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The power of the technique was shown with chloroplast FI ATPase, where 

covalent derivatisation with 2-azido-ATP allowed detection of 3 catalytic 

pathways during [y-l8()]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 FI-ATPase was solved 

by John Walker's laboratory in Cambridge (Abrahams et. al., 1994). It showed 

a a3~3 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 ~-subunit). Their experiments indicated 

one empty site on a ~-subunit, a second ~-subunit with bound ADP and a 

third ~-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. 

100m 

F· 

' " 

Figure 1.1.6 Structure of FIFo ATPase. The enzyme comprises of two 
segments, Fl and Fa. The FI segment has 3 a subunits, 3 ~-subunits and 1 £, 8 
and y subunits. The Fa has 1 a subunit, 2 b subunits and 9-12 c subunits 
(Schni tzer, 2001) 
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Figure 1.1.7 Binding Change Mechanism in AlP synthase. Rotation of the 
central asymmetric mass (y8Eb2), which is yellow, causes conformational 
changes in the three catalytic sites (uP pairs) which are green or blue. The 
changes in conformation results in the affinity for ligands being open (0), 
loose (L) and tight (T) during ATP synthesis (Cross, 1994). 

The Fl-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 A TPases 

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 cata1ysed a rapid Pi~HOH exchange in the absence of Na+ (Dahms 

and Boyer, 1973) and the sarcoplasmic reticulum Ca2+-ATPase an even more 

rapid exchange in the absence of Ca2+ (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.B. 
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Figure 3.2.14 The effect of thapsigargin on the stability of Ca2
+ -ATPase determined 

by glutaraldehyde cross-linking. SR vesicles (0.4 mg of protein/ml) were 
preincubated at 25°C for 15 min in 50 mM MOPS/TMAH, pH 7.5, 10 mM MgCh, 
0.1 M sucrose. A 5 min cross-link reaction at the same temperature was started by 
adding 5 mM glutaraldehyde under various conditions explained in the results 
section. After stopping the cross-link reactions, the samples were electrophoresed on 
a 7% acrylamide gel (Laemmli, 1970) and stained with Coomassie Blue. Detergent 
refers to 0.5% (w/v) Triton X-IOO and the absence of calcium was achieved by 
adding 5 mM EGT A. The lanes are: (1 and 10) SR vesicles in cross-link buffer 
without glutaraldehyde, (2) Reaction of SR vesicles with glutaraldehyde in the 
absence of detergent, (3) Cross-link reaction in the presence of detergent and 
calcium ions i.e. 0.1 mM CaCh,( 4) Cross-link reaction in the presence of detergent 
and absence of calcium ions, and (5, 6, 7, 8 and 9) Detergent solubilised SR vesicles 
cross-link reaction in the absence of calcium ions plus increasing stoichiometric 
amounts ofthapsigargin at 0.1: 1, 0.5: 1, 1: 1, 2: 1 and 3: 1 respectively. 
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1 2 3 4 5 

'III( P-gp 

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-P AGE 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 3.3.3 SOS-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 [3H] 
phosphatidyl choline distribution after sucrose gradient ultracentrifugation. 
Aliquots of 200 ~l were sampled from each 400 J.!l sucrose layer. From each 
aliquot 100 J.!l were used for SDS-PAGE and 25 J.!l assayed for radioactivity. 
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TM7/TM8. This location seems rather unlikely given the high affmity 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 Ca2

+ -ATPase atomic structure solved by Toyoshima et. aI., 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 Ca2
+. 

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: I protects Ca2
+ -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-I00 micelles replace 

membrane bilayers. Thapsigargin could counteract these effects by holding helices 3 

and 7, and possibly others, together. 
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