fold. A similar mechanism may be

operating in P-gp. Organic solvents have been found to decrease the apparent

affinity for P; in other enzymes such as inoxjgam’c. pyrophosphatase (de Meis -
et. al, 1986). In the mitochondrial F; ATPase, Me:SO has the effect of

promoting the binding of P; to the enzyme with bound ADP at the catalytic

site (Kandpal et. al., 1987).

Stimulation of ATPase activity with Verapamil increased the P. value from
0.09 to 0.17, indicating that more reversals to form ATP are occurring during
catalysis. This may also be happening during Nicardipine activation, but
unfortunately only a single experiment showed this result. In other attempts
Nicardipine failed to activate ATPase activity and a low basal Pc was

obtained.

The P. represents the partitioning of bound P; between formation of ATP and
dissociation. In Scheme 4.3.1, Pc=k1/(k1 + k2). An increase in P. means that
either k. is increased or kz is decreased. In either of these cases the ATPase
activity must necessarily be decreased. Since activation of ATPase activity is

actually observed other rate constant(s) must have been activated in parallel.
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k)

EATP =2 E.ADP.P, %~ E.ADP

1
] 5

ATP | P, ADP

Scheme 4.3.1 A simple scheme to describe hydrolysis of ATP at the active site
(represented by a box) under conditions of low Piand ADP in the medium.

There is evidence that P is released prior to ADP dissociation as shown in
Scheme 4.3.1. Vanadate inhibits P-gp by trapping ADP at the active site
(Urbatsch et. al.,, 1995). This occurs during ATP hydrolysis, suggesting that
ADP remains at the active site for sufficiently long enough for P; dissociation
and vanadate binding. P; exhibits low affinity for P-gp, making
E.ADP.Pi—E.ADP essentially irreversible (Kerr et al, 2001) and its
dissociation rate is likely to be high. This is; possibly the reason for Me;SO not
inhibiting ATPase activity, as increasing ko for P; (if this is the mechanism)
say 10-fold e.g. 1000 s! to 100 s, would not have a large effect on ATPase
activity as the rate constant remains higher that other steps in the cycle, but

such a change would affect the P..

This logic could be carried through to Verapamil activation of the exchange,
but to account for the activation of ATPase activity either rate constants ki

and/or ks must activated (assuming ATP binding is not rate limiting).
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The alternative possibility of accounting for a raised P. and accelerated
activity, would be activation of both k; and k., in which the increase in ki is

greater than k., so that the nett flux from E.ATP to E.ADP.P; is increased.

The lack of activation by P-gp substrates pkrecludes any definitive conclusions
as to their effect on P.. Taking these results at face value, it appeared that here
as no change from basal P.. This would imply that P-gp is pumping
something, perhaps some lipid during basal activity. Although activation of
ATPase activity by Nicardipine was not seen in later experiments, it appeared
from an earlier experiment that Nicardipine did alter the P. like Verapamil.
Thus modulators of P-gp appear to catalyse a different reaction from the
substrates. However, definitive conclusions could only be drawn once the
oxygen exchange characteristics of substrate activated ATPase activity are

possible to be investigated.

The P; species produced during the exchange reactions catalysed in the
presence of modulators and substrates could be satisfactorily fitted to a single
pathway. Since both nucleotide binding domains ’cooperate in the hydrolysis
of ATP (Senior et. al., 1995; Hrycyna et. al,, 1999; Kerr et. al. 2001), the result
indicates that each catalytic site cétalyses an identical cycle. This means that
each partial reaction of the cycle must be tightly coupled to each other such
that the rate constants governing each step are identical. It is testament to the
extraordinary degree of cooperation that has been seen with this pump.
Mutation or derivatisation of one site completely blocks catalysis at the other
site (Urbatsch et. al., 1994; Liu and Sharom, 1996; Beaudet et. al., 1998; Senior
and Bhagat, 1998; Hrycyna et. al., 1999).

In a single experiment where the Verapamil stimulated catalysis was
examined in the presence of 10% (v/v) Me:SO, a much larger amount of
exchange was obtained and the distribution of P; species could not be

satisfactorily fitted to a single catalytic pathway. This could be an exciting
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avenue of research, where catalysis of the individual halves of P-gp may be

distinguished.

Finally, the P-gp results should be considered as preliminary. The low activity
of the preparations meant that catalysis needed to be extended over long
incubation times. The failure of vanadate inhibition to completely inhibit
ATPase activity may indicate other enzyme activities. Furthermore, the
amount of purified protein was very limited due to resources and time, and
few repeats of the experiments could be performed. Future studies should be
carried out on more active preparations, and preferably where activation of

ATPase activity by modulators and substrates are clear.
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