
 

1 

CONSTRUCTION AND DISULFIDE CROSSLINKING OF CHIMERIC b SUBUNITS IN 
THE PERIPHERAL STALK OF F1FO ATP SYNTHASE FROM Escherichia coli 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

SHANE B. CLAGGETT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2008 



 

2 

 

 

 
 
 
 
 
 
 

© 2008 Shane B. Claggett 
 
 
 
 
 
 
 
 
 

 



 

3 

 

 

 

To the highest benefit of all beings. 
 
 
 

 



 

4 

ACKNOWLEDGMENTS 

I thank my parents for the gift of life and the desire to learn and grow, and I thank all of my 

teachers for the knowledge they have so diligently acquired and patiently passed on.  I especially 

thank my professor, Dr. Brian Cain, and the members of my committee for their support and 

guidance. 

 
 



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS ...............................................................................................................4 

LIST OF TABLES...........................................................................................................................8 

LIST OF FIGURES .........................................................................................................................9 

ABSTRACT...................................................................................................................................13 

CHAPTER 

1 INTRODUCTION ..................................................................................................................15 

Overview of F1FO ATP Synthase............................................................................................15 
Crosslinking as a Probe for Molecular Structure....................................................................17 
Mechanism of Action of ATP Synthase .................................................................................19 
Escherichia coli as a Model System of F1FO ATP Synthase..................................................24 

Proton Translocating Subunits in FO ...............................................................................24 
Subunit a ..................................................................................................................24 
Subunit c...................................................................................................................33 

Rotor Stalk Subunits........................................................................................................41 
Subunit ...................................................................................................................41 
Subunit ...................................................................................................................49 

Catalytic Subunits of F1...................................................................................................56 
Peripheral Stalk Subunits ................................................................................................63 

Subunit  ..................................................................................................................63 
Subunit b ..................................................................................................................67 

Comparison of The Peripheral Stalks of Different Organisms...............................................82 
Chloroplast and Chloroplast-like Peripheral Stalks ........................................................83 
Mitochondrial Peripheral Stalks ......................................................................................84 

2 MATERIALS AND METHODS .........................................................................................109 

Bacterial Strains and Growth on Succinate ..........................................................................109 
Preparation of Membranes....................................................................................................109 
Determination of Protein Concentration...............................................................................110 
Proton Pumping Assay Driven by ATP................................................................................111 
Measuring the Rate of ATP Hydrolysis................................................................................112 

Assay Using Acid Molybdate........................................................................................112 
Assay Using MESG.......................................................................................................114 

Crosslinking Using Cu2+.......................................................................................................115 
Formation of the b-b Crosslink......................................................................................115 
Formation of the b- Crosslink......................................................................................116 

Nickel Resin Purification......................................................................................................116 



 

6 

Trypsin Digestion .................................................................................................................118 
Western Analysis ..................................................................................................................118 

Electrophoresis of Proteins and Transfer to Membrane ................................................119 
Antibody Against the b Subunit ....................................................................................119 
Antibody Against the V5 Epitope Tag ..........................................................................120 
Densitometry Analysis of Western Blots ......................................................................120 

3 FUNCTIONAL INCORPORATION OF CHIMERIC b SUBUNITS INTO F1FO ATP 
SYNTHASE .........................................................................................................................122 

Introduction...........................................................................................................................122 
Results...................................................................................................................................123 

Plasmid Construction.....................................................................................................123 
Complementation Analysis ...........................................................................................124 
Stability of F1FO Complexes..........................................................................................125 
Coupled F1FO Activity...................................................................................................127 
Detection of Heterodimers ............................................................................................128 

Discussion.............................................................................................................................130 

4 DISULFIDE CROSSLINK FORMATION WITHIN CHIMERIC PERIPHERAL 
STALKS OF E. coli F1FO ATP SYNTHASE.......................................................................143 

Introduction...........................................................................................................................143 
Results...................................................................................................................................144 

Functional Characterization of Cysteine Mutants .........................................................144 
Development of the Crosslinking Assay .......................................................................146 
Disulfide Crosslink Formation Between Chimeric Subunits ........................................147 
Effects of ATP on Crosslink Formation........................................................................149 

Discussion.............................................................................................................................150 

5 DISULFIDE CROSSLINK FORMATION WITHIN THE WILD-TYPE PERIPHERAL 
STALK OF E. coli F1FO ATP SYNTHASE.........................................................................173 

Introduction...........................................................................................................................173 
Results...................................................................................................................................174 

Functional Characterization of Mutants ........................................................................174 
Crosslink Formation ......................................................................................................175 
Effects of ATP on Crosslink Formation........................................................................176 

Discussion.............................................................................................................................176 

6 SPECIFIC INTERACTIONS BETWEEN  AND THE INDIVIDUAL b SUBUNITS 
OF ATP SYNTHASE...........................................................................................................185 

Introduction...........................................................................................................................185 
Results...................................................................................................................................186 

Functional Characterization of Mutants ........................................................................186 
Development of Crosslinking Assay .............................................................................187 



 

7 

Crosslink Formation ......................................................................................................188 
Discussion.............................................................................................................................191 

7 CONCLUSIONS AND FUTURE DIRECTIONS ...............................................................205 

Conclusions...........................................................................................................................205 
Future Directions ..................................................................................................................210 

A PLASMID CONSTRUCTION.............................................................................................213 

LIST OF REFERENCES.............................................................................................................220 

BIOGRAPHICAL SKETCH .......................................................................................................253 

 
 



 

8 

LIST OF TABLES 

Table  page 
 
1-1 Crosslinking reagents.........................................................................................................19 

3-1 Plasmids used in this chapter ...........................................................................................132 

3-2 Synthetic oligonucleotides used in this chapter ...............................................................133 

3-3 Growth properties and ATPase activity in cells expressing chimeric subunits ...............134 

3-4 Proton pumping rates of membranes prepared from cells expressing chimeric      
E39-I86 subunits ..............................................................................................................135 

\4-1 Oligonucleotides used in this chapter ..............................................................................153 

4-2 Plasmids, growth on succinate and ATP hydrolysis........................................................154 

5-1 Oligonucleotides used in this chapter ..............................................................................178 

5-2 Plasmids, growth of mutants on succinate and rates of ATP hydrolysis .........................179 

6-1 Oligonucleotides used in this chapter ..............................................................................194 

6-2 Plasmids, growth of mutants on succinate and rates of ATP hydrolysis .........................195 

 
 



 

9 

LIST OF FIGURES 

Figure  page 
 
1-1 Model of F1FO ATP Synthase ............................................................................................85 

1-2 Mechanism of ATP hydrolysis ..........................................................................................86 

1-3 Subunit a ............................................................................................................................87 

1-4 Proton channels through the a subunit...............................................................................88 

1-5 Model of the topology of subunit a....................................................................................89 

1-6 Model of the aG170-S265c12 complex ....................................................................................90 

1-7 Subunit c ring.....................................................................................................................91 

1-8 Structure of monomeric c subunit......................................................................................92 

1-9 Models of c subunits rings .................................................................................................93 

1-10 Subunit  ............................................................................................................................94 

1-11 Subunit  structure with closed C-terminal domain...........................................................95 

1-12 Subunit  structure with open C-terminal domain .............................................................96 

1-13 Subunit  ............................................................................................................................97 

1-14 Structure of the entire  subunit .........................................................................................98 

1-15 Subunits  and  ................................................................................................................99 

1-16 High-resolution structure of F1 ........................................................................................100 

1-17 Nucleotide binding site of the  subunit ..........................................................................101 

1-18 Subunit  ..........................................................................................................................102 

1-19 Structure of the - complex ...........................................................................................103 

1-20 Subunit b ..........................................................................................................................104 

1-21 Membrane spanning domain of the b subunit..................................................................105 

1-22 Peripheral stalks from different organisms ......................................................................106 

1-23 Structure of the mitochondrial peripheral stalk ...............................................................107 



 

10 

1-24 Comparison of the  and OSCP subunits.........................................................................108 

3-1 Alignment of E. coli and T. elongatus sequences............................................................136 

3-2 Plasmids used in this study ..............................................................................................137 

3-3 Immunoblot of membranes prepared from E. coli strain KM2 (b) expressing 
chimeric b subunits ..........................................................................................................138 

3-4 Proton pumping driven by ATP in membrane vesicles prepared from KM2 (b) cells 
expressing chimeric b subunits ........................................................................................140 

3-5 Incorporation of heterodimeric peripheral stalks into F1FO ATP synthase complexes....142 

4-1 Effects of cysteine substitutions on enzyme viability......................................................155 

4-2 Effects of cysteine substitutions on ATP-driven proton pumping activity......................156 

4-3 Effects of reducing agents on crosslink formation ..........................................................157 

4-4 Determination of the amount of NEM required to prevent further disulfide formation..158 

4-5 Crosslinking time course done in the presence of increasing concentrations of Cu2+.....159 

4-6 Crosslink formation in homodimeric (Tb)2 and (Tb’)2 subunits ......................................160 

4-7 Extent of spontaneous crosslink formation......................................................................161 

4-8 Effects of complementary subunits on homodimer crosslinking.....................................162 

4-9 Crosslink formation in coexpressed Tb and Tb’ subunits................................................163 

4-10 Crosslink formation in Tb/Tb’ heterodimers....................................................................164 

4-11 Crosslink formation with low Cu2+..................................................................................165 

4-12 Crosslinking time course for membranes prepared from KM2/pSBC123/pSBC126 
(TbA83C/Tb’A90C) ...............................................................................................................166 

4-13 Effect of crosslink formation on ATP-driven proton pumping .......................................167 

4-14 Effects of 45 mM ATP on crosslinking formation in homodimeric (Tb)2 and (Tb’)2 
subunits ............................................................................................................................168 

4-15 Effects of 45 mM ATP on crosslink formation in heterodimeric Tb/Tb’ peripheral 
stalks ................................................................................................................................169 

4-16 Effects of Mg2+ concentration on disulfide formation.....................................................170 



 

11 

4-17 Effects of nucleotide concentration on ATP-driven proton pumping..............................171 

4-18 Crosslink formation in the presence of increasing ATP concentration ...........................172 

5-1 Effects of cysteine substitutions on enzyme viability......................................................180 

5-2 Effects of cysteine substitutions on ATP-driven proton pumping activity......................181 

5-3 Crosslink formation in E. coli peripheral stalks containing cysteine substitutions .........182 

5-4 Crosslink formation with low Cu2+..................................................................................183 

5-5 Effects of ATP on crosslinking formation in engineered E. coli b subunits....................184 

6-1 Effects of mutations on enzyme viability ........................................................................196 

6-2 Effects of mutations on ATP-driven proton pumping activity ........................................197 

6-3 Effects of TCEP on ATP-driven proton pumping ...........................................................198 

6-4 Crosslinking with increasing concentrations of Cu2+ ......................................................199 

6-5 Disulfide crosslink formation of b- dimers....................................................................200 

6-6 Disulfide crosslinking formation of b- dimers in F1FO containing heterodimeric 
peripheral stalks ...............................................................................................................201 

6-7 Effects of 100 M Cu2+ on ATP-driven proton pumping and crosslink formation.........203 

6-8 Proposed model to explain the b- crosslinking data obtained for F1FO containing 
chimeric peripheral stalks ................................................................................................204 

7-1 Model of the peripheral stalk based on the available biochemical data ..........................206 

7-2 Existence of two distinct conformations in the chimeric peripheral stalks of F1FO 
ATP synthase ...................................................................................................................208 

7-3 Model explaining the crosslinking results between the chimeric peripheral stalk and 
the  subunit.....................................................................................................................210 

A-1 Construction of plasmids for Chapter 3 (Part 1/3)...........................................................213 

A-2 Construction of plasmids for Chapter 3 (Part 2/3)...........................................................214 

A-3 Construction of plasmids for Chapter 3 (Part 3/3)...........................................................215 

A-4 Construction of plasmids for Chapter 4 ...........................................................................216 

A-5 Construction of plasmids for Chapter 5 ...........................................................................217 



 

12 

A-6 Construction of plasmids for Chapter 6 (Part 1/2)...........................................................218 

A-7 Construction of plasmids for Chapter 6 (Part 2/2)...........................................................219 

 
 



 

13 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

CONSTRUCTION AND DISULFIDE CROSSLINKING OF CHIMERIC b SUBUNITS IN 
THE PERIPHERAL STALK OF F1FO ATP SYNTHASE FROM Escherichia coli 

By 

Shane B. Claggett 

December 2008 

Chair:  James Flanegan 
Major:  Medical Sciences–Biochemistry and Molecular Biology 

F1FO ATP synthases produce the majority of ATP consumed by living organisms by 

harnessing the energy from oxidative phosphorylation and photosynthesis.  These enzymes 

consist of two sections, a membrane bound FO portion which houses a proton or sodium channel 

and a soluble FO portion which contains the catalytic sites.  Two stalks connect F1 to FO–a 

central stalk which rotates during catalysis and a peripheral stalk which holds the two halves of 

the enzyme together against the rotation of the central stalk.  The F1FO ATP synthase of 

Escherichia coli has been used here as a model system to investigate the role of the peripheral 

stalk.  This peripheral stalk consists of a dimer of identical b subunits.  Chimeric peripheral 

stalks were generated by substituting sequence from the peripheral stalk of 

Thermosynechococcus elongatus into the E. coli b subunit.  Thermosynechococcus elongatus has 

a chloroplast-like peripheral stalk that is composed of two different subunits, b and b’.  The most 

functional chimeric constructs contained T. elongatus sequence for residues E39-I86, abbreviated 

Tb and Tb’.  These subunits readily formed heterodimeric peripheral stalks that were 

incorporated into functional F1FO complexes. 

Disulfide crosslink formation was used to probe the structure of the Tb/Tb’ peripheral 

stalks.  Cysteine residues were substituted individually at residues b(A83) and b(A90), positions 
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chosen based on crosslinking studies done in the lab of our collaborator, Dr. Stanley Dunn 

(University of Western Ontario).  Crosslinking analysis demonstrated a staggered arrangement 

between the chimeric b subunits in this region.  Rapid crosslink formation was observed in 

complexes containing Tb(A83C)/Tb’(A90C) peripheral stalks at low concentrations of oxidizing 

agent, results that indicate a close proximity of these two residues.  Similar experiments carried 

out in the homodimeric peripheral stalk of E. coli produced results in agreement with those 

obtained in the chimeric constructs, indicating that the staggered arrangement likely exists in the 

wild-type enzyme.  An effect of high substrate concentrations on crosslink formation was 

observed, but could not be attributed to catalytic activity. 

The interactions of the individual b subunits with the single delta subunit of F1 were 

investigated by disulfide crosslink formation.  The truncation of the four C-terminal residues 

from both b subunits disrupts the ability to form the proper interactions with the delta subunit.  

Data presented here demonstrates that a single full-length b subunit is sufficient to form the 

necessary interactions with the lone delta subunit.  The staggered offset of the chimeric 

peripheral stalk was used to demonstrate that the C-terminally recessed b subunit could be 

truncated and complex formation would not be disrupted.  This result indicates that the             

C-terminally extended bsubunit is the one that makes the critical interactions with the delta 

subunit. 
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CHAPTER 1 
INTRODUCTION 

Overview of F1FO ATP Synthase 

ATP hydrolases, or ATPases, are a class of enzymes that catalyze the dephosporylation of 

adenosine triphosphate (ATP) into adenosine diphosphate (ADP) and free phosphate ion (Pi).  

The energy released by this reaction can be harnessed to do work, driving chemical reactions and 

other energetically expensive processes.  ATPases are classified into several groups based on 

homology and function.  The F-type ATPases, also known as F1FO ATP synthases, are enzymes 

capable of both hydrolyzing ATP to pump protons (H+) or sodium ions (Na+) across a 

membrane, as well as capturing the energy of H+ or Na+ flowing down a concentration gradient 

and utilizing that energy to synthesize ATP from ADP and Pi.  The V-type ATPases are found in 

intracellular vacuoles where they use the energy obtained from ATP hydrolysis to pump H+ into 

the vacuoles in order to acidify these compartments.  These ATPases are also found in some 

epithelia where they function to move H+ across the membrane.  A third type of ATPase is the 

A-type, found in Archaea and closely related to the V-type ATPases.  The P-type ATPases, also 

known as E1E2-ATPases, function to transport a variety of different ions across membranes.  

Finally, the E-type ATPases are cell-surface enzymes that hydrolyze a range of nucleotides, 

including extracellular ATP. 

The focus of our study was the F1FO ATP synthases.  These enzymes are found in the 

cytoplasmic membrane of bacteria, the inner membrane of mitochondria and the thylakoid 

membrane of chloroplasts [1-3].  As noted above, F1FO ATP synthases perform two related 

functions: the energy of an electrochemical gradient of H+ or Na+ can be used to synthesize ATP 

from ADP and Pi, or ATP can be hydrolyzed to generate a gradient of H+ or Na+ ions.  ATP 

synthases are the main producers of ATP in living systems, and they convert the energy obtained 
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from both oxidative phosphorylation and photosynthesis into a useful chemical form.  All ATP 

synthases share mechanistic and structural properties.  Each is composed of two different 

components that are structurally and functionally distinct: a membrane embedded FO component 

and a peripheral, water-soluble F1 component. 

The simplest and most intensely studied F1FO ATP synthase is that of Escherichia coli 

(Figure 1-1).  It is composed of eight different types of subunits, five in F1 with a stoichiometry 

of 33 and three in FO with a stoichiometry of ab2c10.  The total mass of F1 is about 400 kDa 

while that of FO is approximately 150 kDa.  The F1 and FO components are both molecular 

motors, each powered by a different fuel source: F1 uses ATP as a substrate while FO uses H+.  

The rotor shafts of these two motors are connected to one another, forming the c10 rotor stalk, 

also known as the central stalk.  This central stalk rotates relative to the bodies of the two motors 

while the peripheral stalk b2 connects the motor bodies to one another and allows an efficient 

transfer of energy.  The energy source that drives F1FO ATP synthase depends on which source is 

stronger.  In the presence of a strong electrochemical gradient, the energy released by H+ flowing 

down this gradient will be captured by FO and used to power ATP synthesis in F1.  In the absence 

of a strong gradient and the presence of ATP, the F1 component will drive the enzyme, pumping 

H+ across the membrane to generate an electrochemical gradient that can be used by other 

proteins to do work. 

Although much is known about the structure and function of F1FO ATP synthase, the 

enzyme is still not fully understood.  High-resolution structures of F1 have been obtained from 

several species in the presence of different substrates and inhibitors.  These structures show F1 to 

be asymmetric, containing three catalytic sites whose conformations alternate as the rotor stalk 

turns and ATP is either hydrolyzed or synthesized.  FO is less well defined, with a high-
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resolution structure available only for the c subunit.  Our current understanding of the structure 

and function of FO is based on extensive biochemical experiments. 

Crosslinking as a Probe for Molecular Structure 

The formation of crosslinks has been used extensively as a probe for molecular structure.  

Crosslinking is the process of chemically joining two molecules by a covalent bond.  Many 

reagents used for crosslinking contain two reactive ends that target specific functional groups on 

proteins and are known as bifunctional crosslinking reagents.  These reagents usually insert 

themselves between the two reactive groups and have a fixed “reach,” or crosslinking span.  

Bifunctional crosslinkers are further divided into two groups: homobifunctional and 

heterobifunctional.  Homobifunctional crosslinkers have two identical reactive groups and 

couple like functional groups — typically two thiols, two amines, two acids or two alcohols.  

These reagents are predominantly used to form intramolecular crosslinks in a one-step chemical 

crosslinking procedure.   Heterobifunctional crosslinkers possess reactive groups with dissimilar 

chemistry that allow for the formation of crosslinks between unlike functional groups.  These 

reagents can still form multiple intermolecular crosslinks to yield high molecular weight 

aggregates, but the crosslinking chemistry of these reagents can be more easily controlled to 

minimize undesirable polymerization or self-conjugation.  A special subset of the 

heterobifunctional crosslinking reagents are the photoreactive crosslinking reagents in which the 

activation of the second functional group is accomplished by illumination with ultraviolet light.  

These reagents react with nucleophiles or form C-H insertion products. 

One of the drawbacks of most bifunctional crosslinking reagents is the uncertainty created 

by the crosslinking span.  Reactive groups can typically be 5-15 Å apart from one another and 

still crosslink, depending on the particular crosslinking reagent used.  One technique to 

overcome this issue is to use oxidizing reagents such as Cu2+ to generate disulfide bonds between 
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adjacent cysteine residues.  Cu2+ is known as a “zero-length” crosslinking reagent because it is 

able to form a chemical bond between two groups without incorporating itself into the product.  

The average length of a disulfide bond is 2.0 Å, and the sulfur atoms can be separated by no 

more than 2.2 Å in order for the disulfide bond to form [4].  Disulfide bonds between cysteine 

residues naturally occur in proteins that are secreted in the extracellular medium, where the 

formation of these bonds plays an important role in protein stability.  Two factors make the 

formation of disulfide bonds an excellent probe for molecular structure in vitro.  First, only the 

relatively infrequent amino acid cysteine is capable of forming disulfide bonds, limiting the 

number of possible crosslinks that can be formed in a given protein.  Second, both cysteine 

residues must be in close spatial proximity and in an appropriate geometry for crosslink 

formation. 

Disulfide crosslink formation has been used to probe the molecular structure of many 

proteins and complexes, including the aspartate receptor [5, 6], acetylcholine receptor [7-9], Tat 

receptor [10, 11], glycine receptor [12], Na+/Ca2+ exchanger (NCX1) [13], Na+/H+ antiporter 

(NhaA) [14], Na+/K+ ATPase [15], rhodopsin [16], transducin [17], cAMP-dependent protein 

kinase II [18], troponin [19] and gamma delta resolvase [20], to name a few.  This technique has 

even been used to investigate the kinetics of protein folding [21-25]. 

Crosslink formation has been used extensively in the investigation of ATP synthase 

structure and function.  Both bifunctional and disulfide crosslinking reagents have provided 

information about spatial proximity between and within subunits, as well as providing functional 

information by covalently linking residues to one another.  Table 1-1 lists the crosslinking 

reagents that will be discussed in the following pages, along with their abbreviations and 

crosslinking spans. 
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Table 1-1.  Crosslinking reagents 
Crosslink reagent Abbreviation Span (Å) 

Zero-length crosslinking reagents 
CuCl2 Cu2+ 0 
Cu(II)-(1,10-phenanthroline)2 CuP 0 
5,5’-dithio-bis(2-nitro-benzoic acid) DTNB 0 
I2  0 
1-ethyl-3-[(3-dimethylamino) propyl]-
carbodiimide 

EDC 0 

Other crosslinking reagents 
p-azidophenacyl bromide APB 9 
benzophenone-4-maleimide BPM 10 
N-[4-(3-(trifluoromethyl)-3H-diazirin-3-
yl)benzyl]maleimide 

Dia-18 10-15 

3-maleimidopropionic acid, 4-[3-
(trifluoromethyl)-3H-diazirin-3-yl]benzyl ester 

Dia-19 15-20 

dithiobis(succinimidyl propionate) DSP 12 
dimethy 3,3’-dithiobispropionimidate DTBP 12 
1,2-ethanediyl bis-methanethiosulfonate M2M 5.2 
1,4-butanediyl bis-methanethiosulfonate M4M 11 
N-(4-azido-2,3,5,6-tetrafluorobenzyl)-3-
maleimidopropionamide 

TFPAM-3 10-15 

N-(4-azido-2,3,5,6,-tetrafluorobenzyl)-6-6-
maleimidyl hexanamide 

TFPAM-6 20-25 

 
Mechanism of Action of ATP Synthase 

Overview:  F1FO ATP synthase is known to function by a rotary mechanism first proposed 

by Boyer [26] in the late 1970s.  This “binding change mechanism” model was constructed based 

on the observations “that energy input was involved principally in change in the binding of 

reactants at catalytic sites by indirect coupling” [27].  It was thus hypothesized that the three 

catalytic sites in F1 would pass sequentially through three different conformations, or “binding 

changes”, linked to subunit rotation.  This model required mechanistic asymmetry in the enzyme 

so at any given moment a different step of the mechanism would be occurring at each site.  For 

ATP synthesis this would entail binding of the substrates ADP·Mg2+ and Pi, synthesis of ATP, 

and release of ATP.  It was proposed that the binding of substrates and release of product were 

steps that required energy input, while the synthesis of ATP was thought to occur without free 
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energy change.  Not long after the binding change mechanism was proposed, evidence was found 

that supported the model of alternating participation of catalytic sites in the synthesis reaction 

[28] and the hydrolysis reaction [29], where the release of products at one site was found to be 

triggered by the binding of ATP to another.  The real confirmation of the proposal that rotation is 

linked to catalytic activity was the direct visualization of movement in the rotor stalk relative to 

the rest of the complex, as described below [30]. 

As F1 contains three catalytic sites, there are three possible modes of operation: unisite, 

with only one site filled with substrate at any given time; bisite, with two sites filled and one site 

empty; and trisite, in which all three catalytic sites are filled with substrate [31].  Unisite 

catalysis does occur and has been studied extensively, although unisite ATP hydrolysis is not 

mechanistically coupled to FO and hence does not pump H+ [32].  Although the original binding 

change mechanism proposed bisite catalysis, sufficient evidence has been obtained to determine 

that bisite catalysis is not the normal mechanism for F1FO function.  ATP synthase molecules 

with only two sites filled show negligible activity [32-34], and writing a bisite mechanism with 

the available data is problematic [35].  Only an F1FO complex in which all three sites are filled 

can rotate, indicating that trisite catalysis is the normal function of ATP synthase [36, 37].  

Trisite catalysis exhibits a large degree of catalytic cooperativity between the sites and current 

models are described below. 

At substiochiometric concentrations of ATP·Mg2+ only a single site operates at a time, 

termed unisite catalysis [38].  Analysis of unisite catalysis by Mechaelis-Menten kinetics gives a 

Km value for ATP·Mg2+ of 0.2 nM with a very fast binding of ATP and slow hydrolyzing to ADP 

and Pi.  The equilibrium constant for this reaction is close to unity and can be reversed, even in 

soluble F1.  Four reversible steps occur in unisite catalysis: ATP binding and release, ATP 



 

21 

hydrolysis and resynthesis, Pi release and binding, and ADP release and binding.  Release of the 

product is koff ≤ 10-3 s-1.  Rate constants for all steps except Pi binding have been measured by 

several labs and are in general agreement [39-46].  It has also been shown that soluble and 

membrane bound forms of F1 behave in a similar fashion with regards to unisite catalysis [44, 

47]. 

Trisite catalysis involves all three catalytic sites and can also be analyzed using Michaelis-

Menten kinetics.  For ATP hydrolysis this produces a single Km for ATP·Mg2+ of 100 M [48], 

while for ATP synthesis Km values for ADP and Pi are 27 M and 0.7 mM, respectively [49].  

There is a high degree of positive catalytic cooperativity during trisite catalysis in which ATP 

hydrolysis at the highest affinity site is favored upon binding of ATP to the other catalytic sites 

[31].  The highly cooperative nature of the enzyme becomes apparent when comparing the trisite 

parameters to the unisite, with the rate of ATP hydrolysis being five times greater during trisite 

catalysis than unisite [38].  The substrates also bind with greater affinity, with the Kd of 

ATP·Mg2+ three to five orders of magnitude greater during trisite catalysis.  Each of the three 

catalytic sites can bind nucleotide, but with widely different affinities [32].  Dissociation 

constant values for ATP·Mg2+ for the high, medium and low affinity sites are around 1 nM, 1 

M, and 30 M, respectively.  An open site conformation is unoccupied by definition, with a Kd 

for ATP·Mg2+ greater than 10 mM, preventing binding of nucleotide under effectively all 

physiological conditions.  The affinity of each site for nucleotide is determined by the position of 

the  subunit, as demonstrated by crosslinking studies [50]. 

Rotation Steps:  Significant advances in the understanding of the mechanism of F1FO ATP 

synthase have been made due the ability to resolve single molecule rotation.  A sample diagram 
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of the relationship between rotation angle and the catalytic mechanism is shown in Figure 1-2 

[51]. 

Initial experiments visualizing the rotation of the  subunit attached to an actin filament 

found that the rotor advanced in 120° steps, with pauses evident at low substrate concentrations 

[52, 53].  Each step was driven by the hydrolysis of a single ATP molecule and the pauses were 

an indication of time spent waiting for the next productive collision with substrate.  This stepping 

behavior of the  subunit was soon confirmed by another group using FRET [54].  The next step 

was the replacement of the actin filament with gold beads having a diameter of 40 nm which 

produced less drag and allowed a major improvement in time resolution [55].  This increase in 

resolution allowed the visualization of two substeps within the 120° step, a 90° step that occurs 

within 0.25 ms upon binding of ATP·Mg2+, a stationary interval of about 2 ms, and a second 30° 

step which also occurs within 0.25 ms.  Subsequence studies refined the sizes of these substeps 

to 80° and 40° [56-58], although the experimental precision is still insufficient for absolute 

distinction and the possibility remains that there may be a small third substep between the two 

[59].  The 80° step is driven by the binding of ATP·Mg2+ and the 40° step by release of ADP or 

Pi [55].  Two reactions occur during the ~2 ms pause at the 80 step, each ~1 ms long.  The first 

reaction is ATP hydrolysis of the ATP that was bound 200° prior [57, 58].  Likewise, the ATP 

that bound at 0° will be hydrolyzed after  rotates 120° + 80°.  The second reaction is Pi release, 

with this release driving the last 40° step [51].  ADP is released at 240° after binding as ATP at 

0°, as determined by direct observation using a fluorescent ATP analog [60].  One detail still left 

unresolved by current experimental data is exactly when Pi is released.  The Pi bound at 0° as 

ATP could be released at 80° as shown in Figure 1-2, or could be delayed until 200° in an 
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alternate mechanism.  Recently, Yoshida suggested that the latter is in fact the case (EBEC 

2008). 

Energetics:  The energetics of ATP synthase have been investigated experimentally and it 

has been determined that for ATP synthesis, binding of Pi and release ATP·Mg2+ are the major 

energy-requiring steps, while ADP·Mg2+ binding occurs spontaneously [32].  Surprisingly, it has 

also been demonstrated that the actual synthesis of ATP is not an energy requiring step [27, 61, 

62].  The catalytic sites have a high affinity for ATP over that of ADP and Pi and are capable of 

forming ATP from ADP and Pi without the input of energy.  This high affinity is generated by 

numerous side chain interactions with ATP which facilitate the appropriate location, orientation 

and polarization [42, 63, 64].  Energy input is required to release the tightly bound ATP from the 

catalytic site.  The Boyer lab used 18O exchange reactions to demonstrate the reversible nature of 

the synthesis and hydrolysis reactions occurring during unisite catalysis.  The equilibrium 

between ADP + Pi and ATP was close to unity, indicating that this chemistry step did not require 

energy. 

The torque generated by ATP hydrolysis is in the range of 40-50 pN·nm, an efficiency of 

close to 100% [53, 65].  It is known for most organisms that a nonintegral number of protons 

translocate through FO per ATP synthesized in F1.  The high efficiency and constant output 

torque imply a soft elastic power transmission between F1 and FO.  Models have been proposed 

in which energy is stored in the deformation of the central  subunit and the stretching of the 

peripheral stalk in order to facilitate efficient energy transfer between FO and F1 [66-68].  Details 

of power transmission still need to be addressed, but there is little doubt that F1FO ATP synthase 

is a highly efficient molecular motor [69]. 
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Escherichia coli as a Model System of F1FO ATP Synthase 

As mentioned above, the F1FO ATP synthase from E. coli is the simplest known ATP 

synthase and also the most extensively studied.  Since all known ATP synthases function by a 

similar mechanism, information obtained by studying E. coli is also applicable to other 

organisms.  The ease of working with bacteria make this an ideal system to elucidate structural 

and functional details.  The eight subunits of F1FO ATP synthase from E. coli will be grouped 

into four functional categories below and the current knowledge about the structure and function 

of each subunit will be discussed.  These four categories are: subunits involved in proton 

translocation through FO (a and c); subunits that compose the rotor stalk ( and ); catalytic 

subunits of F1 ( and ); and subunits that make up the peripheral stalk ( and b). 

Proton Translocating Subunits in FO 

Subunit a 

Overview:  Subunit a is a membrane spanning component of FO located on the periphery 

of the c subunit ring (Figure 1-3).  The a subunit is 271 amino acids long with a mass of 30.3 

kDa, making it the largest of the FO subunits [70].  There is one a subunit per ATP synthase 

complex and this subunit is essential for proton translocation through FO [71].  Subunit a cannot 

be excessively overproduced [72, 73] and cannot be found in the membranes unless both b and c 

subunits are present [74].  It was demonstrated that subunit a is a substrate for the FtsH protease 

[75], so it is probably turned over rapidly if it is not incorporated properly into a complex.  Like 

most membrane proteins, this subunit is extremely hydrophobic.  It is currently thought to span 

the membrane five times with the N-terminus in the periplasm and the C-terminus in the 

cytoplasm [76, 77].  No high-resolution structure of subunit a is currently available, but 

structural and functional information have been obtained by analyzing mutants, crosslinking 

results and the accessibility of specific residues to labeling reagents.  All known F1FO ATP 



 

25 

synthases contain a protein with primary sequence homology to the a subunit, and comparison of 

these sequences from various organisms has directed research by identifying highly conserved 

and potentially important residues.  This sequence homology is the highest in the fourth and fifth 

transmembrane domains where many functionally important residues reside [78]. 

The a subunit is directly involved in FO-mediated proton translocation.  The first indication 

of this role for subunit a was presented in 1986 [79].  Since then more than 100 mutants have 

been constructed by site-directed mutagenesis to map out the proton channel in the a subunit 

[80].  Present models propose that the a subunit contributes two half channels to provide access 

to the critical cD61 residues that are protonated and deprotonated [81, 82].  A schematic diagram 

of these residues and the two half-channels is shown in Figure 1-4. 

The models cited above propose that two cD61 residues are transiently deprotonated in the 

same moment at the interface between the a and c subunits.  One of these deprotonated cD61 

residues interacts with aR210 and can be protonated from the periplasm via an access channel 

through subunit a.  Once protonation occurs, this now neutralized cD61 residue can enter the lipid 

phase as the entire ring of c subunits rotates relative to subunit a.  This rotation brings the next 

unprotonated cD61 towards aR210 and a protonated cD61 into the interface with subunit a.  The 

protonated cD61 residue is deprotonated through a second access channel into the cytoplasm.  

Similar models have been developed and analyzed by others [83-85].  These models are based on 

experimental evidence that led to our current understanding of the topology and function of 

subunit a, described in more detail below. 

Topology:  The topological model of subunit a is based largely on the accessibility of 

individually substituted cysteine residues to labeling reagents [76, 77, 86].  The five membrane 

model is shown schematically in Figure 1-5. 
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Subunit a has two large loops in the cytoplasm in addition to the C-terminus [87].  The 

first loop, L12, consists of residues aA64-L100 [88].  The accessibility of these residues was 

investigated by Long et al. by individually engineering cysteines at 37 positions between aF60-

P103.  Inverted membrane vesicles were prepared and the ability of each individual cysteine to 

react with 3-(N-maleimidylpropionyl) biotcytin (MPB) was investigated.  The investigators 

found that all of the tested residues in the aA64-K74 and aV90-P103 regions could be labeled, while 

about half of the residues in the aF75-S89 region were resistant to labeling.  The residues in the 

middle region were somehow shielded from the labeling reagent, but the presence of multiple 

polar residues in this area makes lipid shielding unlikely.  The authors discovered that cysteine 

residues introduced individually at aK74 and aK91 could be crosslinked to the b subunit with 

TFPAM-3.  This crosslink did not affect ATP-driven proton pumping, providing concrete 

evidence that the a and b subunits do not need to dissociate for proper enzyme function.  These 

results also indicate that the first loop of the a subunit may be in contact with one or both of the b 

subunits. 

The second cytoplasmic loop, L34, consists of residues aK169-L200 [89].  The accessibility of 

the residues in this loop was investigated by Zhang and Vik by individually engineering 41 

residues in the aL160-S206 region.  Once again, inverted membrane vesicles were prepared and the 

ability to label the cysteines with MPB was investigated.  All residues tested in the aM168-F174 

region labeled readily with the exception of aT179C.  This region of subunit a is known to be in 

proximity to the c subunits because the individually engineered cysteines aS165C, aM169C, aG173C, 

aF174C, aE177C, aL178C, aP182C, aF183C and aN184C were all able to be crosslinked with TFPAM-3 to 

the c subunit ring.  In contrast, all of the residues tested in the aH185-S206 region were resistant to 

labeling with MPB.  Earlier studies have shown that substitutions at aE196 [82] and aN192 [90] 
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diminished the rates of proton translocation, indicating that residues in this region may be 

involved in protein-protein interactions with other regions of the enzyme. 

The C-terminal eleven residues are also located in the cytoplasm.  Several of these residues 

could be labeled from the cytoplasmic side with MPB [76, 77].  Many bacterial homologs 

contain E and H residues at their C-terminal ends, such as –EEH in E. coli, so the effects of 

truncating these residues was investigated [91].  It was shown that the truncation of four residues 

had no effect at 37 C and the deletion of nine residue was tolerated at 25 C, indicating that 

these residues were nonessential for function but may be important for overall complex stability. 

Subunit a contains two loops in the periplasm in addition to the N-terminus.  The N-

terminal end is about 37 residues long and is the largest segment of the a subunit exposed to the 

periplasm.  It was shown that seven out of the eight residues tested in this N-terminal end could 

be labeled with MPB in [76, 77, 92].  Similar results were obtained in labeling studies carried out 

in whole cells permeabilized with polymyxin B nonapeptide (PMBN), an antibiotic derivative 

that partially permeabilizes the outer membrane of E. coli [77].   Two studies which contradict 

these results used antibodies against the N-terminus and located it in the cytoplasm [93, 94], but 

the majority of the experimental evidence supports the previous model.  Both models are 

essentially the same from residue aK65 onwards, so there is no difference between the two when 

discussing the functionally important residues. 

The first loop in the periplasm, L23, consists of residues aI123-D146 [89].  Twenty-one 

residues in the aD119-D146 region were individually changed to cysteine and labeled with MPB in 

whole cells.  About half of them could be labeled, with no significant segment shielded.  The 

second loop, L45, consists of residues aG227-W235.  The residues in this region are partially 
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shielded, with residues aP230-W232 exhibiting modest levels of labeling while four other residues in 

L45 were found to be resistant [77]. 

Rastogi and Girvin [95] have attempted to model the last four transmembrane helices of 

the a subunit, shown below in Figure 1-6.  Their model contains twelve copies of the c subunit 

and residues aH95-S265 without cytoplasmic loop L34.  This model was built based on the known 

biochemical information available for the a subunit.  Notice that all of the residues labeled in 

Figure 1-4 are spacefill rendered below. 

Mutagenic analysis:  Many missense mutations have been constructed and analyzed 

beyond the cysteine substitutions described above.  These experiments have provided critical 

evidence of the importance of certain residues for proper a subunit function. 

Residue aR210:  aR210 is an essential residue for enzyme function and is strictly conserved, 

even in mitochondria and chloroplasts [80].  All single amino acid substitutions that have been 

tried resulted in nonfunctional ATP synthase complexes.  Residues tested at this position include 

A, Q, K, I, V and E [96-100].  This lack of enzyme function was not due to an assembly failure, 

as F1FO complexes could be purified to homogeneity [101].  With the exception of the aR210A 

substitution, all passive FO-mediated proton conduction was blocked by substitutions of this 

residue.  The aR210A subunit left the proton channel open such that limited passive proton 

conduction was possible through FO, producing a rare condition where F1 was fully functional 

and FO was semi-functional, with the two halves of the enzyme were uncoupled [99].  A second 

site suppressor of the aR210Q mutation, aQ252R, was capable of growth on succinate.  This result 

indicated that the fifth transmembrane helix containing aQ252R may be located close enough to the 

fourth transmembrane helix containing aR210Q to contribute the essential R residue, a “horizontal” 

repositioning of these residues [97].  Recent attempts at “vertical” repositioning in the aR210A, 
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N214R subunit resulted in a nonfunctional F1FO complex [102].  The double substitution aR210Q, 

Q252K was recently shown to result in a functional enzyme, making it the first known instance of 

an ATP synthase complex that functions without the critical R residue in the a subunit [103].  It 

is thought that aR210 is directly involved in mediating protonation of the essential cD61 residues on 

the c subunit ring. 

Residue aE196:  The codon for aE196 has been extensively mutagenized [87].  Nine 

substitutions were initially tried: K, P, A, S, H, Q, D, N and T [104, 105].  This residue was not 

as sensitive to substitution as aR120 because only the K and P substitutions producing seriously 

defective F1FO complexes.  Interestingly, the passive permeability to protons and the rate of 

proton translocation was depended on the substitution: E > D > Q = S = H > N > A > K.  These 

results suggest that aE196 is not required for proton translocation, but it may reside near the proton 

pathway. 

Residue aE219, aH245:  Residue aE219 is located on the fourth transmembrane span and aH245 

on the fifth (Figure 1-4).  Substitutions at either site had a significant effect on FO proton 

translocation, but neither residue is essential for enzyme activity because replacement with 

several different amino acids resulted in functional enzyme [78, 96, 106].  The substitutions for 

aE219 that have been tried are Q, H, D, L, K, G and C [99, 100, 105-107].  Substitution with either 

D, K or G resulted in functional F1FO, while substitution with H produced complexes exhibiting 

slight activity.  Residue aH245 was changed to Y, L, E, C, S and G [79, 82, 98-100, 107].  Only 

substitutions with E and G showed any functional activity.  These results shown that protonation 

or deprotonation of either aE219 or aH245 is not obligatory for proper enzyme function. 

Second site suppressors have been found for both residues.  The mutation aA145E was found 

to suppress the aE219C mutation [86], indicating a relationship between these residues.  The same 
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authors found a second site suppressor for the aH245C mutation, aD119H.  This second mutation 

indicated that the imidazole chain can be provided by another transmembrane span and was also 

shown to improve the growth properties of aH245S on acetate. 

It has been proposed that residues aE219 and aH245 may interact because they are conserved 

in mitochondria, but their positions are swapped [107].  The double substitution aE219H, H245E was 

constructed to test this possibility and was found to be slightly functional.  There also exists 

evidence of a potential interaction between aG218 and aH245, originally discovered by the 

observation that many species do not have an H residue in the corresponding location to E. coli’s 

aH245, but rather a G or E [78].  Species that contain G at the equivalent 245 position have either 

K or D at the equivalent aG218 position, while those with a E at 245 have a G at aG218.  The E. coli 

sequence has aH245 and aG218.  This observation led to the discovery of two interesting second site 

suppressor for the aH245G mutation, aG218D or aG218K.  These results support a close spatial 

arrangement between residues aG218/aE219 and aH245, but this could not be demonstrated with 

certainty without a high resolution structure of the a subunit. 

Residue aA217:  The residue aA217 is important but nonessential for enzyme function [96].  

The mutation aA217R is the most fully characterized single mutation in FO [80].  This mutation 

inhibited enzyme activity and eliminated passive proton permeability.  Proteolysis and 

crosslinking of the  subunit demonstrated that the effects of this substitution were propagated 

into the  subunit [101], while measurement of rate constants for unisite catalysis revealed that 

aA217R had no effect on the F1 catalytic sites [108].  The aA217R substitution most likely impairs 

rotation of the central stalk as opposed to causing a change in the catalytic properties of F1. 

Others:  There are other strongly conserved amino acids in the a subunit that have been 

investigated by mutagenesis.  The substitutions aD44N, aD124N or aR140Q blocked the proton 
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channel, indicating these residues influence the function of the a subunit in some fashion [109].  

The effects of substitutions at residues aN214 [90, 96], aQ252 [81, 100, 110] and aY263 [91, 100] 

have also been investigated.  These conserved residues were found to accommodate a range of 

substitutions, with positive amino acid substitutions generally having the most significant effect 

on enzyme function [87]. 

Insertions and deletions:  Site-directed insertions and deletions have been used to probe 

subunit a for functional information.  A series of deletions were constructed and analyzed for 

growth on minimal media [111].  The N-terminal region was shown to be essential for 

incorporation of the a subunit into the membrane.  Deletion of regions aK91-K99, aG163-I171 or aK167-

E177 still allowed some enzyme function, while the deletion aL120-D124 resulted in subunit a in the 

membrane but a nonfunctional ATP synthase. 

Later experiments took advantage of the knowledge that single amino acid insertions of A 

or G are generally well-tolerated in globular proteins unless they occur near an active site [112, 

113].  Insertions of A were constructed at 13 locations in the aA187-H245 region [82, 114].  It was 

found that an insertion near aE196 had no effect, while an insertion after aF212, near aR210, caused a 

total loss of ATP-driven proton pumping.  Interestingly, an insertion after aA217 was not as 

detrimental but an insertion after aF222 also destroyed enzyme function.  Likewise, insertions 

after residues aN238 and aI243 caused total loss of function.  Insertions after residues aI225, aL229, 

aS233 and aH245 had only small effects on function.  The exact influence these insertions and 

deletions have on the structure of subunit a is not fully understood, but they may move critical 

residue out of alignment or disrupt helix-helix interactions. 

A series of mutants were generated which contained deletions in the first cytoplasmic loop 

of subunit a (Cain lab, unpublished data).  Surprisingly, large deletions in this region had no 
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detectable effect on enzyme viability.  The strain expressing the mutant a(K66-S98) subunit was 

capable of growth on succinate and appeared normal in assays for ATP hydrolysis and ATP-

driven proton pumping.  Likewise, the deletion of residues A67-G73 had no detectable effect, 

while the deletion of residues F75-V90 resulted in a viable strain that demonstrated reduced 

proton pumping activity.  The exact function of the first cytoplasmic loop of subunit a is 

unknown, but it is likely that this region has some purpose due to its retention in the gene over 

time.  

Crosslinking analysis:  Disulfide crosslinking experiments have been used to investigate 

the topology of subunit a.  Cysteines were substituted into two transmembrane helices and their 

propensity to form disulfide crosslinks when treated with either CuP or I2 was investigated [115].  

The authors found bond formation between helices in the aL120C, S144C, aL120C, G218C, aL120C, H245C, 

aL120C, I246C, aN148C, E219C, aN148C, H245C, aG218C, I248C, and aD119C, G218C mutants.  These results 

suggest that transmembrane helices two, three, four and five form a four helix bundle.  The 

aqueous access channel that allows protons to reach cD61 from the periplasmic side is thought to 

be in the center of this four helix bundle based on the reactivity of residues to water soluble 

labeling reagents [116].  The key aR210 residue of helix four would be located at the periphery in 

this model, facing out towards subunit c.  A more recent study [117] provided more evidence of 

an interaction between transmembrane helices three and four.  The mutants aL160C/K203C, 

aL160C/V205C, aI161C/S202C, aI161C/K203C, aI161C/V205C and aS165C/S202C formed crosslinked when 

incubated with M2M, while the mutant aV157C/K203C could also be crosslinked with M4M.  The 

same study also demonstrated a spatial relationship between L12 and L34.  The reagent M2M 

was capable of forming crosslinks in the mutants aV86C/L195C and aM93C/L195C, indicating that loops 
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L12 and L34 may make protein-protein contacts with one another on the cytoplasm side of 

subunit a.  

A similar approach has been used to investigate the spatial arrangements between the a and 

c subunits [118].  The investigators introduced cysteine pairs in the fourth transmembrane helix 

of subunit a and the second transmembrane helix of subunit c and determined if CuP could 

catalyze the formation of an a-c dimer.  Seven of the 65 double mutants showed crosslink 

formation at 0, 10 and 20 C: aS207C/cI55C, aN214C/cA62C, aN214C/cM65C, aI221C/cG69C, aI223C/cL72C, 

aL224C/cY73C, and aI225C/cY73C.  Nine other double mutants showed lesser dimer formation at 20 

C.  These results provide direct crosslinking evidence that these two helices are closely 

associated with one another in the membrane. 

Subunit c 

Overview:  The c subunit is a member of the FO proton channel that exists as an 

oligomeric ring structure in the membrane (Figure 1-7).  Each individual c subunit is 79 amino 

acids long and forms a hairpin structure with two antiparallel  helical transmembrane segments 

connected by a short, structured loop [70, 119, 120].  Both ends of the c subunit are located at the 

periplasmic side of the membrane as demonstrated by the reactivity of residues cY10 and cY73 to 

tetranitromethane [121].  The existence of two transmembrane domains was initially predicted 

based on analysis of the c subunit primary sequence.  This prediction was supported by labeling 

experiments using 3-(trifluoromethyl)-3-(m-[125I]iodophenyl)diazirine ([125I]TID), a 

photoactivatable carbene precursor that selectively labels proteins in the hydrophobic core of 

membranes [122].  The regions cL4–L19 and cF53–F76 were found to label with TID, indicating these 

regions were located in the membrane. 
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The suspected topology of the c subunit was confirmed when NMR analysis was used to 

solve the structure of the monomeric c subunit in chloroform/methanol/water (4:4:1) [119].  This 

NMR structure showed two antiparallel helices packed closely to one another, extending over 40 

residues for the first transmembrane helix and 30 residues for the second (Figure 1-8).  It was 

already known from previous NMR work [123-125] that the structure of the c subunit in solution 

resembled that of the folded protein incorporated into an FO complex.  Data supporting this 

conclusion include 1H NMR resonance assignments of unmodified and nitroxide-derivatized 

cD61, as well as spin label difference 2-D NMR of a cA67C mutant that had been modified with a 

maleimido spin label.  More recently, the structure of a peptide modeling the loop region cG32-Q52 

bound to dodecylphosphocholine micelles was solved by NMR [120].  The cR41-P47 region was 

found to form a well ordered structure similar to what was observed in the entire subunit, flanked 

by short  helical segments.  This suggests that the polar loop is rigid and contributes 

significantly to the stability of the hairpin formed by the two helices of the c subunit. 

The conserved carboxyl group cD61 is located at a slight break in the middle of the second 

transmembrane helix in the NMR structure described above.  This residue plays a crucial role in 

ion translocation.  Proton translocation and ATP synthesis were completely abolished if this 

residue was modified by dicyclohexylcarbodiimide (DCCD) or replaced with G or N [126].  This 

essential carboxyl group can be moved from the second transmembrane helix to the first in the 

cD61G/A24D double mutant and still retain enzyme function, providing evidence of a close 

interaction between the two helices in the context of the holoenzyme [127].  A number of third-

site mutations have been identified which optimize the function of the cD61G/A24D double   

mutant–cF53C, cF53L, cM57V, cM57I, cM65V, cG71V and cM75I [128].  All of these substitutions are 
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present at the interface between the two transmembrane helices, providing further evidence of 

helix-helix interaction. 

The polar loop region between the two transmembrane helices of subunit c is exposed to 

the cytoplasmic side of the membrane as initially determined with antibodies specific to this 

hydrophilic loop [129, 130].  These antibodies would only bind to F1-stripped, everted membrane 

vesicles.  Residues cA40, cR41, cQ42, and cP43 of the polar loop are highly conserved in bacteria, 

mitochondria, and chloroplasts.  These residues are located at the top the polar loop in the NMR 

structure shown above [119].  Although all four residues are conserved, only residue cR41 is 

absolutely necessary for enzyme function [131, 132].  It has recently been shown that the 

positive charges on this loop are essential for the proper insertion of the c subunit in the 

membrane by YidC [133-135]. 

Structure of c subunit ring:  The c subunits exist as a multimeric ring in the membrane.  

This arrangement was initially suspected based on the stoichiometry of subunits of FO and 

supported by evidence obtained using electron and atomic force microscopy [136-138].  The 

exact number of c subunit in the ring has long been a matter of debate, but evidence indicates the 

preferred number for E. coli is ten [139].  The number of c subunits varies between organisms, 

with some organisms having rings of up to 15 subunits [140-143].  The existence of a multimeric 

ring of c subunit was supported by the formation of disulfide crosslinks between adjacent c 

subunits, forming a “ladder” on an SDS-PAGE gel extended up to c10-oligomers.  This was first 

demonstrated by individually crosslinking the cA14C, M16C, cM16C, G18C, cA21C, G23C, cL70C, L72C, cA14C, 

L72C, cA21C, M65C, and cA20C, I66C mutants with CuP [144].  These results were recently confirmed 

and extended with the observation that crosslinking of both cA21C, M65C and cA21C, I66C mutants 

resulted in oligomeric structures from c2 to c10 [145].  The crystallization of the c subunit rings 
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from three other species, Saccharomyces cerevisiae [146], Ilyobacter tartaricus [147] and 

Enterococcus hirae [148] makes the existence of a c subunit ring in E. coli almost certain.  These 

c subunit rings are shown in Figure 1-9, panels A, B and C, respectively.  Researchers have 

generated models of the E. coli ring as shown in Figure 1-9D using the structure of the 

monomeric c subunit, known biochemical data and the c subunit rings from other organisms, but 

a complete structure of the c subunit ring has yet to be obtained [95, 149]. 

It has long been hypothesized that the c subunit ring interacts with the  and  subunits to 

form the stator component of the F1FO ATP synthase complex.  However, only in the last decade 

has this been conclusively proven.  Direct observation of the rotating c subunit ring was first 

obtained by Sambongi et al. [150].  These researchers immobilized F1FO on a Nickel 

nitrilotriacetic (Ni-NTA) coated glass slide by engineering a histidine tag on the N-terminus of 

each  subunit.  The cE2C subunit was expressed and the native cysteine in  was mutated, 

resulting in only a single cysteine in the rotor subunits.  This engineered cysteine was 

biotinylated to allow binding of streptavidin and a fluorescently labeled actin filament.  It had 

previously been demonstrated that the  and  subunits rotated relative to the 33 hexamer upon 

the addition of ATP by a similar technique [30, 151].  The study done by Sambongi et al. clearly 

showed that the actin filament rotated for up to 2 min upon the addition of ATP, proving that the 

c subunit ring was part of the rotor.  This important experiment was reproduced and the results 

confirmed by two other labs [152, 153].  However, Tsunoda et al. [153] expressed concern that 

the enzyme had lost sensitivity to DCCD in all three studies, raising questions about the validity 

of the results.  A loss of sensitivity to DCCD indicates a possible uncoupling in the enzyme such 

as a disruption of the interactions between the c subunit ring and the a subunit against which it 

must rotate to drive proton translocation.  This concern was partially alleviated by the 
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demonstration that covalently crosslinking the ,  and c subunits together to form a single unit 

still allowed the enzyme to function [154], providing more evidence that the c subunit ring did 

indeed rotate along with .  Conditions were eventually discovered that allowed a setup similar 

to that used by Sambongi et al. which resulted in F1FO complexes that were DCCD sensitive 

[155].  The authors were able to measure enzyme activity under a range of different substrate 

concentrations and inhibitors, clearly proving rotation of the c subunit ring is driven by ATP 

hydrolysis in F1. 

Subunit interactions:  The c subunit interacts with both the a and b subunits in FO.  The 

structure of FO has been investigated by several groups using microscopy [136-138].  Electron 

microscopy studies of FO revealed a 75 Å wide structure which is consistent with a ring of c 

subunits flanked by the a and b subunits [136].  Atomic force microscopy was also used to 

examine the structure of the FO sector [138].  Two different structures were observed, probably 

corresponding to different orientation of FO in the membrane.  One structure exhibited a central 

mass and the other a central hollow, both with an asymmetric width of about 130 Å, large 

enough to accommodate the a and b subunits as well as the c subunit ring.  Finally, scanning 

force microscopy was also used to investigate the structure of membrane-bound FO [137].  The 

images obtained show a ring structure with a central dimple and an asymmetric mass to one side.  

This mass decreased when the membranes were treated with trypsin, probably due to degradation 

of the b subunits, and disappeared completely when examining pure c subunit oligomers. 

The interaction of the c subunits with the a and b subunits is extremely efficient–single 

molecule studies reveal the protein-protein interaction to be almost frictionless during rotation 

[155], while the large output torque of the ATP synthase complex indicates an absence of 

slipping in the rotor/stator interface in FO [156].  Crosslinking results, described below, 
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demonstrate an intimate interaction between the a and c subunits in which the a subunit is 

thought to provide two proton half-channels to allow access to the essential cD61 residue (Figure 

1-4).  New evidence supporting this model was recently obtained by probing the accessibility of 

the second transmembrane helix of subunit c by engineering cysteines and testing for their 

reactivity to membrane-impermeable compounds [157].  Residues in the membrane-embedded 

pocket surrounding cD61 were reactive to NEM and methanethiosulfonate, especially cG58C.  This 

reactivity was only observed in the presence of subunit a, indicating this subunit is required to 

form the aqueous channel to the c subunit.  The interactions between the a and c subunit are such 

that modification of even a single cD61 residue with DCCD is sufficient for complete inactivation 

of FO [158, 159]. 

The c subunit ring also interacts with the  and  subunits to bind F1 and FO.  Mutations in 

the loop region are known to disrupt this binding [131, 132, 160-163].  For example, the cQ42E 

mutation in the loop region disrupts complex formation, but suppressor mutations E31G, E31V, 

and E31K in F1 restore function [164].  This interaction between the c subunit and F1 was 

investigated by individually generating the cA39C, cA40C, cQ42C, cP43C and cD44C mutants and testing 

for the ability to react with NEM [165].  It was found that mutants cQ42C, cP43C and cD44C were 

able to react with NEM while cA39C and cA40C were not.  All cP43C and cD44C residues reacted 

identically, but two classes of cQ42C residues were observed–about 60% of the residues reacted 

rapidly while 40% reacted more slowly.  It was suggested that the slow reacting residues were 

involved in interactions with the  and  subunits.  Crosslinking results also demonstrate an 

interaction between the c subunit and both  and , discussed below. 

Crosslinking analysis:  Crosslinking analysis indicates a close proximity between the c 

subunits and the a and b subunits.  These crosslinking experiments are described in more detail 
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in the sections on the a subunit and b subunits.  Briefly, crosslink formation between the fourth 

transmembrane helix of subunit a and the second transmembrane helix of subunit c was 

demonstrated by introducing double cysteine mutants and crosslinking with CuP [118].  It has 

also been shown that cysteine substitutions individually engineered in the second cytoplasmic 

loop of the a subunit, L34, could be crosslinked to the c subunits using the crosslinking agent 

TFPAM-3 [166].  Likewise, cysteines engineered at the N-terminus of the b subunit could be 

crosslinked with CuP to cysteines introduced at the bottom of the second transmembrane helix of 

subunit c [167].  The formation of this crosslink inhibited enzyme function as would be expected 

if the c subunit ring must rotate relative to the ab2 subunits. 

A close spatial proximity between the polar loop of the c subunits and the  subunit has 

been demonstrated by the formation of disulfide crosslinks [168].  The individual mutants 

cA40C/E31C, cQ42C/E31C, and cP43C/E31C were capable of forming crosslinks when treated with 

CuP while the mutant cA39C/E31C was not.  Interestingly, the formation of the cQ42C/E31C 

crosslink inhibited ATP-driven proton pumping, possibly as a result of the formation of c-c 

dimers rather than a result of a crosslink between the c and  dimer subunits.  This was 

investigated further by crosslinking the E31C subunit to the genetically fused cc’Q42C subunit in 

which a linker region had been introduced between the C- and N-terminal ends of two 

consecutive c subunit monomers [169].  Expression of these genetically fused c subunits resulted 

in a functional ring composed of five dimers instead of ten monomers, each of which had only a 

single substituted cysteine.  The cc’Q42C/E31C mutant did not form c-c dimers upon treatment 

with CuP, but the c- crosslink still formed with high efficiency and had a minimal effect on 

ATP hydrolysis activity, ATP-driven proton pumping and ATP synthesis.  These results were 

expanded upon with the discovery that cysteines substituted individually at cA40C, cQ42C and cD44C 
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could be crosslinked to individual cysteines substituted throughout the entire V26-L33 region 

[170]. 

Likewise, crosslinking evidence indicates a spatial proximity between the c and  subunits.  

This was initially demonstrated by the formation of a nonspecific crosslink [171].  A cysteine 

was engineered in the loop of the cQ42C mutant and crosslinked to any nearby tyrosine or 

tryptophan residues using Cupric 1,10-phenanthrolinate.  Crosslink formation was observed 

between the cQ42C subunit and the region 202-V286, likely in the 202-Q230 segment.  The same 

authors later showed that specific crosslinks could be form using CuP in the double mutants 

cQ42C/Y205C, cP43C/Y205C and cD44C/Y205C but not cA39C/Y205C [172].  These crosslinks, which 

could also be formed using DTNB, reduced but did not eliminate ATP-driven proton pumping.  

This reduction in activity may be the result of c-c dimer formation as described above, since a 

comparable reduction in activity was also observed in mutants lacking the Y205C mutation. 

Finally, crosslinking results have also demonstrated that the c subunit ring contains lipids.  

The individual substitutions cL4C, cL8C and cM11C all contained cysteine residues which were 

oriented towards the inside of the ring [173].  The outer membranes of E. coli were 

permeabilized with PMBN and crosslinking was induced with either Dia-18 or Dia-19.  All three 

mutants crosslinked to lipid when treated with Dia-18, while only cL8C crosslinked to lipid when 

treated with Dia-19.  The most noticeable product had a mass increase of 719 Da, consistent with 

a crosslinked product between a c subunit and phosphatidylethanolamine.  This was confirmed 

by digestion with phospholipase C. 
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Rotor Stalk Subunits 

Subunit  

Overview:  The  subunit of F1FO ATP synthase composes part of the rotor stalk (Figure 

1-10).  This subunit is 139 amino acids long and is essential for the binding of F1 to FO [70, 174, 

175].  In the absence of the  subunit, there was no enzyme assembly or membrane-associated 

ATP-drive proton pumping activity observed [174, 176, 177].  This subunit interacts with the c 

subunit ring of FO as well as the ,  and  subunits of F1 [164, 168, 178-180].  The folded 

protein consists of two domains, an N-terminal 10-stranded -sandwich and two -helices at the 

C-terminal end [181, 182].  The N-terminal β-sandwich domain is critically important for 

complex assembly [183, 184].  One side of this -sandwich domain interacts with the polar loops 

of the c subunit ring [164, 168] while the other side interacts with the γ subunit [180, 185, 186].  

The two C-terminal -helices interact with  and β subunits of the F1 [185].  They do not play a 

role in complex assembly [177, 187-190], but they are important for the efficient coupling 

between ATP hydrolysis and proton pumping [190, 191].  The  subunit was shown to rotate 

along with the  subunit as observed by video microscopy when F1 was powered with ATP 

[151]. 

Structure:  The structure of the  subunit in solution was first solved in 1995 using two- 

and three-dimensional heteronuclear (13C, 15N) NMR spectroscopy and found to consist of two 

distinct domains (Figure 1-11) [181].  The N-terminal domain consisted of 84 residues M3-R86 

and formed a 10-stranded -sandwich with a hydrophobic interior between the two sandwich 

layers.  The C-terminal domain was composed of 48 residues D91-M138 which were arranged as 

two -helices running antiparallel to one another in a hairpin structure.  A series of alanine 

residues from each helix formed the central contacting residues between the two helices in a sort 
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of 'alanine zipper'.  The C-terminal hairpin folded back and interacted with one side of the -

sandwich.  The same authors published a more detailed analysis of the interactions between the 

two domains several years later [192].  Strand seven of the -sandwich was shown to interact 

hydrophobically with the second -helix of the hairpin region.  An analysis of the dynamics 

between the two domains revealed a tight association with little or no flexibility relative to one 

another.  The  subunit has also been crystallized and solved to a resolution of 2.3 Å [193].  The 

crystal structure and the NMR structure are in excellent agreement. 

Both the NMR and crystal structures were obtained with the  subunit alone, not in the 

context of F1FO.  Therefore, there is the question of whether these structures actually represent 

the conformation the protein takes in the intact complex.  Two pieces of evidence indicate that 

the structure of the  subunit in the holoenzyme is similar to the one observed.  First, both 

structures put the M49 residue of the N-terminal domain and the A126 residue of the C-terminal 

domain in close proximity, within 5 Å.  Cysteine residues engineered at these two positions 

were able to form a disulfide crosslink in the holoenzyme as described below [194], indicating 

these two residues are in close spatial proximity.  Second, similar protease digestion pattern are 

observed for subunit  both in solution and in the intact complex.  Six trypsin cleavage sites exist 

in the  subunit, after residues A93, A98, K99, R100, A123 and T135 [185, 195].  Certain trypsin 

sites in the  subunit were cleaved very slowly both when it was isolated as well when it was in 

an intact F1FO with ADP bound.  However, if the ATP synthase complexes are incubated with 

the nonhydrolyzable substrate 5′-adenylyl-β-γ-imidodiphosphate (AMP·PNP) and Mg2+, these 

same sites cut rapidly.  This evidence and other experiments indicate that the  subunit may be 

able to adopt more than one conformation in the context of F1FO depending on whether the 

enzyme contains ADP or ATP in the active sites. 
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The  subunit has also been crystallized at 2.1 Å in the presence of the  subunit (Figure   

1-12) [182].  The  subunit took a markedly different conformation in this study, with the two C-

terminal helices not forming a hairpin, but rather an extended conformation wrapped around the 

γ subunit.  This structure was not in the context of the whole enzyme and the N- and C- terminal 

regions of  were truncated, so it is questionable if this conformation actually exists in vivo.  

However, this alternate conformation is consistent with some of the existing crosslinking data as 

discussed below, and may represent the trypsin-sensitive conformation mentioned above.  After 

the appearance of this new structure, a previous F1 electron density map at 4.4 Å was re-

evaluated and the existence of such an  conformation in the intact complex was concluded to be 

a possibility [196, 197]. 

Investigators have attempted to determine which of these conformations the  subunit 

actually takes in the intact enzyme.  Two different approaches have demonstrated a nucleotide-

dependent shift in the position of the  subunit similar to what was observed in the trypsin 

digestion experiment described above.  The first study used cryoelectron microscopy to examine 

F1 labeled with a gold particle at H38C [198].  The gold particle was shown to move from below 

an  subunit in the presence of ADP to below a  subunit in the presence of an ATP analog, 

indicating a change in the position of the  subunit.  The second study used disulfide bond 

formation to demonstrate that the  subunit was in proximity to the  subunit when the enzyme 

was incubated with ADP and the  subunit when incubated with an ATP analog [199].  These 

two studies showed a change in the position of the  subunit, but not necessarily a change in 

conformation.  A study by Tsunoda et al. used crosslink formation to demonstrate that both of 

the crystallized conformations described above can be observed in the whole enzyme [200].  A 

recent study probed the conformation of the  subunit by introducing cysteines and determining 
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their reactivity to MPB under resting conditions, during ATP hydrolysis and after inhibition with 

ADP-AlF3 [201].  Some residues near the - interface showed significant changes in the extent 

of MPB labeling depending on the nucleotide present, but the residues in the C-terminal -

helices showed a labeling pattern consistent with a partially open helical hairpin.  It is possible 

that there is inherent flexibility and movement in the hairpin domain during the normal 

functioning of the enzyme.  

Crosslinking the two -helices of the hairpin together or the second -helix to the -

sandwich had little effect on enzyme function [202], indicating that flexibility of subunit  is not 

essential for enzyme activity.  However, a very interesting result was obtained by locking the C-

terminal domain in the extended conformation–ATP synthesis was unaffected, but ATP 

hydrolysis was inhibited, allowing the enzyme to run in one direction only [200].  It was 

proposed that this function of the  subunit allows it to act as a ratchet and prevent the 

unnecessary hydrolysis of ATP.  A similar result was observed when studying the ATP synthase 

of the thermophilic organism Bacillus PS3 [203].  Locking the C-terminus out in this experiment 

inhibited ATP hydrolysis by about 80% without having a significant effect on ATP synthesis.  

The same study found subunit  to be in the extended state when no nucleotide was present while 

the addition of ATP induced a transition to the hairpin conformation.  This result was further 

confirmed by the solution of an NMR structure of the Bacillus PS3  subunit that found a 

previously unrecognized ATP binding motif, I(L)DXXRA, which recognizes ATP together with 

three R and one E residues [204].  The two C-terminal -helices were found to fold into a hairpin 

in the presence of ATP but extend in the absence of ATP, suggesting that the C-terminal domain 

of  can undergo an arm-like motion in response to an ATP concentration change and thereby 
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contribute to regulation of F1FO activity.  The authors also found that the E. coli  subunit binds 

ATP in a similar manner as judged by NMR. 

Inhibitory effects:  One of the functions of the  subunit is the inhibition of ATPase 

activity in F1.  This phenomenon has been known in E. coli since the 1970s [205-207].  The 

inhibitory effect is most noticeable when studying the isolated F1 portion of the enzyme, where 

the  subunit causes a five- to seven-fold decrease in the rate of ATP hydrolysis [45, 208].  This 

inhibition by the  subunit can be relieved in three different ways.  First, the  subunit can be 

dissociated from F1 by either heat treatment [206, 209, 210] or the addition of alcohols [211, 

212].  Second, certain detergents can be added that will disturb the inhibitory protein-protein 

interactions without actually dissociating  from F1 [178, 213-216].  Third, the treatment of F1 

with trypsin will cleave the C-terminal domain from  and relieve the inhibition [195, 217, 218].  

The  subunit also plays an inhibitory role in the context of the entire F1FO enzyme.  

Experimental evidence supporting this conclusion include the enhanced rates of ATP hydrolysis 

observed in the presence of mutations affecting - subunit interactions [219], protease removal 

of part of the C-terminal end of the  subunit [218], and crosslink formation between the N- and 

C-terminal domains [194].   

This inhibitory effect of the  subunit is a function of the C-terminal domain.  It was 

initially discovered that up to 60 C-terminal amino acids could be deleted without any other 

significant effect on enzyme function besides the loss of ATPase inhibition [177].  The deletion 

of the second -helix alone does not have a detectable effect on inhibition, rather both -helices 

must be deleted [177, 188, 190].  It is also possible to abolish the inhibitory effects of subunit  

by genetically fusing 12-28 kDa proteins to the C-terminus [191].  These large fusion proteins 

are probably sterically hindered from performing the normal inhibitory role of the  subunit.  The 
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area of F1FO with which the C-terminal domain of the  subunit is most likely to interact is the 

381D-387D region, termed the DELSEED sequence.  When the 381D-387D residues were replaced 

by A, a loss of the inhibitory effects of the  subunit was observed [220].  Even the replacement 

of only the first D residue in this region led to a similar increase in ATPase activity [221]. 

Crosslinking analysis.  Crosslink formation has been used extensively to investigate the 

structure and function of the  subunit.  As mentioned above, crosslinking results have been 

employed to determine what conformations the  subunit takes within the intact complex.  The 

first investigators to tackle this question using crosslinking created four cysteine mutants based 

on the NMR structure [202].  Two of the mutants would lock the -sandwich domain to the -

helical domain, M49C/A126C and F61C/V130C.  The other two mutants would lock the two -helices 

to one another, A94C/L128C and A101C/L121C.  The investigators found that all four crosslinks 

formed efficiently upon treatment with CuCl2 in both the isolated subunit and the intact enzyme, 

providing evidence that the NMR structure accurately reflected the conformation of  in the 

holoenzyme.  They also found that ATP hydrolysis activity increased after crosslinking the two 

domains to one another but not after crosslinking the two -helices to each other.  None of the 

crosslinks had any negative effect on enzyme function.  A contemporary study was published in 

which the authors also crosslinked the two domains using CuCl2 treatment of the M49C, A126C 

double mutant [194].  These sites were chosen because they existed very close to one another in 

the solved structures, within 5 Å.  Finally, an experiment was conducted that demonstrated that  

adopted both of the solved structures in the intact complex [200].  The authors were able to 

efficiently form both the up conformation by crosslinking the S118C/L99C double mutant as well 

as the down conformation by crosslinking the A117C/cc’Q42C double mutant using CuCl2.  These 

results demonstrate that the  subunit must be able to assume two or more conformations. 
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Crosslink formation between the  subunit and the other subunits in the complex was first 

discovered in the 1980s by treating the enzyme with the water-soluble carbodiimide EDC [178].  

Among the products formed was an - dimer.  A more specific interaction was obtained with 

the observation that a cysteine engineered at residue S108C could be crosslinked with TFPAM-3 

to the  subunit [219].  About the same time, a paper was published that investigated the - 

crosslink formed by treatment with EDC and determined the residues involved to be D381 and 

S108 [179].   The D381 residue is the first residue in the conserved DELSEED sequence, 

mentioned above with regards to the inhibitory function of the  subunit.  The formation of 

specific disulfide crosslinks involving the residues of the DELSEED sequence was published 

several years later, along with more evidence of a nucleotide-dependent change in the position of 

the  subunit [180].   

Crosslink formation was observed in the E381C/S108C and S383C/S108C double mutants 

upon treatment with CuCl2.  It was shown that the yield of the - dimer was nucleotide 

dependent–highest in the presence of ADP + Mg2+ and much lower in the presence of the ATP 

analog AMP·PNP + Mg2+ or when ATP was combined with the inhibitor azide.  It was also 

observed that formation of the - dimer inhibited the ATPase activity of the enzyme in 

proportion to the yield of the cross-linked product.  The same authors published a study the next 

year investigating this nucleotide-depended change in the position of  in more detail [199].  The 

authors engineered the cysteines mutants S108C, E381C, and S411C.  A clear nucleotide-

dependence effect on crosslink formation with the  subunit was observed.  For the E381C/S108C 

double mutant, the - dimer was obtained preferentially in the presence of ADP + Mg2+ while 

for the S411C/S108C double mutant, the - dimer was strongly favored in the in the presence of 
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AMP·PNP + Mg2+.  In the triple mutant S411C/E381C/S108C, the - dimer formed in the 

presence of ADP + Mg2+ and to the - dimer formed presence of AMP·PNP + Mg2+, indicating 

a significant movement of the  subunit.  All of these crosslinks led to inhibition of ATP 

hydrolysis activity.  Crosslink formation between the  and  subunits was used to obtain 

evidence of  subunit rotation relative to the 33 hexamer during ATP hydrolysis [222].  The 

authors formed D380C/S108C crosslinks in the context of the intact F1FO, separated the subunits, 

mixed with epitope tagged FLAG, D380C subunits and reconstituted the enzyme.  They reduced the 

existing - dimers, powered the enzymes with ATP for a brief period of time and then 

recrosslinked.  They were able to show randomized distribution of the S108C subunits with the 

original D380C subunits and the epitope tagged FLAG, D380C subunits, providing evidence of rotor 

stalk movement.  Finally, crosslink formation has been used to demonstrated that the ADP 

inhibited state of F1 exists in such a conformation that the  subunit is interacting with two 

different  subunits [192].  This was done by forming a crosslink between M138C and one of the 

 subunits with TFPAM-3 and then crosslinking a different D381 to S108 using EDC. 

A spatial relationship exists between the  subunit and the ring of c subunits as described 

above.  Briefly, disulfide crosslink formation was shown to occur between cysteines engineered 

at E31C and individually at cA40C, cQ42C, and cP43C when treated with CuP.  Crosslinking 

formation led to an inhibition of enzyme function, but this was due to formation of c-c dimers, 

not the -c dimer.  This was demonstrated clearly by Schulenberg et al. by crosslinking the E31C 

subunit to the genetically duplicated and fused c subunit cc'Q42C [169].  These results 

demonstrated that the c subunit ring rotates with the central stalk.  It has also since been shown 
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that cysteines substituted individually in the V26-L33 region could all be crosslinked to cA40C, 

cQ42C and cD44C, describing the potential binding surface of  to the c subunit ring [170].   

Several experiments demonstrated that crosslink products were formed between the  and  

subunits.  Cysteines engineered into the S10C mutant could be crosslinked to the  subunit using 

TFPAM-3 [219].  Likewise, the mutant S10C was able to crosslink to the R222-A242 region while 

the H38C and T43C mutants crosslinked to the K202-V286 region, both with TFPAM-3 [185]. 

Subunit  

Overview:  The  subunit composes part of the rotor stalk (Figure 1-13).  This subunit is 

286 residues long with a molecular mass of 31.4 kDa [39].  This subunit is essential for enzyme 

assembly and is required for proper ATPase activity in F1 [223, 224].  Experimental evidence 

indicates that the  subunit makes contacts with the ring of c subunits [171, 172], the  subunit 

[185, 200, 219] and the  subunits [180, 199, 219].  A structure was obtained in 1994 for most of 

F1, which included about half of the  subunit [225].  This structure greatly increased the 

understanding in the field of the structure and function of the  subunit.  The rotation of the  

subunit inside the 33 hexamer of F1 has been demonstrated by several methods [54, 226-230], 

most convincingly by direct observation using video microscopy [30]. 

Structure:  The structure of the  subunit was originally obtained at 2.8 Å along with the 

33 hexamer isolated from bovine mitochondria (Figure 1-14) [225].  Less than half of the  

subunit was resolved in the electron density map, consisting of only three α-helical sections.  

These helices were the N-terminal 45 residues, M1-T45, a short segment from the middle of the 

subunit, S73-K90, and the C-terminal 64 residues, I209-L272 (mitochondria residue numbering).  

The N- and C-terminal α-helices of the  subunit formed an antiparallel coiled coil structure 90 Å 
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in length which filled the central cavity of the α33 hexamer and extended below to form part of 

the central stalk.  There are minimal interactions between the  subunit and the α33 hexamer as 

revealed by the crystal structure.  The C-terminus region S265-L272 passes through a hydrophobic 

sleeve near the top of F1 formed by six proline-ring loops, three from the Y287-C294 region and 

three from the E274-R281 region.  Abrahams et al. described this region as a “molecular bearing, 

lubricated by a hydrophobic interface.”  The  subunit interacts with F1 in two other regions, 

described as “catches” by Abrahams et al.  The first catch is a salt bridge formed between 

residue R252 and D233 of an “empty” site, a designation used to describe the α/ pair which did 

not contain nucleotide.  The second catch was formed between K87, K90 and A80, all located in 

close proximity in a short helical region, and D394 and E398, both in the DELSEED region of a 

“tight” site, described in more detail below. 

A partial structure of the  subunit from E. coli was solved at 2.1 Å in the presence of the  

subunit as described above, consisting of the region I11-I258 [182].  The central portion of the  

subunit formed a helix-sheet-helix domain, featuring a five-stranded -sheet wedged between the 

two -helices L91–D108 and I150–D161.  The first four strands, K74–V80, V111–M117, A135–T138 and 

D166–K174 are in a parallel conformation, while the fifth strand, residues M179–P183 runs 

antiparallel to the fourth.  A short -helix, S120–V124, connects the second and third -strands.  

There are 53 C atoms shared between the E. coli and mitochondrial structures, all of which 

align relatively well with an RMS deviation of 1.4 Å (Figure 1-14).  This close alignment implies 

that the structure of  in the - dimer may be similar to the structure found in the intact complex. 

Subunit movement:  Two types of movement of the  subunit relative to the rest of F1 

have been demonstrated: movement associated with nucleotide binding, and full rotation during 
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catalysis.  The movement in  observed upon ligand binding is similar to that described for the  

subunit, with the same mechanism potentially responsible for both.  It was first noticed in the 

1980s that the trypsin digestion of  is retarded in the presence of ATP·Mg2+, an effect 

potentially attributed to a conformational change as a result of ligand binding [231].  This was 

further investigated by Turina and Capaldi by covalently binding the fluorescent probe coumarin 

maleimide (CM) to the individual mutants R8C and W106C in F1 [43].  The authors were able to 

detect changes in the steady-state fluorescence of the probe upon binding of ATP and its 

noncleavable analog AMP·PNP, but not upon binding of ADP.  A cyclical increasing and 

decreasing of the probe at W106C was noticed during unisite ATP hydrolysis.  The investigators 

were able to show that the increase in fluorescence was associated ATP binding and the decrease 

with ATP hydrolysis, indicating a nucleotide-specific change in the structure of the  subunit. 

The second type of movement is the full rotation of the  subunit relative to the 33 

hexamer during catalysis.  The crystallographic structure described above strongly implied that 

the γ subunit could carry out this role [225].  The rotation of  has been demonstrated by a 

number of groups using a variety of techniques [30, 54, 226-230], clearly establishing that the 

rotation of  occurs during enzyme activity.  The first group to provide evidence of rotation used 

a disulfide crosslink that could be formed between C87 and a cysteine engineered in the 

DELSEED region of the  subunit, D380C [226].  Formation of this crosslink inactivated F1, 

while reduction restored full activity.  The authors were able to crosslink C87 to D380C, separate 

the subunits of F1, reassemble with radiolabeled D380C and reduce the crosslink.  If ATP was 

added to power enzyme activity prior to reforming the crosslink, a mixture of radiolabeled and 

nonradiolabeled D380C subunits were crosslinked to C87.  This experiment demonstrated that 

catalytic activity was associated with a movement of the  subunit relative the 33 hexamer, the 
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first real evidence of rotation.  The same group soon published another study in which they 

performed a similar experiment in intact ATP synthase complexes, demonstrating that rotation of 

 also occurs when F1 is properly coupled to FO [232].  Around the same time, another group 

published a study in which they were able to immobilize F1 and observe rotation of eosin-labeled 

 subunit by applying polarized absorption relaxation after photobleaching [227].  This rotation 

was not observed if the non-hydrolysable ATP analogue AMP·PNP was used as a substrate.  The 

most convincing evidence of rotation was obtained by Noji et al. by direct observation using 

videomicroscopy [30].  The authors employed a setup in which F1 was immobilized on a glass 

coverslip and a fluorescent actin filament was bound to the  subunit and observed rotating upon 

the addition of ATP.  Experimental designs similar to this one were later used to demonstrate 

rotation of the  subunit [151] and c subunit ring [150, 152, 153, 155] as described above.  

Investigators have since use polarized confocal fluorometry [228] and FRET [54, 229, 230] to 

further investigate the mechanism of  subunit rotation. 

Mutagenic analysis:  Limited analysis of the  subunit has been done using mutagenesis.  

One line of investigation that has been revealing involves substitutions of the conserved residue 

γM23K.  The γM23K substitution resulted in a temperature sensitive loss of coupling efficiency, 

observed both in ATP-driven proton pumping as well as during ATP synthesis [233, 234].  

Several second site suppressors of this substitution were isolated in which the individual mutants 

R242C, Q269R, A270V, I272T, T273S, E278G, I279T, and V280A were able to suppress M23K, indicating 

a potential spatial proximity between the N- and C- terminal regions [234].  Additional second 

site suppressors for the M23K substitution were found in the  subunit: βE381A, βE381D, and βE381Q 

[235].  The crystal structure described above revealed that the positively charged K replacement 

of γM23 could form an extra hydrogen bond with the βE381 residue of the DELSEED sequence. 
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Truncation of the last ten residues of the  subunit resulted in reduced growth 

characteristics but not a complete loss of activity, indicating that these residues are not essential 

for function [236].  However, truncation of 18 C-terminal residues abolished all enzyme activity, 

potentially due to a failure of the  subunit to be able to reach into the “molecular bearing” 

formed by the 33 hexamer.  Another group has more recently investigated the extent of C-

terminal truncation that could be tolerated and found that genetic deletions of 3, 6, 9 and 12 

residues still allowed the formation of a functional complex, while deletions of 15 or 18 residues 

were not tolerated [237].  Interestingly, the average torque generated by a single molecule of F1 

when loaded by a fluorescent actin filament was unaffected by deletions of up to 12 residues, as 

was their rotational behavior, demonstrating that an intact C-terminal region of  is not required 

for rotary action under load. 

Mutagenesis has been used to demonstrate that the conserved residues in the Q269-L276 

region are important but not essential for activity, as substitutions at Q269, T273 and E275 resulted 

in F1FO that exhibited a significant decrease in activity but still functioned to some extent [236].  

A recent paper confirmed these findings with an investigation into the effects of substitutions in 

region of  that interacts with the first “catch” loop in the  subunits, Y297-D305 [238].  Again, 

residues Q269 and R268 were found to be sensitive to substitution, with deleterious effects on 

both ATP hydrolysis and the ability to grow by oxidative phosphorylation.  On the N-terminal 

end of subunit , it was found that most substitutions in the regions I19-K33 and D83-C87 had little 

effect on enzyme function, and neither did substitutions at residue D165 [233].  Another study 

demonstrated a functional interaction between the N- and C-terminal end of the  subunit [239].  

These authors engineered individually the above-mentioned Q269E and T273V mutations and 

looked for second site suppressors.  Suppressors were found at residues Q18, K34, S35, L236, 
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S238, A242, and A246, leading the authors to hypothesize that the three  subunit segments Q18-

S35, L236-A246 and R269-I280 constitute a domain that is critical for both catalytic function and 

energy coupling.   

Crosslinking analysis:  Multiple experiments have investigated crosslink formation 

between the  and  subunits.  It was first shown in the early 1990s that a crosslink could be 

formed between the substitution S8C and one of the  subunit upon treatment with TFPAMs 

[219].  The formation of this crosslink was found to be dependent on nucleotide concentrations, 

with different product obtained when the enzyme was incubated with ATP + EDTA compared 

with ATP + Mg2+ or ATP + Mg2+ + Pi.  The formation of this - crosslinking inhibited ATPase 

activity in proportion to the yield of crosslinked product.  The same authors found that V286C 

crosslinked to the  subunit in a nucleotide-independent manner upon treatment with TFPAMs, 

and the formation of this crosslink also resulted in inhibition of ATPase activity.  More specific 

disulfide crosslinks were formed by engineering cysteines into the  and  subunits after the 

publication of the high-resolution structure of F1 [225].  It was demonstrated that disulfide 

crosslinks could be formed between the C87/E381C subunits and the C87/S383C subunits by 

incubating with CuCl2 [180].  Again, the yield of - dimer was shown to be nucleotide 

dependent and highest in the presence of ATP and much lower in the presence of ADP.  Cross 

and coworkers formed a similar disulfide crosslink between C87/D380C using CuCl2.  They 

showed that this crosslink formation inhibited ATPase activity and were able to demonstrate 

rotation of the  subunit relative to the D380C subunits by mixing with radiolabeled D380C as 

described above [226].  They repeated this experiment in intact F1FO with both radiolabeled 

D380C subunit [232] and FLAG tagged D380C subunit [240].  A nucleotide-dependent effect was 

shown once more by crosslinking S8C to the  subunit using TFPAM-6, forming a crosslink 
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product in the presence of ATP + Mg2+ which was different from that obtained when ATP 

hydrolysis was inhibited [241].  All of the above crosslinking experiments resulted in an 

inhibition of enzyme activity as would be expected if the  subunit must rotate relative to the 

33 hexamer. 

An interesting result has been obtain by Gumbiowski et al. [242].  These investigators 

engineered cysteine residues into positions located roughly at the "top," "center," and "bottom" 

portions of the coiled-coil along with suitable residues on  or  and demonstrated disulfide 

bridge formation by SDS-PAGE and immunoblotting.  The ATPase activities were fully 

inhibited upon formation of the L262C/A334C crosslink at the center and the C87/D380C crosslink 

at the bottom, as expected.  Surprisingly, formation of a disulfide crosslink between A285C/P280C 

at the top impaired neither ATP hydrolysis nor full rotation of the  subunit.  The authors 

concluded that the amino acids at the C-terminal portion of  were rotating around their dihedral 

angles, much like a cardan shaft or universal joint.  These results were confirmed by the same 

group later in a further investigation of the phenomenon [243]. 

Crosslinking experiments have demonstrated a spatial proximity between the  subunit and 

both the c and  subunit as discussed above.  Briefly, a crosslink can be formed between Y205C 

and the polar loop region of the c subunit ring [171, 172].  The substitution S10C was able to 

crosslink to the R222-A242 region while H38C and T43C crosslinked to the K202-V286 region, both 

using TFPAM-3 [185, 219].  A disulfide crosslink in the double substitution S118C/L99C was 

formed using CuCl2 to probe the conformation of the  subunit [200].  Crosslinking of the  

subunit to either the  subunit or the c subunit ring did not disrupt enzyme function, indicating 

that these subunit move together as a unit. 



 

56 

Catalytic Subunits of F1 

Overview:  Three copies of each  and  subunit compose most of the mass of F1 (Figure 

1-15).  The  and  subunits are 513 and 460 amino acids long, respectively.  Both subunits are 

strongly conserved among various species and share a high degree of homology to one another 

with 24% identity and 51% similarity and nearly identical folds [32, 244].  These two subunits 

make up most of the mass of F1 and are arranged as a hexamer of alternating  and  subunits 

[225].  Each  and  subunit contains a nucleotide binding domain, but neither subunit alone has 

detectable ATPase activity, while the 33 hexamer in the absence of  exhibits only a small 

amount [245].  The  subunit must be included in order to hydrolyze ATP at a physiological rate, 

making the 33 complex the minimum required for full catalytic ATPase activity [223, 224].   

Structure:  The first high-resolution crystal structure of F1 was obtained by the Walker lab 

in 1994 (Figure 1-16) [225].  This structure showed that F1 was arranged as a hexamer of 

alternating  and  subunits surrounding a central cavity which contained the N- and C-terminal 

helices of the  subunit.  The  and  subunits were arranged like slices of an orange taking the 

shape of a flattened sphere 80 Å high and 100 Å across.  Both subunits folded in an almost 

identical manner with each consisting of three domains as shown in Figure 1-16C: an N-terminal 

six stranded -barrel (19-95, 9-82), a central domain with alternating -helices and -strands 

typical of a nucleotide binding site (96-379, 83-363) and a C-terminal bundle of seven or six -

helices (380-510 and 364-474, respectively).  The six N-terminal -barrels of  and  are linked to 

form a crown at the top of F1.  This crown and the nucleotide binding domains of each subunit 

are separated, whereas the helical domains interdigitate with the crown to some extent.  The 

crystal structure showed all six nucleotide binding sites in detail, three on the  subunits and 

three on the , described below.  All three  subunits contained the non-hydrolysable ATP 
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analog, AMP·PNP, and took similar conformations.  The  subunits were in three distinct states 

with different ligands bound to each–a tight (T) conformation, containing AMP·PNP; a loose 

(L) conformation, containing ADP; and an empty and open (E) conformation, with no substrate 

bound.  The T and L subunit conformations were quite similar with less than 1 Å root-mean-

square separation between C atoms.  They were only distinguished by the presence of different 

nucleotides in the catalytic sites.  The E subunit, however, was clearly in a different 

conformation–the lower segment, the region closest to the membrane, was rotated about 30° with 

the residues displaced up to 20 Å.  This hinge motion around residue 208 of its C-terminal 

domain separated the two halves of the nucleotide binding domain such that the residues 

necessary for binding nucleotide were no longer in the appropriate arrangement. 

A total of 18 additional structures of F1 have been published since the 1994 structure.  

These structures show F1 complexes from various organisms and in the presence of different 

substrates and inhibitors.  Most of the structures thus far are of bovine F1, which has been 

crystallized in the presence of the inhibitors efrapeptin [246], aurovertin B [247], 4-chloro-7-

nitrobenzofurazan (NBD-Cl) [248], DCCD [249], the regulatory protein IF1 [250, 251], and 

phytopolyphenol, resveratrol, and the related polyphenols quercetin and piceatannol [252].  

Crystals have also been obtained for bovine F1 grown in high concentrations of nucleotides.  

These also showed two sites occupied and one empty, with F1 in the ground state [253, 254].  

Several structures have also been solved containing the transition state mimics ADP·Mg2+ and 

aluminum fluoride [255, 256], as well as ADP and beryllium fluoride [257].  F1 from three other 

sources has also been obtained–Bacillus PS3 [258, 259], spinach chloroplast [260, 261] and rat 

liver [262, 263].  All these crystals show similar structures for the F1.  The only significant 
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difference between these structures is the conformation of the  subunits which correlates with 

the ligand bound in the nucleotide binding site. 

Nucleotide binding sites:  The six nucleotide binding sites are found at the / interfaces 

of F1 and all share a similar structure as a result of the high degree of homology between the  

and  subunits.  There are three catalytic sites predominantly in the  subunits with a few 

residues contributed by the  subunits.  Conversely, there are three noncatalytic sites 

predominantly in the  subunits with a few residues contributed by the  subunits.  The 

determination of which sites were catalytic and which were noncatalytic was based on chemical 

inactivation experiments with DCCD and NBD-Cl, labeling experiments using nucleotide 

analogs, and mutagenesis [39, 41].  For example, the mutagenesis of the K155 and D242 residues 

drastically decreased activity, while modification of the corresponding residues in the  subunits 

did not [64, 264-266].  Although the noncatalytic sites bind both ADP and ATP with high 

affinity, they have no known functional or regulatory role [265, 267-269].  Bound [-32P]ATP 

remains unhydrolyzed for long periods of time in the noncatalytic sites [270]. 

The nucleotide binding domains consist of a nine-stranded -sheet with nine associated -

helices [225].  The major residues of  involved in nucleotide binding are shown in Figure 1-17 

and discussed below.  The adenine binding domain of the catalytic site consists of residues 

around helix three of the C-terminal domain, residues F404, A407, F410, T411, as well as the 

aromatic ring of Y331.  Early mutational analysis and use of the fluorescent nucleotide analog 

lin-benzo-ADP identified residue Y331 as adjacent to the bound nucleotide [271].  The crystal 

structure confirmed these mutational studies by showing that the aromatic ring of Y331 is stacked 

with the adenine ring of the nucleotide.  This residue is important but not required for enzyme 
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function [271-273].  The phosphates in the catalytic site are bound by the residues of the P-loop, 

G149-T156 [225].  This region has been the subject of extensive mutagenesis as described below.  

In addition to this region, the nucleotide phosphates are surrounded by six charged residues, 

three acidic and three arginines–E181, E185, D242 and R182, R246, R376, respectively.  It is 

thought that residues E185 and D242 are involved in binding Mg2+ indirectly through water 

molecules, a view supported by evidence obtained from mutagenesis studies [64, 274].  Residue 

E181 appears to be aligned such that it could activate a water molecule for an attack on the 

terminal phosphate of the bound nucleotide [225].  In the mutants E181Q and E181A the rate of 

the hydrolysis step was reduced by two orders of magnitude, highlighting the importance of this 

residue [46, 64, 275]. 

Mutagenic analysis:  Mutagenesis has been used extensively to investigate the structure 

and functional characteristics of the  and  subunits.  One region of the  and  subunits that 

has been investigated extensively using mutagenesis is the sequence known as a P-loop or 

Walker A sequence [264].  This sequence, GXXXXGK(T/S), is conserved in a large and diverse 

group of nucleotide-binding proteins and interacts with phosphate groups of the bound 

nucleotide.  The actual sequence for G149-T156 is GGAGVGKT.  The substitution A151P was 

shown to exhibit higher ATP hydrolysis than wild-type, while A151V retained significant 

activity, indicating this residue is tolerant of substitutions [276].  The residue K155 was shown to 

be important for proper enzyme function by affinity labeling with adenosine triphosphopyridoxal 

[277, 278].  To investigate the sensitivity of this residue, a large number of substitutions covering 

the K155 and T156 residues were created–K155A, K155S, K155T, T156A, T156C, T156D and T156S 

[279].  Only T156S showed any ATP synthesis activity, while the others were defective, 

suggesting that the K155 and T156 residues are essential for catalysis.  The same group also 
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attempted to move the side chains around in the K155T, T156K and T156A, V157T double 

substitutions, but neither supported enzyme function.  Another group found that insertion of a G 

residue between K155 and T156 also resulted in an inactive enzyme [276].  These same 

investigators replaced the entire Walker A motif with the corresponding region of adenylate 

kinase (GGPGSGKGT) and p21 ras protein (GAGGVGKS), resulting in a loss of enzyme 

activity for the former and a retention of significant activity for the latter.  The mitochondrial  

subunit has a Walker A motif identical to that of the E. coli subunit at the corresponding location 

G190-T197.  Each residue in the mitochondrial Walker A motif was tested individually for 

functional replacements [280].  It was found that the residues G149, G154, and K155 (E. coli 

numbering) were not tolerant of any substitutions while T156 could only be replaced with S, 

results that correlate well with the work done in E. coli. The most pliable residue was G150, 

where ten different substitutions resulted in a functional enzyme. 

The  subunit also contains a Walker A motif of GDRQTGKT at residues G169-T176.  It 

was initially discovered that the mutations K175I and K175E resulted in a decrease in ATP 

hydrolysis activity of 2.5 and 3 fold, respectively [265].  This result is surprising, since the 

noncatalytic sites in the  subunit have no known function.  These results were expanded later to 

demonstrate that single amino acid substitutions at residues K175 and T176 drastically altered 

enzyme assembly [281].  The substitutions K175F, K17W, T176F and T176Y completely disrupted 

enzyme assembly, while K175H, K175S, K175G, Y176S, T176H, T176A, T176C, T176L, and Y176V 

had effects on enzyme assembly that were less severe.  This region is not involved in catalysis, 

but it appears to be important for proper enzyme assembly. 

Mutagenesis has been used to identify other residues in the  subunit that are important for 

function.  For example, the substitution S174F was discovered in 1980 and found to significantly 
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affect enzyme function [282].  Four second site suppressors were later found, G149S, A295T, 

A295P and L400Q [283].  Since the G149S substitution was determined to be a second site 

suppressor, the substitution G150S was tried and found not to suppress S174F [284].  A number of 

different residues were substituted for S174 and a relationship between the size of the side chain 

and enzyme activity was observed [285].  Whereas S174F was defective in ATP driven proton 

pumping, S174L could pump proton efficiently.  Both of these substitutions resulted in essentially 

the same levels of ATP hydrolysis, indicating that this residue had an effect on F1 to FO coupling.  

A recent publication revisited the individual S174F and S174L substitutions and found a slower 

single revolution time and a 10 fold increase in pause time at each 120° step [286].  As expected, 

the G149A, S174F and G149A, S174L retained function.  Further in silico analysis of these substitutions 

suggested that the S174F residue is involved with I163 and I166 through hydrophobic interactions 

[287].  The addition of the I163A substitutions partially suppressed S174F, supporting this 

hypothesis.  Finally, the E181 and R182 residues were also found to be sensitive to substitutions, 

with defects in enzyme function found in E181Q, E181D, E181N, E181T, E181S, E181A, E181K, 

R182K, R182A, R182E and R182Q [46]. 

A subset of mutations that affect F1 function appear to inhibit catalytic cooperativity 

without exhibiting a significant effect on unisite catalysis.  Substitutions known to cause such 

effects in the  subunit are  S347F, G351D, S373F, S375F and R376C [288-291].  These amino 

acids are in the -β interface close to the catalytic site, termed the “/ signal transmission 

region” [292].  A similar effect was observed after reaction of the S373C mutant with NEM, with 

only a single residue per F1 required for the deleterious effect [293].  The substitution A151V 

exhibited a similar effect on catalytic cooperativity [294], while multiple substitutions at βE185 
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also had such an effect [274].  Positive catalytic cooperativity was blocked in these mutant 

enzymes, not nucleotide binding [295].  The modification of the βE192 residue with DCCD also 

inhibited multisite catalysis but not unisite catalysis despite being 16–17 Å away from the          

γ-phosphate [296, 297]. 

Several mutagenesis studies have identified residues important in interactions between the 

 and  subunits and other subunits of F1.  The G29D substitution was identified by random 

mutagenesis and found to cause functional defects due to a disruption of the - binding 

interactions [292].  Likewise, D305V, D305S and D305E exhibited low levels of ATP hydrolysis 

activity due to a disruption of the - interactions [238].  The individual substitutions D301E, 

R323K, and R282Q were also found to affect the kinetics of ATP hydrolysis by disrupting 

hydrogen bonding interactions between the  and  subunits [298]. 

Crosslinking analysis:  Crosslinking has not been used as extensively in the  and  

subunits as mutagenesis.  The photoactivatable, bifunctional crosslinking reagent                    

2,8-diazidoadenosine 5'-triphosphate (2,8-DiN3ATP) was used to demonstrate that both the  

and  subunit contribute to the catalytic nucleotide binding sites [299].  UV irradiation of F1 in 

the presence of 2,8-DiN3ATP caused an inactivation of F1 and the formation of - dimers.  

Crosslink formation was also used to abolish catalytic cooperativity by crosslinking two βI376C 

subunits [300].  Two of the β subunits in the 33 complex contact each other with a segment 

that includes βI376 despite the intervening subunit.  The formation of this disulfide crosslink 

blocks a conformational change involved in the enzyme mechanism and disrupts multisite ATP 

hydrolysis while still allowing unisite activity. 
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Peripheral Stalk Subunits 

Subunit  

Overview:  The  subunit is the member of F1 which composes part of the peripheral stalk 

(Figure 1-18).  This subunit is 177 amino acids long.  Evidence indicates it is located at the upper 

periphery of the 33 hexamer [301-303].  There are currently no high-resolution structures of 

the entire  subunit, but portions of this subunit have been solved by NMR spectroscopy [304, 

305]. The experimental evidence indicates that  exists as two domains, an N-terminal domain 

involved in binding to the  subunit of F1 and a less well-defined C-terminal domain involved in 

binding to the b subunits of FO. 

Structure:  The first detailed structure of the  subunit was obtained using NMR 

spectroscopy in 1997 [304].  The researchers set out to obtain structural information for full 

length , but the full length protein exhibited a tendency to aggregate during data collection and 

did not produce sufficient quality data for structural analysis.  However, enough data was 

obtained from the full length protein to demonstrate that the N-terminal region was similar to the 

protease degradation product M1-S134 which did not aggregate.  This M1-S134 protein was 

determined to be globular and consisted of two domains: an N-terminal domain of residues    

M1-A105 which was arranged in a compact, globular structure, and a C-terminal domain of 

residues 106-S134 which was disordered except for a short -helix.  The N-terminal domain 

folded as a six -helix bundle with dimensions of approximately 45 x 20 x 30 Å.  Helices one 

(F4-V20), two (S24-V38), five (D70-A81) and six (A88-E104) were arranged as two intercalating       

V-shaped pairs that formed the core of the structure, while helices three (N41-L47) and four   

(A53-V64) were packed tightly against the four-helix core.  The C-terminal domain was disordered 
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except for a loop (T106-L117) and -helix seven (S118-M129).  Helix seven was found to be 

relatively unstable and solvent exposed, interacting only weakly with the six-helix bundle. 

Another NMR structure of the  subunit was published recently (Figure 1-19) [305].  This 

structure is a 1:1 complex of the N-terminal domain of the  subunit and the N-terminal 22 

residues of the  subunit.  This new structure shows a nearly identical fold for the N-terminal 

domain of the  subunit, with -helices one and five forming the binding surface for the  

subunit fragment.  Residues I8-Q18 fold as an -helix when bound to the  subunit.  The authors 

were able to describe the structural details of the - interaction based on their NMR results. 

Subunit interactions:  The N-terminal domain for the  subunit is involved in binding to 

F1, as first indicated by proteolysis experiments [306].  This domain alone binds to F1 with a 

similar affinity as the entire  subunit, but does not support binding of F1 to FO [302].  The        

N-terminal 30 residues of the  subunit were implicated in binding of  by early experiments 

using proteolysis and mutational analysis [269, 292, 307].  More recent electron microscopy 

studies of intact F1FO complexes decorated with a monoclonal antibody against the  subunit 

localized the  subunit to the top of F1 in the dimple formed by the N termini of the  and  

subunits [303].  Much of the work done on the  subunit in the last decade has focused on 

elucidating the details of this - interaction.  The binding affinity of a peptide consisting of  

M1-V22 to the  subunit was quantified using the fluorescence signal from the natural occurring 

W28 as well as the engineered Y11W and V79W [308, 309].  This N-terminal region of the  

subunit binds to  with high affinity, Kd = 130 nM, while mutations in helices one and five of the 

 subunit impair this protein-protein interaction.  The same group also analyzed which residues 

on the N-terminal region of  were most important for proper  binding and demonstrated that 
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the most sensitive were the hydrophobic residues located on the nonpolar surface of the predicted 

 helix, I8, L11, I12, I16, and F19 [310].  This work was done initially in the M1-V22 peptide 

and significant results were confirmed in intact F1FO.  The NMR structure of the M1-V22 peptide 

bound to the N-terminal domain of  provided a detailed picture of how these two proteins 

interacted.  It was found that residues Y11, A14, F18, L76 and V79 form a hydrophobic pocket 

that bound to the N-terminal region of the  subunit [305].  An interesting detail of the - 

interaction was provided recently with the observation that the N-terminal region of the isolated 

 subunit is not susceptible to trypsin cleavage and is probably sequestered until the isolated  

subunit forms a complex with the other F1 subunits [311].  This observation provides a possible 

explanation for why  and  monomers have not been seen to dimerize in solution. 

Several studies have attempted to quantify the binding energy between the  subunit and 

the rest of F1.  The first study labeled the  subunit with tetramethylrhodamin-5-maleimide 

(TMR-5-M) and used fluorescence correlation spectroscopy (FCS) to calculate the Kd between 

monomeric  and 33 as 0.8 nM or less [312].  This Kd corresponds to a free energy of binding 

of at least 52 kJ/mol, sufficient to withstand the estimated 50 kJ/mol of elastically stored energy 

accumulated during enzyme function [65].  The second study used a fluorometric assay based on 

the W28 residue to detect binding of the  subunit to the 33 complex [313].  The second 

value obtained for Kd of  binding was 1.4 nM, energetically equivalent to 50.2 kJ/mol, again 

sufficient to withstand the strain the  subunit experiences during catalysis.  The investigators 

demonstrated that the M1-S134 fragment bound with the same Kd as the full length  subunit, 

providing further evidence that the C-terminal domain of  contributes no binding energy, at 

least in the absence of FO.  This study also characterized the effects of two different mutations on 
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the binding of the  subunit to the 33 complex.  The first mutation, W28L, was discovered 

during the course of this study and increased the Kd to 4.6 nM, equivalent to a loss of 2.9 kJ/mol 

of binding energy.  While this decrease in binding energy was insufficient to cause detectable 

functional impairment, it did facilitate the preparation of -depleted F1.  The second mutation 

characterized was previously discovered in the 1980’s, G29D [292].  This mutation caused 

functional impairment, reducing the Kd to 26 nM, equivalent to a loss of 7.2 kJ/mol binding 

energy. 

The interaction of the  and b subunits is essential for the proper association of F1 and FO, 

details of which will be discussed more in the b subunit section.  Briefly, a number of early 

experiments demonstrated an interaction between the  and b subunits [314-318].  In particular, 

it was shown that the deletions of as few as four residues from the C-terminal end of  prevented 

binding of F1 to FO [314].  Mutagenesis of the K145-R167 region demonstrated that this C-terminal 

domain was important for the proper function of , with the substitutions A149T and G150D being 

especially deleterious [319].  Crosslinking experiments also supported the idea of a close spatial 

proximity between the two subunits. 

Crosslinking analysis:  Crosslink formation has provided additional information about the 

spatial proximity of the  subunit to the rest of the complex.  Two native cysteines exist in the  

subunit, C64 and C140, which can readily form an intramolecular disulfide bridge when treated 

with CuCl2 [320].  The formation of this crosslink demonstrates that the two domains of  

associate closely with one another in the intact complex.  It was noticed in the 1980s that 

oxidizing conditions caused disulfide bond formation between the  and  subunits in the 

absence of genetically introduced cysteines [321, 322].  This dimer was only formed in isolated 

F1, not F1FO, indicating additional structural effects caused by binding to FO.  Residue C90 was 
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shown to be involved in the formation of this crosslink [320].  The engineered cysteine in Q2C 

was shown to crosslink to both C64 and C140 upon treatment with CuCl2, with a preference for 

C140 [302].  Significantly, the formation of a C140-Q2C crosslink in excess of 90% had no effect 

on ATP hydrolysis or ATP-driven proton pumping, demonstrating that  does not need to move 

relative to the  subunit for proper enzyme function.  Crosslinks could also be formed between 

the  subunit and the b subunit of the peripheral stalk as described in more detail below [323-

326].  The formation of a disulfide crosslink between M158C and b+G157, +C158 did not impair 

enzyme function, demonstrating that the b subunits do not need to move relative to the  subunit 

for enzyme activity [325]. 

Subunit b 

Overview:  The b subunit is a member of FO which composes part of the peripheral stalk 

(Figure 1-20).  The peripheral stalk of the E. coli F1FO ATP synthase is the simplest peripheral 

stalk in the ATP synthase family and one of the most completely studied.  It is composed of a 

dimer of identical b subunits which are 156 amino acids in length.  The E. coli b subunit has a 

topology similar to all other bacterial and photosynthetic ATP synthase peripheral stalks.  In 

silico secondary structure analysis predicts an N-terminal membrane spanning domain followed 

by a long, mostly  helical  hydrophilic domain [327-330].  Each b subunit crosses the 

membrane once and then extends from the membrane surface all the way to the  subunit 

perched on top of F1, a distance of about 110 Å [331].   

A number of experiments indicate that the peripheral stalk is highly extended and largely  

helical.  Circular dichroism analysis of the hydrophilic portion of the b subunit, residues        

bV25-L156, showed mostly  helix [318, 332, 333].  Measurement of the molecular weight of bV25-

L156 by sedimentation equilibrium gave a value of approximately 31.2 kDa, indicating a dimer of 
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15.5 kDa bV25-L156 subunits [333].  When the protein was passed through a size exclusion column 

it eluted with an apparent molecular weight of 80-85 kDa.  These results, along with the 

measured sedimentation coefficient of 1.8 S, are indicative of a highly extended shape.  The 

values obtained from working with just the hydrophilic portion of the b subunit were confirmed 

by circular dichroism experiments conducted on the full length b subunit reconstituted into E. 

coli lipid vesicles [334].  This analysis on the full length protein showed the peripheral stalk to 

be 80%  helix and 14%  turn.  A fully extended, completely  helical b subunit would be 190 

Å long, reaching far beyond the apex of F1 [335].  This indicates that there is additional structure 

in the peripheral stalk besides a linear  helix.  Indeed, analytical ultracentrifugation of truncated 

bV25-L156 suggested that the extreme C-terminus is bent back in a hairpin-like fashion [336]. 

The b subunit exists in the intact ATP synthase complex as a dimer.  It has been 

demonstrated that only the dimeric form of the b subunit interacts with F1 [318, 332] and that the 

formation of the b subunit dimer is likely an early step in the assembly of the entire complex 

[332].  Likewise, the bV25-L156 polypeptide also dimerizes in solution [333].  This bV25-L156 

polypeptide has been shown to exist in solution in an equilibrium between the monomeric and 

dimeric forms.  The dimeric form is prevalent at 5 °C and 20 °C while bV25-L156 exists 

predominantly in the monomeric form at 40 °C [337].  Analytical ultracentrifugation analysis of 

the bV25-L156 dimer supported the hypothesis that the two proteins may form a coiled coil 

arrangement [333, 337].  There is uncertainty in the field as to whether this is a right or left 

handed coiled coil, discussed in more detail below. 

The peripheral stalk was conceptually divided into four functional regions by Revington et 

al. [337].  The N-terminal region is the hydrophobic membrane spanning domain which covers 

residues bM1-K23.  The next section is termed the tether domain and extends from the end of the 
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membrane spanning domain to the beginning of the dimerization domain, residues bY24-A59.  The 

third region involves residues bS60-K122 and is required and sufficient for the formation of the b 

subunit dimer in the bV25-L156 polypeptide, appropriately termed the dimerization domain [338].  

The C-terminal region is the F1 binding domain.  This domain is required for proper interaction 

of the peripheral stalk with F1 in the intact complex [339] and covers residues bQ123-L156.  These 

four regions will be discussed in more detail below. 

Membrane spanning domain:  The membrane spanning domain is the hydrophobic       

N-terminus of the b subunit which includes residues bM1-K23 [337].  This region of the b subunits 

is required and sufficient to interact with the ac10 subunits and form the proton channel of FO 

[340].  The structure of the monomeric peptide of residues bM1-E34 was solved by NMR in a 

membrane mimetic solvent composed of chloroform/methanol/H2O (4:4:1) (Figure 1-21A) 

[149].  This structure was composed of an  helix for residues bN4-M22 which likely spans the 

hydrophobic lipid bilayer and anchors the peripheral stalk.  There was a rigid bend around 

residues bK23-W36 and the  helix resumed for the remaining residues bP27-E34 at an angle offset 

about 20º from the transmembrane helix.  Crosslinking experiments discussed in more detail 

below suggested a structural model in which the b subunits associate closely with one another at 

their N-terminal ends and flare apart as they traverse the membrane in order to accommodate the 

bends (Figure 1-21B). 

There is ample evidence that the membrane spanning domains of the b subunits interact 

with the single a subunit.  Probably the strongest argument for a tight interaction between these 

subunits is the fact that the ahisb2 complex can withstand affinity purification in different 

detergents and detergent mixtures [341].  Crosslinks can be formed between the a and b subunits 

(see below).  Several second site suppressors for the mutation bG9D were found at residue aP240 
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[342], located in the C-terminus of the five putative transmembrane helices of the a subunit [76, 

86].  At the time this was considered evidence that the helices of subunits a and b interacted 

directly.  However, a more recent model proposes that these second site suppressors are 

transmitted through helix two of the a subunit and are not a result of direct interaction [343]. 

Some evidence exists for an interaction between the b and c subunits in ATP synthase 

based on crosslinking results.  However, only ac or ab subcomplexes have been purified, 

indicating a weak or transient interaction between the b and c subunits [344-346]. 

Tether domain:  The tether domain is the region between the membrane spanning domain 

and the dimerization domain which includes residues bY24-A59 [337, 338].  Analysis of the protein 

sequence of the tether domain shows a heptad repeat of small hydrophobic amino acids that 

starts just outside the membrane spanning domain and continues without interruption until bA79, 

suggesting a coiled coil arrangement [333, 347].  Little is actually known about the structure of 

the tether domain and there is no published data showing any interaction between the b subunits 

in this region. 

A residue found in the tether domain that is highly conserved across species is bR36, 

positioned approximately two helical turns above the surface of the membrane [80].  A collection 

of mutants were constructed by Caviston et al. to probe the role played by this residue [348].  

Many of the amino acid substitutions resulted in intact and functional ATP synthases that were 

capable of supporting growth on succinate as the sole carbon source.  The bR36I substitution 

resulted in intact but completely inactive F1FO.  Substitution of a glutamic acid for bR36 resulted 

in an unusual phenotype where proton conduction through FO was uncoupled from ATP 

synthesis in F1.  Results obtained in the Cain lab demonstrated that only a single bR36 residue was 

required, since F1FO containing heterodimeric bR36/bR36E or bR36/bR36I were functional [349].  A 
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recent paper attempted to compensate for the defective bR36 mutations by engineering additional 

mutations in the b subunit [350].  No suppressor mutations could be found for the bR36I 

substitution, but the bR36E substitution could be suppressed in bR36E, E39R.  These results 

demonstrated that efficient coupling in the enzyme is dependent upon a basic amino acid located 

at the base of the peripheral stalk.  The exact function of this amino acid remains uncertain, but 

the experimental evidence indicated it affects the proton conduction mechanism, probably in an 

indirect manner through the a subunit. 

Early concepts for the function of the b subunit dimer proposed it to be a rigid, rod-like 

feature that prevented F1 from rotating along with the central stalk, hence the name “stator”.  

This idea was based on both the apparently conserved secondary structure among bacterial b 

subunits and the conserved distance between the bR36-A79 residues [80].  Although there is low 

conservation in the amino acid sequences between b subunits from different organisms, gaps are 

seldom found in alignments [351, 352].  Work performed in the Cain lab provided evidence that 

changed the way in which the field viewed the peripheral stalk.  A series of deletions and 

insertions were constructed in the tether domain between residues bR36-A79 to test the hypothesis 

that the peripheral stalk was a rigid, rod-like structure.  It was found that the deletion of seven 

residues had virtually no effect on enzyme function.  Peripheral stalks with up to 11 residues 

deleted were capable of supporting growth on succinate but exhibited reduced levels of F1FO 

complex assembly [353].  A second paper published by Sorgen et al. found that the insertion of 

seven amino acids in the tether domain resulted in a normal phenotype while insertions of up to 

14 amino acids were capable of supporting growth on succinate [354].  The deletion of 11 

residues would shorten an  helix about 16 Å while the insertion of 14 residues would lengthen 

it by about 20 Å.  Taken together, these papers changed the perception of the tether domain of 
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peripheral stalk to one of a flexible, rope-like structure.  It appears that the length of the b subunit 

has been conserved to a size optimal for complex assembly but not essential for function of a 

fully assembled, intact F1FO.  In fact, it was recently shown that it is possible to form an 

asymmetric peripheral stalk composed of a subunit containing an internal deletion, b(L54-S60), and 

a subunit containing an internal duplication, b+(L54-S60), indicating that the individual b subunits 

do not even have to be the same length to form a functional complex [355]. 

A recent study attempted to investigate the distance between the b subunits in the tether 

domain region using electron paramagnetic resonance (EPR) [356].  The mutant subunits bI40C, 

bH51C, bD53C, bT62C and bQ64C were expressed individually along with the rest of the ATP synthase 

subunits and the cysteines were labeled with a nitroxide spin label.  All of the residue pairs were 

found to be in a hydrophilic environment and separated by a distance of 29 Å.  These results 

suggest that the two b subunits are either in register and separated by about 19 Å, in close contact 

and displaced along the helical axis by up to 27 Å, or some combination of the two.  Collectively 

the results indicate that there is little interaction between the b subunits in the tether domain 

region and they may be located a significant distance apart. 

Dimerization domain:  The dimerization domain is the smallest region capable of 

dimerizing in a manner similar to the full bV25-L156 polypeptide.  The residues involved in 

dimerization were originally thought to be bD53-K122 due to the fact that truncating the protein to 

start at bK67 or end at bK114 resulted in monomeric protein [337, 357].  More recent experiments 

moved the N-terminus of this domain to at least bS60 [337, 338].  Neither the tether domain or the 

F1 binding domain contribute significantly to dimer formation in bV25-L156 [336, 357].  

Evidence suggests that the dimerization domain exists as a highly extended, largely  

helical structure in a coiled coil arrangement.  Data supporting this model include the frictional 
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coefficient obtained from ultracentrifugation experiments and NMR relaxation parameters [337].  

The CD spectra of the dimerization domain alone at 5 °C or 20 °C gave results consistent with 

almost 100%  helix and a coiled coil arrangement [338].  A crystal structure has been obtained 

for the bT62-K122 fragment, showing a single, linear  helix [358].  Although this crystal structure 

supports the hypothesis that the dimerization domain is mostly  helical, it provides no 

information on exactly how the two proteins come together to form a dimer.  There is currently a 

controversy in the field regarding whether the coiled coil is left or right handed.  The 

crystallization paper mentioned above was the first to propose that the dimerization domain 

forms a unique right handed coiled coil.  Three additional papers have been published by the 

Dunn lab that support the right handed coiled coil model.  The 2006 paper by Del Rizzo et al. 

investigated the crosslinking pattern between soluble b subunit fragments, in particular looking 

for the presence of patterns indicative of a right handed coiled coil and investigating if the 

soluble b subunits were staggered relative to one another [359].   The results presented in this 

paper support the model of a staggered arrangement which possibly exists as a right handed 

coiled coil.  The authors also presented data from thermal denaturation and gel filtration 

experiments to demonstrate that the staggered b subunits were more stable than the b subunits in 

register.  The 2007 paper by Woods and Dunn demonstrated that soluble b subunits locked in a 

staggered orientation bound F1 more tightly than b subunits that were in register [326].  The most 

recent 2008 paper by Bi et al. investigated the effects of substituting regions of E. coli’s b 

subunit with other sequences that have the potential to form either right or left handed coiled coil 

arrangements [360].  It was shown that many of the chimeric peripheral stalks containing right 

handed coiled coil sequences still formed functional complexes, while none of the left handed 

coiled coil sequences were able to support oxidative phosphorylation.  In contrast, two papers 
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have been published in 2008 by the Vogel lab arguing for a more traditional, left handed coiled 

coil.  The first paper used in silico methods to analyze possible packing arrangements for the b 

subunits and concluded that the available structural and biochemical evidence can be 

accommodated by a left handed coiled coil structure [361].  Their second paper contained 

sequence analysis showing that all bacterial, cyanobacterial and plant b subunit have extensive 

heptad repeats suggesting these subunits are capable of packing as left handed coiled coils [362].  

The authors engineered cysteines at 38 positions in the soluble form of the b subunit and 

measured intersubunit distances with EPR.  The distances obtained fit the model for a left handed 

coiled coil arrangement.  Although data has been presented to support both left and right handed 

models, it is currently difficult to determine which model is correct. 

Certain regions of the dimerization domain have been shown to be very sensitive to 

mutation.  It was first observed that the deletion of a single residue, bK100, resulted in the loss of 

dimerization in the bV25-L156 construct and the failure to support growth on succinate when 

incorporated into the holoenzyme [338].  A more recent study presented evidence that all single 

amino acid deletions in the bK100-A105 region allowed complex assembly but failed to support 

growth on acetate [363].  Interestingly, the deletion of the entire region, bK100-Q106, resulted in 

only moderately reduced growth.  These results can be interpreted to suggest that the single 

amino acid deletions disrupted the  helix such that the coiled coil structure could no longer 

form properly, while removing two full turns of the  helix only slightly affected enzyme 

functional.  Another recent paper showed that many regions of the dimerization domain were 

relatively insensitive to duplication [330].  Duplication of the bA59-T62, bE73-I76, bA90-E93 and    

bV102-A105 regions individually had no effect on the ability of the enzyme to support growth on 

succinate. 
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Secondary structure predictions indicate a  turn in the dimerization domain around 

residues bR82-Q85, immediately after the first  helical segment [329, 364].  The majority of 

bacterial b subunits have a highly conserved alanine as the last residue of the first  helical 

segment, with only one known exception [80].  Mutagenesis experiments showed this alanine 

residue to be sensitive to substitutions which produced an unstable b subunit and an assembly 

defect in the entire complex [347, 365].  These bA79 mutations were reproduced in the bV25-L156 

construct and showed a marked decrease in dimer formation along with convincing evidence that 

dimer formation was an essential step required prior to the binding of bV25-L156 to F1 [332]. 

A number of pieces of data demonstrate that interactions exist between the b subunit 

dimerization domain and the  and  subunits of F1.  EPR spectroscopy has been used by the 

Vogel lab in two different experiments to produce results suggesting significant interactions 

between the dimerization domain and F1.  The first study demonstrated that the binding of     

bV25-L156 to spin-labeled F1 significantly changed the conformation of the catalytic sites in the 

33 hexamer [366].  The second study introduced spin labels at a number of positions along the 

b subunit and generated data suggesting that the b dimer packs tightly to F1 between residues 

bN80 and the C-terminus with some segments in that region where the packing interactions are 

quite loose [367].  Finally, electron microscopy visualization of ATP synthase lends support to 

the idea that the peripheral stalk closely associates with the 33 hexamer [368-370]. 

F1 binding domain:  The F1 binding domain is the C-terminal end of the b subunit which 

is required for the proper interaction of the peripheral stalk with F1 in the intact complex [339, 

371].  This domain involves residues bQ123-L156 [337].  Little is known about the structure of this 

region, but evidence suggests a different structure than the straight linear  helix that is believed 

to dominate the first three domains.  A more compact structure is likely based on analytical 
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ultracentrifugation experiments of truncated bV25-L156 that suggested that the extreme C-terminus 

is bent back in a hairpin like fashion [336].  Experimental evidence exists for an interaction 

between the b subunits in the F1 binding domain as well as with the  and  subunits. 

Experiments showed that the substitution bA128D abolished enzyme function, indicating that 

the proper interaction between the b subunits in the F1 binding domain is critical [372].  

Sedimentation equilibrium experiments presented in the same paper indicated that the bV25-L156, 

A128D subunits were unable to dimerize.  This mutation was examined later by the another lab 

who failed to detect any significant effect on dimerization as measured by sedimentation 

equilibrium [338].  However, the authors did see evidence of a conformational change in the     

C-terminus of the bV25-L156, A128D subunits that resulted in an inability to bind F1.  It was proposed 

that residue bA128 may be located on the inner face of an amphipathic helix such that the 

electrostatic repulsion caused by substituting a D for this residue could push the helices apart and 

disrupt the F1 binding domain [338].  It has been recently shown that the entire sequence from 

bV124-A130, known as the VAILAVA sequence, was sensitive to both deletions and duplications of 

various sizes [330].  Modifying the b subunit in this region destroyed enzyme function, while 

deletions and duplications in the bA143-S146 region had no effect on the ability of the enzyme to 

support growth on succinate.  The C-terminal region bV153-L156 was also sensitive to both 

deletions and duplications.  Although this region was known to be sensitive to deletions, the 

effect of duplication was surprising since appending a V5 epitope tag to the C-terminus of the b 

subunit had no significant effect on enzyme activity [355]. 

Ample evidence exists of a b- interaction that is essential for enzyme function, but 

recognition of this interaction took years to develop.  Deletion analysis of the  subunit showed 

that it was essential for the proper binding of F1 to FO, but the role of the b subunit in this 
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interaction was not known [314].  Evidence of a b- interaction was initially observed in other 

species.  Work with the mitochondrial form of the enzyme using size exclusion chromatography 

produced evidence of an interaction between the mitochondrial b subunit and OSCP, the 

mitochondrial equivalent of E. coli’s  [315].  A similar experiment carried out with E. coli   

bV25-L156 and  did not show any complex formation, probably due to the weakness of the 

interaction, discussed below [316].  An interaction between the b and  proteins in vivo was 

observed using a yeast two hybrid system [317].  The same authors also demonstrated that b does 

not interact with -depleted F1.  Additional evidence of a b- interaction was seen in the NMR 

structure of 15N-labeled  when bV25-L156 was added to the solution [318].   

The affinity between bV25-L156 and the  subunit alone is relatively weak – NMR 

experiments estimated a dissociation constant (Kd) of greater than 2 M [318].  Two different 

labs used analytical centrifugation to obtain Kd values of 1.8 M and 5-10 M [316, 373].  When 

the full F1 component is used with bV25-L156 instead of the  subunit alone we see a decrease in 

the Kd to somewhere in the 0.6-14 nM range, depending on the binding model [373].  A recent 

experiment employing full-length b subunit incorporated into proteoliposomes used            

single-molecule fluorescence resonance energy transfer to measure a Kd of about 10 nM [374].  It 

has also been shown that Mg2+ impacts the binding of the bV25-L156 dimer to F1.  Removal of 

Mg2+ lowers the binding affinity by a factor of 10, explaining why a decrease in Mg2+ 

concentration has long been used as an effective method for dissociating F1 from FO [375]. 

The exact structural interactions of the b and  subunits are unknown, but sedimentation 

equilibrium analysis of the bV25-L156- complex showed a protein even more elongated than the 

bV25-L156 complex alone [316].  This result is suggestive of an end-to-end interaction rather than a 

side-by-side arrangement.  It has been demonstrated that monomeric b subunits have a 
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significantly lower affinity for the  subunit than the dimeric form [318].  Reconstitution 

experiments carried out with a recombinant b subunit that exhibited impairment of dimerization 

confirmed that monomeric b has no significant affinity for F1 [332].  Surprisingly, proteolytic 

degradation of the C-terminus of  back to approximately residue R154 did not prevent the 

interactions of F1 and FO while genetic deletion of the last four residues of  resulted in a 

predominately cytoplasmic location of F1 [306, 314].  The implications these results have on our 

understanding of the b- interaction is difficult to interpret. 

The last four amino acids of the b subunit have been shown to be essential for forming the 

proper interactions with  [324].  Removal of one to four amino acids from the C-terminus of the 

bV25-L156 construct impaired interaction with both F1 and isolated .  The last 10 residues of the b 

subunit have the potential to form an amphipathic helix, so the deletion of the last four residues 

could disrupt the integrity of this region.  Indeed, sedimentation analysis of bV25-L156 with the last 

four amino acids truncated gave results that implied an unfolding of the extreme C-terminal 

domain [338]. 

Crosslinking analysis:  The formation of crosslinks as a probe for molecular structure has 

been used extensively in the case of the peripheral stalk due to the lack of complete structural 

information.  Crosslinking has been used to demonstrate spatial proximity between the two b 

subunits of the peripheral stalk and between the peripheral stalk and the other subunits of the 

ATP synthase complex.  Care must be taken to distinguish crosslinking data obtained with the 

soluble bV25-L156 protein from that obtain with the full-length b subunit in the context of the 

holoenzyme.  The additional structural influences from the rest of the complex and the 

membrane must exert additional constraints on the structure of the peripheral stalk. 
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A number of crosslinking experiments indicate that the a and b subunits are in close 

proximity to one another.  Early experiments showed that a-b complexes could be formed when 

intact F1FO complexes were treated with the crosslinking reagents DSP or DTBP [376].  A 

contemporary experiment also showed the formation of a-b and a-b2 complexes when the FO 

portion alone was treated with DSP [377].  A more specific crosslink was obtained much later 

with the discovery that the mutated bR36C residue could be crosslinked to the a subunit with the 

heterobifunctional crosslinker BPM [378].  The removal of the F1 subunit did not affect 

formation of this crosslink.  In a review by Greie et al., a similar approach found that the bA32 

residue was capable of crosslinking to the a subunit, but the data for formation of this crosslink 

has never been shown [379].  Additional evidence of an interaction between the a and b subunits 

was obtained with the discovery that the aK74C mutation could be crosslinked to the b subunit 

using TFPAM-3 [88].  The formation of this crosslink has no significant effect on ATP driven 

proton translocation, providing evidence that the association between the a and b subunits does 

not need to dissociate in order for the enzyme to function. 

Crosslinking evidence also indicates a close spatial relationship between the b and c 

subunits.  Jones et al. engineered cysteine mutations at bN2C and individually at cV74C, cV75C and 

cV78C [167].  All three b-c disulfide bonds could be formed using CuP.  The authors also 

demonstrated that the disulfide bond between bN2C-cV78C inhibited enzyme function as would be 

expected if the c subunit ring must rotate relative to the peripheral stalk.   

There is evidence of a close spatial relationship between the peripheral stalk and both the  

and  subunits.  Initial crosslinking experiments detected the formation of a b- crosslink using 

both DSP and DTBP [376].  More detailed crosslinking results were obtained recently by 

McLachlin et al. [378].  Cysteines were introduced individually in the soluble form of the b 
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subunit to produce bY24-L156, A92C,  bY24-L156, I109C and bY24-L156, E110C fragments.  These soluble 

subunits were mixed with F1 and then crosslinked with various photoactivatable crosslinkers.  

The crosslinks that formed were repeated in the full length b subunit to confirm their formation 

in intact F1FO.  It was found that crosslinking the bA92C mutant with BPM resulted in the 

formation of both b- and b- crosslinks.  Mass spectrometry was used to determine that       

bY24-L156, A92C crosslinked between residues I464-M483, indicating that the peripheral stalk interacts 

with the  subunit near a non-catalytic / nucleotide binding site.  In a similar manner, the 

bI109C and bE110C subunits crosslinked with APB between E213-N220, also near a non-catalytic / 

nucleotide binding site.  Another lab has found that a disulfide bond can be formed between a 

cysteine engineered in the bL156C position and the naturally occurring cysteine at C90 [331].  The 

C90 residue is located near the top of F1, close to the / interface at a catalytic nucleotide 

binding site.  The formation of this crosslink blocked coupling, indicating that some degree of 

flexibility in these subunits relative to one another is required for proper enzyme function.  This 

blocking is not because the peripheral stalk needs to dissociate from F1 for proper function of the 

enzyme as discussed below. 

Crosslinking evidence indicated that the b and  subunits are located close to one another.  

Evidence of a b- crosslink was first observed between the chloroplast equivalent of the b 

subunit, named subunit I, and  [323].  This zero-length I- crosslink was formed using a 

mixture of EDC and N-hydroxysulfosuccinimide (sulfo-NHS).  A specific interaction between 

the E. coli b and  subunits was observed when the subunits bY24-L156, E155C and bY24-L156, +157G, 

+158C were crosslinked individually to F1 using BPM [324].  The b subunit was shown to be 

crosslinked to the C-terminus of , probably residue M158, and this same crosslink could be 

formed in the holoenzyme.  It was later shown that a disulfide crosslink could be formed 
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between cysteines engineered at b+G157, +C158 and M158C in the entire F1FO complex [325].  The 

formation of this disulfide crosslink had no effect on coupled activity, proving that the b and  

subunits did not need to dissociate for proper enzyme function.  A recent paper investigated the 

effects of the b subunits individually in their interactions with  [326].  The authors locked    

bV25-L156 subunits in a staggered arrangement in which one of the two subunits had the last four 

amino acids truncated.  It was found that truncating the N-terminally shifted b subunit 

significantly affected binding to F1, while deleting the same amino acids on the C-terminally 

shifted b subunit had only a modest effect. 

Many of the experiments that have used crosslink formation to investigate the interactions 

between the two b subunits of the peripheral stalk have been carried out on the hydrophilic 

domain alone.  Cysteines were substituted throughout the bA59-L65 region of the soluble bY24-L156 

fragment and both glutathione and CuCl2 were used to probe for disulfide formation [357].  It 

was found that both bY24-L156, A59C and bY24-L156, S60C were capable of forming disulfide bonds, 

although crosslink formation was relatively weak.  Cysteines were introduced individually at 

residues bA103-E110 and disulfide bond formation was induced with CuCl2 [337].  Strong bond 

formation was observed for the bY24-L156, A105C construct and weak formation for bY24-L156, I109C, 

possibly suggesting a coiled coil arrangement.  The soluble fragments bY24-L156, V124C, bY24-L156, 

A128C, bY24-L156, A132C and bY24-L156, S139C exhibited strong disulfide bond formation with both 

glutathione and CuCl2 [357], possibly indicating pair of parallel  helices. 

A significant amount of crosslinking evidence exists to suggest that the two b subunits 

interact with one another in the context of the holoenzyme.  The first evidence of this interaction 

was obtained by crosslinking the entire F1FO complex with either DSP and DTBP [376], as well 

as crosslinking of FO alone using DSP [377].  The propensity of cysteine residues introduced 
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individually at residues bN2-C21 to form disulfide crosslinks was probed by crosslinking with CuP 

[149].  It was found that cysteines at positions bN2C, bT6C and bQ10C formed crosslinks with the 

highest levels of  efficiency, leading the authors to propose a model in which the b subunits 

associate closely with one another at their N-terminal ends and flare apart as they traverse the 

membrane (Figure 1-21B).  It was reported in a review by Greie et al. that an unnamed 

photoactivatable crosslinker was able to crosslink cysteines substituted individually at bQ37C, 

bG43C and bS60C in the context of the entire enzyme [379].  The same review also reported 

disulfide crosslinks formation between cysteines substituted individually at bG43C, bA45C, bS60C 

and bL65C, again in the context of the entire enzyme.  The fact that the data showing these 

crosslinks has never been published, along with the previously reported inability to form a 

disulfide crosslink between bS60C subunits in the holoenzyme [318], means these reports must be 

taken lightly.  Two papers from the Capaldi lab have produced convincing data showing 

crosslink formation between cysteines engineered individually at bS84C, bQ104C, bA128C, bG131C, 

bA144C, bS146C and bL156C, all in the context of the entire complex [318, 331].  The authors showed 

that the b-b crosslink formation had no effect on ATP driven proton pumping for the bS84C and 

bA144C mutants, while the decrease in activity for the bL156C mutant can likely be attributed to the 

deleterious b- crosslink [331]. 

Comparison of The Peripheral Stalks of Different Organisms 

 All known ATP synthases have a functional requirement for a peripheral stalk and 

contain specific proteins that fulfill this role.  The sequence homology between organisms for the 

peripheral stalk subunits is quite low despite their conserved function [335].  A schematic 

representation of the peripheral stalk composition of various organisms is shown in Figure 1-22.  

These peripheral stalks can be classified into three categories: homodimeric peripheral stalks 
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expressed by bacteria (Panel A), heterodimeric peripheral stalks expressed by cyanobacteria, 

photosynthetic eubacteria and chloroplasts (Panels B and C) and the unique peripheral stalk 

found in the mitochondria of higher organisms (Panel D).  The peripheral stalk of E. coli has 

been discussed in detail above.  The current knowledge about chloroplast-like and mitochondrial 

peripheral stalks will be summarized below. 

Chloroplast and Chloroplast-like Peripheral Stalks 

Organisms that use light energy captured by photosynthesis have genes for two b-like 

subunits.  In chloroplasts these subunits are named I and II [380, 381] and are presumed to form 

a heterodimeric peripheral stalk [382, 383].  Likewise, cyanobacteria and photosynthetic 

eubacteria also contain two b subunits named b and b’ [384, 385].  There exists evidence that the 

soluble domains of these subunits preferentially form heterodimers in solution [386], and may 

naturally form a heterodimeric peripheral stalk in the context of the intact complex.  Indeed, both 

polypeptides have been shown to be present in purified ATP synthase from Aquifex aeolicus 

[387].  Both classes of organisms also express a  subunit which is thought to be functionally 

comparable to the  subunit of E. coli [383]. 

The thermophilic cyanobacteria Thermosynechococcus elongatus BP-1 contains genes for 

a chloroplast-like peripheral stalk [388].  This organism has been used mainly in the study of 

photosynthesis [389] and circadian rhythms [390], with little known about its ATP synthase 

aside from the primary sequence.  Analysis of this primary sequence shows that T. elongatus 

encodes genes for both b and b’ subunits, both of which have a relatively high degree of 

homology to the Synechocystis genes studied by Dunn et al. [386].  The peripheral stalk of T. 

elongatus will be used in our study as a model for a chloroplast-like peripheral stalk. 
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Mitochondrial Peripheral Stalks 

The peripheral stalk of the mitochondria is more complex than those described above.  The 

role of the two b subunits is performed by three subunits in mitochondria – these subunits are 

named b, d and F6, each present in a single copy [315, 391].  The mitochondrial peripheral stalk 

also contains a protein named oligomycin-sensitivity conferring protein (OSCP) which is 

functionally equivalent to the E. coli  subunit.  Little homology exists between the bacterial and 

mitochondrial b subunits.  The mitochondrial b subunit consists of two antiparallel -helical     

N-terminal membrane spanning domains followed by an highly charged -helical region [392].  

The  subunit is predicted to be largely -helical but lacks a N-terminal membrane spanning 

domain [393], while there is no homolog for subunit F6 in bacterial systems.  The structure of the 

mitochondria peripheral stalk is known in more detail than the peripheral stalk of any other 

organism.  A complex consisting of truncated versions of b, d and F6 was crystallized recently by 

the Walker laboratory [394] (Figure 1-23A).  This structure docked nicely on the existing 

structures of mitochondrial F1 (Figure 1-23B) and a combined F1-b/d/F6 structure was recently 

obtained (EBEC 2008 presentation, unpublished data). 

The structure of the OSCP subunit has been solved by NMR (Figure 1-24) [395].  Only the 

N-terminal domain was of OSCP was suitable for NMR analysis, a trait also observed with the E. 

coli  subunit [304].  The two subunits share a significant degree of homology, with 28% of their 

amino acid sequence being identical [393].  They both consist of two separate domains as 

determined by proteolysis.  The main difference is in the surface charge of the subunits, with 

OSCP having an overall positive charge and the E. coli  subunit having an overall negative 

charge [395]. 
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Figure 1-1.  Model of F1FO ATP Synthase.  Image rendered in Rasmol using structure files PDB 

code 1BMF (subunits ,  and half of  [225], 1FS0 ( and half of ) [182], 1C17 
(ring of c subunits) [95], 1L2P (b subunit dimerization domain) [358], 1B9U (b 
subunit membrane spanning domain) [149] and 2A7U ( subunit) [305].  Portions of 
the complex for which no high-resolution structures exist are shown as colored 
circles. 
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Figure 1-2.  Mechanism of ATP hydrolysis.  A) Time course of stepping rotation, with the 

vertical axis representing the rotation angle of  and the horizontal axis representing 
time.  Events take place in the catalytic sites of the same color in Panel B.  B) 
Corresponding nucleotide states in the three b subunits.  The central gray shape 
represents the  subunit, with the arrow representing the rotation angle. (Figure from 
[51], used with permission) 
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Figure 1-3.  Subunit a (purple) 
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Figure 1-4.  Proton channels through the a subunit.  The two proton half-channels along with the 
locations of important residues are shown.  (Figure from [396], used with permission) 
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Figure 1-5.  Model of the topology of subunit a.  Residues in black are considered surface 
accessible while those in gray could not be labeled.  Residues marked with a dot (aK74 
and aK91) could be crosslinked to the b subunit and those marked with an asterisk 
could be crosslinked to the c subunits.  (Figure from [396], used with permission) 
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Figure 1-6.  Model of the aG170-S265c12 complex.  This model was generated by Rastogi and 

Girvin based on the available biochemical data [95].  The residues labeled in Figure 
1-5 are shown here in spacefill rendering.  (PDB code 1C17, rendered with RasMol) 
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Figure 1-7.  Subunit c ring (blue) 
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Figure 1-8.  Structure of monomeric c subunit.  The essential residue cD61 is shown, as are the 

residues of the polar loop region cA40-P43 mentioned in the text.  NMR structure solved 
by Girvin et al. [119] (PDB code 1A91). 
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Figure 1-9.  Models of c subunits rings.  A) Saccharomyces cerevisiae [146] (PDB code 1QO1).  

B) Ilyobacter tartaricus [147] (PDB code 1YCE).  C)  Enterococcus hirae [148] 
(PDB code 2BL2).  D) Model for Escherichia coli [95] (PDB code 1C17). 
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Figure 1-10.  Subunit  (gold, located behind to  subunit) 
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Figure 1-11.  Subunit  structure with closed C-terminal domain.  Structure was solved by 

crystallography [193] (PDB code 1AQT). 
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Figure 1-12.  Subunit  structure with open C-terminal domain.  Structure was solved by 
crystallography [182] (PDB code 1FS0). 
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Figure 1-13.  Subunit  (red). 
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Figure 1-14.  Structure of the entire  subunit generated by combining the upper region as 

crystallized by Abrahams et al. [225] with the lower region obtain by Rodgers and 
Wilce [182] (PDB code 1BMF and 1FS0, respectively). 
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Figure 1-15.  Subunits  and  (blue and green, respectively) 
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Figure 1-16.  High-resolution structure of F1.  A) Top view.  B) Side view with one / pair 

removed.  C) Side view showing the three domains of a  subunit (PDB code 1BMF). 
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Figure 1-17.  Nucleotide binding site of the  subunit.  Residues discussed in the text are 

grouped by color: adenine binding residues are red, Walker A residues are green and 
additional phosphate binding residues are blue.  The structure from bovine 
mitochondria shows AMP·PNP and Mg2+ bound in the catalytic site (E. coli 
numbering). 
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Figure 1-18.  Subunit  (pink) 
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Figure 1-19.  Structure of the - complex.  Helices 1-2 and 5-6 form an intercalating V-shaped 

pair which helices 3-4 pack against.  A peptide modeling the N-terminal 22 residues 
of  fits in the grove formed by helices 1 and 5 (PDB code 2A7U). 
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Figure 1-20.  Subunit b (tan) 
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Figure 1-21.  Membrane spanning domain of the b subunit.  A) The structure of a peptide 

modeling bM1-E34 as solved by NMR [149] (PDB code 1B9U).  B) Model of how two 
membrane spanning domains may interact based on crosslinking analysis. 
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Figure 1-22.  Peripheral stalks from different organisms: A) Bacteria, B) Cyanobacteria and 

photosynthetic eubacteria, C) Chloroplast and D) Mitochondria (Adopted from 
Walker and Dickson, 2006 [393], used with permission). 
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Figure 1-23.  Structure of the mitochondrial peripheral stalk.  A) The peripheral stalk composed 

of residues 79-183, 3-123 and 5-70 of subunits b, d and F6, respectively.  B) The 
peripheral stalk docked on F1 and the c subunit ring inside the shape of F1FO obtained 
using electron microscopy.  The OSCP subunit is shown here colored blue.  (Figures 
from Dickson et al., 2006 [394], used with permission). 
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Figure 1-24.  Comparison of the  and OSCP subunits.  The  subunit from E. coli (PDB code 

1ABV) was solved by Wilkens et al. [304] and the OSCP subunit from B. taurus 
mitochondria (PDB code 2BO5) was solved by Carbajo et al. [395]. 
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CHAPTER 2 
MATERIALS AND METHODS 

Bacterial Strains and Growth on Succinate 

Escherichia coli strains KM2 (b) and 1100 BC (unc) carrying chromosomal deletions 

of the uncF(b) gene and the entire unc operon, respectively, were used as the host strains [365].  

Cells were grown on minimal A media supplemented with succinate (0.2% w/v) to determine 

enzyme viability.  Casamino acids were added to the minimal A media in some cases to a final 

concentration of 0.2% to encourage growth of particularly F1FO-deficient strains.  All cells were 

grown at 37 ºC unless otherwise noted. 

Preparation of Membranes 

Inverted membrane vesicles containing ATP synthase complexes were prepared using the 

method of Caviston et al. [348].  All reagents and materials were kept at 4 ºC.  A 10 mL starter 

culture of Luria Broth (LB) containing ampicillin (100 g/ml) and/or chloramphenicol (25 

g/ml) plus 0.2% w/v glucose was inoculated with the desired bacterial strain and grown at 37 

ºC overnight with mixing.  A 2 L Erlenmeyer flask containing 500 mL of LB was prewarmed to 

37 ºC.  Glucose and isopropyl-1-thio--D-galactopyranoside (IPTG) were added to the 

Erlenmeyer flask to final concentrations of 0.2% w/v and 40 g/ml, respectively.  The entire 10 

mL overnight was used to inoculate the Erlenmeyer flask immediately after the addition of 

glucose and IPTG.  The bacteria were grown at 37 ºC in a New Brunswick Scientific incubator 

with shaking at 250 rpm and the density was measured periodically using a Klett-Summerson 

photoelectronic colorimeter.  Cells were harvested when they reached approximately 150 Klett 

units (OD600 = 1.0) by centrifuging for 10 minutes at 8,000 x g in a Du Pont Sorvall RC-5B 

Superspeed Centrifuge with a GSA rotor.  The cell pellet was resuspended in 8 mL of TM (50 

mM Tris-HCl, pH 7.5, 10 mM MgSO4) buffer and DNaseI (10 mg/mL) was added to a final 
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concentration of 10 g/ml.  In some cases tris(2-carboxyethyl) phosphine (TCEP, 0.5 M) was 

added to the TM buffer to a final concentration ranging from 1-5 mM prior to membrane 

resuspension.  The resuspended cells were broken by passing twice through a French Pressure 

Cell at 14,000 psi.  Two sequential centrifugation steps in the same Sorvall centrifuge at 10,000 

x g with an SS-34 rotor were done for 10 minutes each to remove unbroken cells and debris.  The 

supernatant was centrifuged in a Beckman-Coulter Optima LE-80K Ultracentrifuge with a 

70.1Ti rotor at 150,000 x g for 1.5 hours to recover membrane vesicles.  The membranes were 

resuspended in 9 mL TM buffer using a 10 mL Wheaton tissue grinder and then centrifuging 

again in the Beckman centrifuge for 1 hour.  The purpose of this additional wash step was to 

remove any ATPases loosely associated with the membrane.  The pellet was resuspended once 

more in 1 mL TM buffer using a 2 mL Wheaton tissue grinder. 

Determination of Protein Concentration 

The concentration of each membrane sample was determined using the bicinchroninic acid 

(BCA) assay method [397] in order to normalize the amount of membrane protein used for 

subsequent assays.  All reactions for this assay were done in triplicate in 13x100 mm disposable 

borosilicate glass tubes, each containing 2 mL of standard working reagent (SWR).  The SWR 

was composed of 50 parts solution A (1% BCA-Na2, Na2CO3·H2O,0.16% sodium potassium 

tartrate, 0.95% NaHCO3, pH 11.25 and filtered) to one part solution B (4% CuSO4·5H2O) plus 

10% sodium dodecyl sulfate (SDS) to a final concentration of 1%, mixed fresh as needed.  The 

SWR was aliquoted into the glass tubes using a repeat pipetter and the tubes were placed in ice 

water to prevent the reactions from starting early.  A standard curve was generated using bovine 

serum albumin (BSA) that was made to an initial concentration of 1 mg/mL.  The exact 

concentration of the BSA was determined by measuring the optical density at 280 nm, where the 
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OD280 for 1.0 mg/mL BSA is 0.667.  This BSA was aliquoted into the glass tubes containing 

SWR in volumes of 0, 5, 10, 20, 40, 60, 80 and 100 L protein (approximately 0-100 g BSA).  

The membrane samples were diluted 1:10 in TM buffer and 40 L of the diluted samples were 

aliquoted into glass tubes containing SWR.  All of the tubes were vortexed briefly after the 

addition of protein to fully mix.  These tubes were removed from the ice bath and incubated in a 

water bath heated to 37 ºC for 20 minutes, then allowed to cool to room temperature for 10 

minutes.  The absorbance of each sample at 562 nm was determined using a Varian Cary 50  

UV-Vis spectrophotometer.  A spreadsheet in Microsoft Excel was used to determined the slope 

of the standard curve and calculated the concentrations of the membrane samples.  Each sample 

was diluted to a constant concentration to simplify subsequent assays, usually 10-15 mg/mL. 

Proton Pumping Assay Driven by ATP 

The proton pumping assay measures F1-driven proton pumping through FO by detecting 

membrane vesicle energization via the fluorescence quenching of 9-amino-6-chloro-2-

methoxyacridine (ACMA) as previously described [332].  Two different fluorescence 

spectrometers were used throughout this study, first a Perkin-Elmer LS-3B Fluorescence 

Spectrometer and later a Photon Technologies International QuantaMaster 4.  The output from 

the Perkin-Elmer spectrometer was recorded with a Perkin-Elmer GP-100 Graphics Printer while 

the output from the PTI spectrometer was graphed by the Felix32 software provided with the 

instrument.  A total of 500 g of membrane protein was mixed with 3 mL of assay buffer (50 

mM MOPS, 10 mM MgCl2, pH 7.3) in a quartz cuvette.  The ACMA was excited at 410 nm and 

the emission at 490 nm was recorded.  A zero baseline was typically recorded for 30 seconds 

prior to the addition of 0.2 mM ACMA to a final concentration of 1 M.  The sample was 

recorded for an additional 45 seconds prior to the addition of ATP (0.15 M ATP, 25 mM tris-
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HCl, pH 7.5) to a final concentration of 0.75 mM.  Fluorescence quenching was recorded for 10 

minutes after the addition of ATP.  The paper output of the Perken-Elmer Graphics Printer was 

scanned into a digital form and the traces recorded by PTI’s Felix32 software were obtained 

directly.  These digital traces were combined in Adobe Photoshop.  A control which was used to 

verify the integrity of the membrane vesicles was the addition of 5 L 0.1 mM -nicotinamide 

adenine dinucleotide (NADH) instead of ATP.  The reaction was recorded long enough to make 

sure that fluorescence quenching peaked and began to diminish, a sign of intact membrane 

vesicles. 

Measuring the Rate of ATP Hydrolysis 

The rate of ATP hydrolysis assay associated with each membrane sample was measured as 

an indirect indication of the amount of assembled ATP synthase present in each membrane 

sample.  Two different ATP hydrolysis assays were used throughout this study–the acid 

molybdate method was used initially until it was replaced by the superior MESG method. 

Assay Using Acid Molybdate 

The acid molybdate assay detects the release of inorganic phosphate (Pi) from ATP as a 

method of quantifying enzyme activity.  Each reaction was carried out in 13x100 mm disposable 

borosilicate glass tube in a water bath set at 37 ºC as previously described [354].  A total of 4 mL 

of reaction buffer (50 mM tris-HCl, 1 mM MgCl2) was added to each tube along with 60 g of 

membrane protein.  Three different reactions buffers were used – pH 9.1, pH 7.5 and pH 7.5 with 

0.5% lauryl dimethylamine oxide (LDAO).  The pH 9.1 buffer was used to disassociate F1 from 

FO and hence produced higher ATP hydrolysis rates than the pH 7.5 buffer.  Likewise, the 

addition of LDAO to the pH 7.5 buffer releases F1 from the inhibitory effects of the  subunit 

and resulted in an increase in the rate of ATP hydrolysis as previously described [101].  Each 
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sample was assayed in triplicate.  The reactions were started by adding 80 L of ATP (0.15 M 

ATP, 25 mM tris-HCl, pH 7.5) to the protein/buffer mixture and vortexing briefly.  Data points 

were taken by removing 435 L aliquots from the tubes at 0 (before addition of ATP), 2, 5, 7, 10 

and 12 minutes.  The reaction was stopped by adding these aliquots to disposable glass tubes 

containing 2 mL of stop buffer (1.3 parts H2O, 0.6 parts HCl/molybdate [2.5% NH4Mo4O2·4H2O, 

4.0 N HCl], 0.4 parts 10% SDS) that had been chilled in an ice bath.  The stopped mixture was 

vortexed briefly and the tubes were returned to the ice bath.  A standard curve was generated by 

preparing phosphate standards in triplicate in a total volume of 1 mL of reaction buffer.  

Solutions of 2 mM or 20 mM KH2PO4 were added to final concentrations of 0, 0.02, 0.1, 0.2, 0.4 

and 0.6 mol phosphate.  Aliquots of 435 L of each standard were then transferred to glass 

tubes containing 2 mL of stop buffer.  An additional control used to determine the amount of free 

Pi in the ATP solution was done by adding 80 L of ATP to 4 mL of reaction buffer, vortexing 

briefly and adding 435 L of that mixture to a glass tube containing 2 mL stop buffer.  This last 

control was also done in triplicate. 

After the completion of all of the above time points, standards and controls, the glass tubes 

containing stop buffer were removed from the ice bath and allowed to warm to room 

temperature.  The amount of Pi was quantified by adding 100 L of a fresh 1:10 dilution of 

Eikonogen solution (1 M NaHSO3, 0.1 M Na2SO3, 0.01 M 4-amino-3-hydroxyl-1-

napthalenesulfonic acid) to each glass tube, shaking briefly by hand and incubating at room 

temperature for 30 minutes.  The stock Eikonogen solution is stable for up to four weeks if kept 

away from light.  The absorbance of each sample at 700 nm was determined using a LKB 

Biochrom Ultraspec II spectrophotometer.  A spreadsheet in Microsoft Excel was used to 

calculate the standard curve and determine the rate of ATP hydrolysis for each membrane 



 

114 

sample.  The final ATP hydrolysis value was reported in units of mol Pi/min/mg membrane 

protein. 

Assay Using MESG 

The MESG assay determines the rate of ATP hydrolysis by measuring the reaction of Pi 

with 7-methyl-6-thioguanosine (MESG) to form 7-methyl-6-thioguanine as previously described 

[398].  The enzyme purine nucleotide phosphorylase (PNP) was used to catalyze this reaction 

and the appearance of product was detected as an increase in absorbance at 360 nm by a Varian 

Cary 50 UV-Vis spectrophotometer.  A PNP stock solution was made by dissolving the solid 

enzyme in water to a concentration of 0.1 units/L and stored at 4 °C.  An MESG stock solution 

was made in water to a final concentration of 1 mM and stored in 5 mL aliquots at -20 °C.  The 

MESG solution was thawed prior to use and both MESG and PNP were stored on ice until 

needed.  Each reaction consisted of 10-25 g of membrane protein, 50 L of 20x TM buffer (1 

M Tris-HCl [pH 7.5], 200 mM MgSO4), 300 L of MESG, 50 L of PNP and water to a final 

volume of 1 mL.  The components were combined in a disposable glass tube, vortexed briefly to 

mix and poured into a cuvette that had been prewarmed to 37 ºC in the spectrophotometer by a 

circulating water bath.  Each reaction was allowed to sit for 1 minute to warm before starting by  

adding 30 L of 0.15 M ATP made in TM buffer.  Absorbance data points were collected 

continuously for an additional 5 minutes.  The slope of the linear portion of the reaction was 

determined in units of absorbance per minute using the software associated with the 

spectrophotometer.  LDAO stimulation of ATP hydrolysis was determined by adding LDAO to 

each reaction to a final concentration of 0.5% as described previously [101].  A standard curve 

was generated by adding 0, 0.02, 0.04, 0.06, 0.08 or 0.10 mol Pi to 50 L 20x TM buffer, 300 

L MESG, 50 L PNP and water to a final volume of 1 mL in disposable glass tubes, done in 
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duplicate.  These standards were vortexed briefly, incubated at room temperature for 10 minutes 

and the absorbance at 360 nm was determined.  The slope of the standard curve was calculated in 

units of absorbance per mol Pi.  The combination of this slope and the amount of protein per 

reaction allowed the rate of each reaction to be calculated into units of mol Pi/min/mg 

membrane protein. 

Crosslinking Using Cu2+ 

Disulfide crosslink formation was induced by incubating membrane proteins with CuCl2.  

Slightly different protocols were developed for the formation of crosslinks between two b 

subunits in the peripheral stalk and between the peripheral stalk and the  subunits. 

Formation of the b-b Crosslink 

Cysteine-cysteine disulfide crosslinks between b subunits in the peripheral stalk were 

formed by incubating membrane samples with either 500 M Cu2+ for 2 minutes or 50 M Cu2+ 

for 10 minutes.  These reactions were carried out with mixing at 300 rpm in open 1.5 mL 

microcentrifuge tubes in an Eppendorf Thermomixer R heated to 37 ºC.  Each reaction was 

stopped by adding fresh 50 mM NEM to a final concentration of 5 mM, vortexing and placing on 

ice.  Sample that were crosslinked with 500 M Cu2+ were reacted under three different 

conditions – a zero time point and in the absence and presence of 45 mM ATP.  The zero time 

point samples were obtained by diluting the concentrated membranes in TM buffer to 5 mg/mL 

and adding NEM to react with free cysteine residues and prevent crosslinking.  The reactions 

were then vortexed and allowed to sit at room temperature for 15 seconds before adding Cu2+ 

and placing on ice.  Crosslinking in the absence of ATP was done by diluting membrane samples 

in TM and warming to 37 ºC in the thermomixer.  Pre-warmed Cu2+ was added and the samples 

were allowed to incubate with mixing for 2 minutes before further crosslinking was stopped by 
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the addition of NEM.  Samples crosslinked in the presence of ATP were done in the same 

manner with the additional step of adding prewarmed 0.15 M ATP made in TM buffer and 

waiting 15 seconds before starting the crosslinking reaction.  Samples that were crosslinked with 

50 M Cu2+ for 10 minutes were only reacted under two conditions – a zero time point and in the 

absence of ATP.  These reactions were done exactly as described above except the Cu2+ solution 

was more dilute. 

Formation of the b- Crosslink 

Disulfide crosslink formation between the b and  subunits was performed in a manner 

similar to the method described above.  Membranes samples were diluted to 5 mg/mL in TM 

buffer.  These samples were crosslinked under two conditions – a zero time point and a 30 

minute time point.  The zero time point sample was obtained by adding fresh 50 mM NEM to a 

final concentration of 1 mM to react with any free cysteine residues, vortexing briefly and 

incubating at room temperature for 15 seconds.  Cu2+ was then added to a final concentration of 

100 M and the samples were placed on ice.  The 30 minute time point samples were obtained 

by diluting the membrane proteins to 5 mg/mL with TM buffer and adding Cu2+ to a final 

concentration of 100 M.  These samples were then incubated at room temperature in open 

microcentrifuge tube with mixing at 300 rpm in an Eppendorf Thermomixer R.  NEM was added 

to a final concentration of 1 mM to quench the crosslinking reaction and the samples were stored 

on ice. 

Nickel Resin Purification 

The purification of ATP synthase complexes containing at least one histidine-tagged b 

subunit was done using a High Capacity Nickel Chelate Affinity Matrix (Ni-CAM) as previously 

described [355].  The purification procedure was previously optimized by Dr. Grabar for the 
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purification of 0.5 mg aliquots of membrane protein in order to maximize the retention of ATP 

synthases containing only a single histidine-tagged b subunit.  The Ni-CAM resin was prepared 

by putting 75 L in a microcentrifuge tube and spinning at 5,000 x g for 30 seconds.  As much of 

the liquid as possible was removed by aspiration without disturbing the resin and 0.5 mL of wash 

buffer (50 mM NaH2PO4·H2O, 300 mM NaCl, 1 mM imidazole, 0.2% tegamineoxide WS-35, pH 

8.0) were added.  The resin and wash buffer were mixed on a nutator for 1 minute, spun at 5,000 

x g for 1 minute and the supernatant was aspirated off.  A total of 0.5 mg membrane protein was 

mixed with 5 M NaCl, 1 M imidazole, 35% tegamineoxide WS-35 and H2O to 150 L with final 

concentration of 400 mM, 10 mM and 0.2%, respectively.  This membrane protein mixture was 

added to the washed Ni-CAM resin and allows to mix on the nutator for 10 minutes.  The 

microcentrifuge tube was spun at 5,000 x g for 1 minute and the supernatant removed by 

aspiration.  The resin was washed five times by adding 0.5 mL of wash buffer to the 

microcentrifuge tube, mixing on the nutator for 1 minute, spinning at 5,000 x g for 1 minute and 

carefully aspirating off the supernatant.  F1FO retained by the Ni-CAM resin were eluted by 

adding 125 L of elution buffer (50 mM NaH2PO4·H2O, 300 mM NaCl, 250 mM imidazole, 

0.2% tegamineoxide WS-35, pH 8.0) and mixing on a nutator for 10 minutes.  The 

microcentrifuge tube was spun at 5,000 x g for 1 minute and the supernatant was transferred to a 

fresh microcentrifuge tube.  The elution step was repeated once more with another 125 L of 

elution buffer and the supernatant from the second elution was pooled with the first.  The pooled 

elutant was spun once more for 1 minute at 5,000 x g to collect any remaining resin at the bottom 

of the tube.  The supernatant was transferred to Millipore Amicon Bioseparations Microcon  

YM-10 centrifugation filter tube and concentrated from 250 L to approximately 30-50 L by 

centrifugation at 12,500 rpm.  The Microcon tube was inverted and placed in a fresh 
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microcentrifuge tube and centrifuged at 3,300 rpm for 3 minutes.  The quantity of retained liquid 

was estimated by weighing the microcentrifuge tube before and after the 3,300 rpm spin.  

Additional elution buffer was added to bring the volume of the elutant up to 50 L. 

Trypsin Digestion 

Membrane samples were digested with trypsin to determine if the b subunits were 

incorporated into F1FO complexes and hence protected as previously described [353].  The 

reaction was set up by bringing a total of 0.1 mg of membrane protein to 90 L with TM buffer 

and adding 10 L of 2 mg/mL trypsin to start the reaction.  Aliquots containing 10 g (10 L) of 

digested protein were removed at 1, 2, 3, 4, 6, 8, and 16 hours and the reaction was stopped by 

the addition of 2 L of 10 mg/mL trypsin inhibitor from Glycine max (soybean).  For long 

digestions, additional trypsin was added at 3, 6 and 8 hours to compensate for the estimated 

activity loss of 25% every 3 hours.  The presence of heterodimeric peripheral stalks in intact 

F1FO complexes was examined by the digestion of 0.5 mg membrane protein in a reaction 

volume of 100 L.  The entire reaction was stopped by the addition of 30 L of 10 mg/mL 

trypsin inhibitor and purified over a Ni-CAM resin as described above. 

Western Analysis 

Western blot analysis was used to probe for the presence of either the b subunit or subunits 

containing a V5 epitope tag, either bV5 or V5.  The first step was the electrophoresis of the 

protein samples and transfer to a nitrocellulose membrane.  The membrane was then incubated 

with primary and secondary antibodies and visualized on film using chemiluminescence.  

Densitometry was employed on some films to quantify the intensity of certain bands of interest. 
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Electrophoresis of Proteins and Transfer to Membrane 

Equal amounts by weight of each membrane sample were mixed with 2X Laemmli Sample 

Buffer (LSB) lacking -mercaptoethanol (62.5 mM Tris-HCl, pH 6.8, 2% w/v SDS, 20% 

glycerol, 0.1% Bromophenol blue) and loaded into a precast 15% Tris-HCl Ready Gel purchased 

from BioRad Laboratories.  The amount of protein per lane was generally 10 g for Western 

blots that used a primary antibody against the b subunit, 1 g for the anti-V5 antibody, or 10% of 

the total elutant from the Ni-CAM resin.  A Mini-PROTEAN II cell filled with running buffer 

(25 mM Tris, 192 mM glycine, 0.1% SDS) was run at 50 volts until the samples had cleared the 

stacking portion of the gel and then at 100 volts until the dye reached the rubber seal at the 

bottom of the gel.  The proteins were then transferred from the gel to a nitrocellulose membrane 

in transfer buffer (25 mM tris, 192 mM glycine, 20% methanol) at 100 volts for 1 hour with an 

upper limits of 0.5 amps to prevent overheating. 

Antibody Against the b Subunit 

A polyclonal antibody raised against the b subunit was provided to the Cain lab as a gift 

from Dr. Gabriela Deckers-Hebestreit.  This antibody was used as the primary antibody 

essentially as described previously [355].  A single 250 L aliquot of this antibody stock was 

diluted 1:40 in TTBS (tris-buffer saline [TBS, 10 mM tris-HCl, 150 mM NaCl, pH 7.2] 

supplemented with 0.1% polyoxyethylenesorbitan monolaurate [Tween 20] and 2% BSA) to 

make 10 mL at the final working concentration. 

After electrophoresis and transfer, the nitrocellulose membrane was stained by incubation 

with fast green stain (50% methanol, 10% glacial acetic acid, 0.01% fast green) at room 

temperature with gentle shaking on a Bellco Biotechnology Orbital Shaker for 15 minutes.  The 

fast green stain was saved for further use.  The membrane was then destained using fast green 
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destain (50% methanol, 10% glacial acetic acid) three times for 5 minutes each and the 

destaining solution was disposed of as hazardous waste.  TTBS was used to wash the membrane 

three times for 5 minutes each and the membrane was then blocked to reduce nonspecific 

binding of the primary antibody.  This was done by incubating the membrane with 25 mL TBS 

supplemented with 5% nonfat dry milk overnight at 4 °C.  The membrane was washed 3 times 

with TTBS for 5 minutes each to remove the blocking solution and then incubated for 1 hour 

with the primary antibody at room temperature.  The three wash steps were repeated to remove 

any residual primary antibody not bound to the membrane.  The membrane was incubated with a 

horseradish peroxidase-linked donkey anti-rabbit secondary antibody for 1 hour.  Three final 

washings of the membrane removed any residual secondary antibody and enhanced 

chemiluminescence (ECL) was used to detect the secondary antibody.  The ECL was visualized 

on high performance chemiluminescence film using a Kodak X-Omat. 

Antibody Against the V5 Epitope Tag 

Probing and visualizing of the nitrocellulose membrane with the anti-V5 antibody was 

performed essentially as describe above for the anti-b subunit antibody.  The primary antibody 

was prepared by diluting 5 L of anti-V5 antibody (Invitrogen) in 25 mL TTBS.  The secondary 

antibody was a 1:10,000 dilution of horseradish peroxidase-linked sheep anti-mouse antibody.  

All wash steps and buffers were the same as described for the anti-b subunit antibody. 

Densitometry Analysis of Western Blots 

Western blots suitable for analysis by densitometry were scanned and digitized using the 

software program UN-SCAN-IT gel 6.1 (Silk Scientific).  The average pixel values for bands of 

interest were analyzed in Microsoft Excel.  Variations in film exposure time were corrected for 

by dividing the average pixel value of each band by the sum total of all the bands on the same 

Western blot.  Results for crosslinked b subunit are reported as the fraction of dimer present, 
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defined as the intensity of the dimer band divided by the sum intensity of the monomer and 

dimer bands.  Multiple repetitions of each experiment were combined to obtain the average 

fraction dimer and the standard deviation.  Experiments involving nickel resin purified samples 

produced only dimeric bands and are reported in arbitrary band intensity units.  Probability 

values that indicate the likelihood that two data sets are the same were calculated in Excel using 

a two-tailed Student’s t-test. 
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CHAPTER 3 
FUNCTIONAL INCORPORATION OF CHIMERIC b SUBUNITS INTO F1FO ATP 

SYNTHASE 

Introduction 

In Esherichia coli, the peripheral stalk is an extended homodimer of two identical b 

subunits [80, 335, 338].  In contrast, the peripheral stalks found in chloroplast F1F0 ATP synthase 

consist of two different b-like subunits, named subunits I and II, that form a heterodimer [382].  

Some eubacteria, encompassing photosynthetic bacteria but including a few other species, also 

have genes encoding two b-like subunits designated b and b'.  Both proteins have been shown to 

be present in purified ATP synthase from Aquifex aeolicus [387].  The general expectation that b 

and b' form a heterodimer has been supported by studies of expressed hydrophilic domains of the 

subunits from the cyanobacterium Synechocystis PCC6803 [386].  Sedimentation analyses 

showed that the predominant species present in equimolar mixtures of the two polypeptides had a 

molecular weight expected for the heterodimer, whereas the individual polypeptides gave 

molecular weights corresponding to monomers.  Heterodimer formation was also supported by 

chemical crosslinking.  To our knowledge, however, it has never been demonstrated that only 

heterodimeric stalks are formed within the enzyme, or alternatively, whether b2 and b'2 

homodimeric stalks might also exist and support function. 

Thermosynechococcus elongatus BP-1 is a thermophilic cyanobacterium whose entire 

genome has been sequenced [388].  Although little is known about the F1F0 ATP synthase of T. 

elongatus other than the sequence information, it has been used as a model organism for the 

study of photosynthesis [389] and circadian rhythms [390].  T. elongatus BP-1 has genes 

encoding both b and b’ subunits, and these genes share a relatively high degree of sequence 

identity to the Synechocystis genes. There is approximately 50% identity and 70% similarity in 

the deduced amino acid sequences of both b and b' genes between the two organisms.  Therefore, 
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it seems reasonable to assume that the b and b’ subunits of T. elongatus will preferentially form 

heterodimeric peripheral stalks. 

This chapter involved the construction of chimeric b subunits in which segments of the E. 

coli uncF(b) subunit gene have been replaced with either b or b' sequence from the T. elongatus 

genes (Figure 3-1).  T. elongatus was chosen because it expresses both b and b’ subunits and it is 

a thermophilic organism which may result in more stable chimeric constructs.  The work 

described in this chapter has been published in a paper titled “Functional incorporation of 

chimeric b subunits into F1FO ATP synthase” in the August 2007 issue of the Journal of 

Bacteriology [399] (used with permission).  The recombinant subunit genes were expressed 

alone and in combination in an E. coli uncF(b) deletion strain.  Although some of the chimeric 

subunits failed to assemble into F1F0 ATP synthase complexes, others were incorporated and 

capable of functional complementation of the deletion strain.  Expression of chimeric subunits to 

form only homodimeric stalks was in some cases sufficient for activity.  When expressed 

together, the b and b' chimeric subunits readily formed heterodimeric peripheral stalks in F1F0 

ATP synthase complexes. 

Results 

Plasmid Construction 

A total of ten plasmids were constructed to express chimeric E. coli/T. elongatus b and b’ 

subunits (Figure 3-2 and Table 3-1).  Five of these plasmids express a chimeric b subunit with a 

histidine tag (his6) on the amino terminus and five express a chimeric b’ subunit with a V5 tag 

(GKPIPNPLLGLDST) on the carboxyl terminus.  All of the constructions were done in the base 

plasmid pKAM14 (bwt, ApR) [347].  The nucleotide sequence of the uncF(b) gene in pKAM14 

coding for residues E39-A107 was replaced both in part and in full with the homologous T. 

elongatus b and b’ sequences.  The amino and carboxyl boundaries of the substituted region were 
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selected to avoid disturbing the environment of the critical residue bR36 and to prevent disruption 

of essential interactions between the peripheral stalk and F1.  The construction was accomplished 

by consecutive cassette mutagenesis steps in which fragments of pKAM14 were removed using 

pairs of restriction enzymes and double stranded synthetic oligonucleotides were inserted by 

ligation (Table 3-2).  Four restriction enzyme sites were used for this construction – SnaBI which 

cuts at nucleotide 72 in the E. coli b subunit, PpuMI at nucleotide 156, XbaI at nucleotide 258 

and SapI at nucleotide 347.  All of the restriction sites exist in the wild-type uncF(b) gene except 

for the engineered XbaI site.  The SnaBI to PpuMI region spans 84 nucleotides and was replaced 

with oligonucleotides TG1/2 for b and TG3/4 for b’, replacing E. coli sequence from E39-K52.  

The PpuMI to XbaI region spans 102 nucleotides and was replaced with oligonucleotides 

TG13/10 for b and TG14/12 for b’, replacing D53-I86.  The XbaI to SapI region spans 89 

nucleotides and was replaced with oligonucleotides SC39/40 for b and SC43/44 for b’, replacing 

L87-A107.  An unwanted aspartic acid codon left in the vicinity of the PpuMI site was removed 

by site-directed mutagenesis with oligonucleotides SC59/60 (b-D, +SacII) for b and SC61/62 (b’-

D, +NheI) for b’.  In all ten plasmids the substitution bC21S was introduced using either TB12/13 

(bC25S, -SnaBI) or SC45/46 (bC25S, +AflIII, -SnaBI) to facilitate future crosslinking studies.  The 

genes encoding the chimeric b and b’ subunit were then moved from the pKAM14-based 

plasmids into the expression vectors pTAM37 (bhis, CmR) and pTAM46 (bV5, ApR), respectively 

[355].  See Appendix A for a detail flowchart of the plasmids construction. 

Complementation Analysis 

For complementation studies, plasmids pTAM37 (bhis, CmR) and pTAM46 (bV5, ApR) were 

transformed into deletion strain KM2 (b) to serve as the positive controls [355].  The epitope 

tags on the control b subunits had very little effect on enzyme activity as previously observed 
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[355].  The ten plasmids expressing chimeric b subunits were also transformed into KM2 (b) 

both individually and in b/b’ pairs.  The ability of these plasmids to complement deletion strain 

KM2 (b) was studied by growth on minimal A media supplemented with succinate (Table 3-3).  

Plasmids that contained T. elongatus b or b’ sequence between either D54-A107 or E39-A107 

were unable to complement strain KM2.  Similarly, KM2/pSBC57 (b’E39-D53, V5) failed to grow 

on succinate media, but a weak positive result was obtained with strain KM2/pSBC56 (bE39-D53, 

his).  Much more impressive complementation was obtained with strain KM2/pSBC76 (b’L54-I86, 

V5), but KM2/pSBC58 (bL54-I86, his) did not grow.  Interestingly, colony formation was in evidence 

when either chimeric bE39-I86, his or b’E39-I86, V5 subunits were expressed.  

Stability of F1FO Complexes 

The presence of b subunit proteins were studied by Western analysis in order to detect 

expression of the recombinant b subunits and their incorporation into membranes.  This analysis 

was performed on membrane samples prepared from cells expressing chimeric b and b’ subunits 

either alone or together (Figure 3-3).  The Western blots were probed with a polyclonal antibody 

against the b subunit or a monoclonal antibody against the V5 epitope tag.   

The E. coli anti-b subunit antibody recognized the chimeric bhis subunits in membranes 

prepared from KM2 cells expressing the bE39-D53, his, bL54-I86, his or bE39-I86, his subunits.  Although 

b’V5 subunits appeared to be present at lower levels than the controls, these subunits were 

detected by the anti-V5 antibody in membranes prepared from cells expressing b’E39-D53, V5,  

b’L54-I86, V5 or b’E39-I86, V5 subunits.  The chimeric b’ subunits were not detectable with the 

antibody against the E. coli b subunit.  The first indication of a likely interaction between 

chimeric b and b’ subunits within an F1FO complex was that the b’E39-D53, V5 subunit seemed to be 

stabilized in the membrane in the presence of the bE39-D53, his subunit (Figure 3-3, E39-D53, Lanes 
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4 and 5).  The absence of signals for chimeric b or b’ subunit with T. elongatus sequence from 

D54-A107 or E39-A107 with either antibody suggested that the chimeric segment could not be 

extended further towards the C-terminus.  These proteins apparently failed to be stably 

incorporated into the membranes and were degraded. 

Membrane associated ATP hydrolysis was determined for KM2 cells expressing chimeric 

b and b’ subunits (Table 3-3).  Since the b subunit is required for association of the F1 complex 

with the F0 complex, membrane-associated ATPase activity can in some cases be used as an 

indirect indication of the relative amounts of intact F1F0 complexes stably incorporated into the 

membrane.  As expected, only very low levels of ATP hydrolysis were observed in membranes 

prepared from cells expressing chimeric b or b’ subunits with T. elongatus sequence replacing 

L54-A107 or E39-A107, a result that correlated well with failed complementation tests and 

negative Western blot results.  In contrast, substantial ATP hydrolysis activity was seen with all 

chimeric b subunits with replacements between E39-D53, L54-I86 or E39-I86.  Strangely, this 

was not true of the chimeric b’ subunits.  Membranes prepared from KM2/pSBC57 (b’E39-D53, V5), 

KM2/pSBC76 (b’L54-I86, V5), and KM2/pSBC98 (b’E39-I86, V5) all had very little membrane 

associated ATP hydrolysis activity.  Given that two of the strains had solidly positive 

complementation test results, it was necessary to look into this issue further.  We successfully 

reproduced the complementation analysis and then sequenced plasmid DNA prepared from the 

colonies grown on succinate minimal media.  The uncF(b) genes in these plasmids retained the 

designed chimeric b subunit gene and carried no other mutations.  A recent publication suggested 

that a cold-stabilized form of the complex had a significant lag in ATP hydrolysis activity [400].  

Therefore, ATP hydrolysis was carefully reexamined under conditions that would account for a 

potential lag and results essentially identical to those shown in Table 3-3 were obtained.  Another 
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possibility was that the chimeric b’ subunits inhibited F1F0 ATP hydrolysis.  LDAO releases F1 

from the influence of F0-associated mutations [101] and promotes release of the inhibitory  

subunit [215], so determination of ATP hydrolysis activity in the presence of LDAO yields a 

value reflecting the total F1 present in a membrane sample.  The amount of LDAO stimulation 

observed indicated that the KM2/pSBC76 (b’L54-I86, V5) and KM2/pSBC98 (b’E39-I86, V5) samples 

had only minimal F1 bound.  Therefore, it seems that although the two strains grew well 

indicating abundant F1F0 ATP synthase function in vivo, the F1F0 complexes were not stable and 

were lost during membrane preparation.  The reduced levels of b’V5 subunits seen during the 

Western analysis (Figure 3-3) lent further support to this interpretation.  

Coupled F1FO Activity 

ATP-driven proton pumping in membrane vesicles was used to detect coupled activity in 

F1F0 complexes with chimeric peripheral stalks (Figure 3-4).  Acidification of inverted 

membrane vesicles was monitored by fluorescence quenching of ACMA.  All membrane 

samples had strong ACMA quenching upon addition of NADH, confirming the membrane 

vesicles were intact and closed.  KM2/pSBC57 (b’E39-D53, V5) membranes showed no proton 

pumping activity, but strong fluorescence quenching was seen in KM2/pSBC56 (bE39-D53, his) 

membranes (Figure 3-4A, blue traces).  KM2/pSBC58 (bL54-I86, his) and KM2/pSBC76 (b’L54-I86, 

V5) membranes showed low but detectable levels of ATP-driven proton pumping (Figure 3-4A, 

red traces).  No activity was observed in membranes prepared from either KM2/pSBC94 (bL54-

A107, his) or KM2/pSBC79 (b’L54-A107, V5) (Figure 3-4B, purple traces).  Surprisingly, fluorescence 

quenching was detectable in membranes from KM2/pSBC95 (bE39-A107, his) when analyzed on a 

more sensitive spectrofluorometer (Figure 3-4C).  The most interesting results were obtained by 

looking at the E39-I86 chimeric subunits (Figure 3-4B, green traces). Coexpression of the 
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chimeric bE39-I85, his and b’E39-I86, V5 subunits reproducibly yielded higher proton pumping activity 

than expression of either of the individual subunits alone.  Moreover, the initial rate of 

fluorescence quenching was substantially higher in the KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-

I86, V5) membranes (Table 3-4).  These results might have reflected either the additive activity 

from the (bE39-I86, his)2 and (b’E39-I86, V5)2 homodimeric complexes, or more likely, the presence of 

F1F0 complexes containing bE39-I86, his/b’E39-I86, V5 heterodimeric complexes.  

Detection of Heterodimers 

In order to detect F1F0 complexes with heterodimeric peripheral stalks, a nickel-resin 

purification procedure developed previously in our lab [355] was used to examine membranes 

prepared from KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5) (Figure 3-5B, Lanes 1-10).  Four 

important controls were included in the experiment.  To confirm that the resin was only retaining 

F1F0 complexes containing the chimeric bE39-I86, his subunit, membranes prepared from 

KM2/pSBC98 (b’E39-I86, V5) were processed and no bands were observed using either the anti-b or 

anti-V5 antibodies (lane 6).  F1F0 complexes from KM2/pSBC97 (bE39-I86, his) were purified as a 

positive control to demonstrate that the resin retained histidine tagged complexes and the anti-V5 

antibody detected nothing in samples lacking a V5 epitope tag (lane 7).  To address possible 

aggregation of F1F0 complexes during sample preparation, membranes from strains 

KM2/pSBC97 (bE39-I86, his) and KM2/pSBC98 (b’E39-I86, V5) were mixed prior to solubilization.  

As expected, no band was observed using the anti-V5 antibody (lane 8).  The positive control 

was Ni-resin purified F1F0 complexes from KM2/pTAM37/pTAM46 (bhis/bV5).  The presence of 

complexes containing heterodimeric bhis/bV5 peripheral stalks was demonstrated by signals from 

both the anti-b and anti-V5 antibodies (lane 10).  An essentially identical result was obtained 

using membranes from KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5) (lane 9).  The b’E39-I86, V5 
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subunit could only have been retained in the Nickel-resin purified material if it were part of an 

F1F0 complex containing a bE39-I86, his subunit. 

Trypsin digestion of membranes samples was used to confirm that the heterodimeric 

peripheral stalks were incorporated into intact F1F0 complexes.  A portion of the wild-type bV5 

subunit remained resistant to degradation during an extended overdigestion with trypsin when 

expressed in the presence of the other F1F0 ATP synthase genes (Figure 3-5A, KM2 digestion).  

This same subunit was degraded when expressed alone in strain 1100 BC (unc), 

demonstrating that the incorporation of the b subunit into an intact F1F0 complex protects the 

peripheral stalk from trypsin digestion.  This result is consistent with what has been previously 

observed [332].  A Western blot using the more sensitive anti-V5 antibody revealed that a small 

portion of the b subunit was resistant to degradation even in the absence of the rest of the F1FO 

subunits (Figure 3-5B).  Membrane prepared from the strain KM2/pSBC97/pSBC98 (bE39-I86, 

his/b’E39-I86, V5) showed that a portion of the chimeric subunits were also protected from 

degradation in the presence of the other subunits.  Ni-resin purification of samples digested with 

trypsin demonstrated that the heterodimeric peripheral stalks were incorporated into intact F1F0 

complexes (Figure 3-5B, Lanes 11-16).  A band was seen using the anti-V5 antibody after 3 

hours of trypsin digestion for both the positive control KM2/pTAM37/pTAM46 (bhis/bV5) and the 

chimeric KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5) sample, but not for the 1100 

BC/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5) sample.  The b’E39-I86, V5 subunit survived trypsin 

digestion and Ni-resin purification as a component of a heterodimeric F1F0 complex containing 

the bE39-I86, his subunit. 
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Discussion 

A series of plasmids have been constructed that were designed to express chimeric 

subunits such that portions of the tether and dimerization domains of the E. coli F1F0 ATP 

synthase b subunit were replaced with homologous sequences from the b and b’ subunits of the 

thermophilic cyanobacterium T. elongatus.  The chimeric subunits with the largest successful T. 

elongatus segments had replacements spanning positions E39-I86.  The chimeric bE39-I86 and 

b'E39-I86 subunits each contained a total of 48 replaced amino acids, or almost one-third of the 

entire b subunit.  Plasmids expressing either recombinant chimeric subunit were individually 

capable of genetic complementation of an uncF(b) deletion strain.  In addition to the 

homodimeric stalks formed by the expression of each subunit alone, co-expression of the bE39-I86 

and b'E39-I86 subunits yielded readily detectable F1F0 complexes with heterodimeric peripheral 

stalks.  Attempts to extend the T. elongatus segment further toward the carboxyl terminus 

resulted in failure.  The most logical interpretation was that critical interactions between the 

peripheral stalk and F1 known to occur in this area of the b subunit [367, 378] were interrupted, 

leading to a general defect in assembly of the F1F0 complex. 

The secondary structure of the b subunit throughout the area under study here is thought to 

be an extended, linear α-helix [335].  This has been confirmed by x-ray crystallography for the 

section covering amino acids 66-122 [358].  In view of the properties of tether domain insertion 

and deletion mutants [353-355], one might have expected that any α-helical sequence substituted 

in the tether domain would be sufficient if the protein-protein contacts within F0 and F1 were 

maintained.  However, the b’E39-D53, V5 chimeric subunit was fully defective.  Extension of the 

chimeric region in the b’E39-I86, V5 subunit resulted in formation of an active F1F0 ATP synthase.  

Therefore, the structural defect induced by the substitutions in b’E39-D53 region was dramatically 

suppressed within the b’E39-I86 subunit.  The phenotype of the defective bL54-I86, his subunit was 
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suppressed to a lesser degree in the bE39-I86, his subunit.  The evidence suggests that there must be 

determinants throughout the E39-I86 section of the b subunit that act together to specify the 

structure of the peripheral stalk.  The obvious interpretation is that multiple protein-protein 

interactions between the two b subunits likely provide these structural determinants.  There is 

ample evidence for direct contacts within the dimerization domain [318, 331].  To date, there is 

no evidence of intimate interactions between the two b subunits within the tether domain 

between positions K23-D53. 

F1F0 complexes containing chimeric b' subunits were much less stable in vitro than 

complexes with chimeric b subunits.  Within the E39-I86 segment there are 14 amino acids 

found in the E. coli and T. elongatus b subunits that are different in subunit b' (Figure 3-1).  

While it is possible that these specific amino acids have an important influence on F1F0 complex 

stability, it seems more likely that the overall structure of the b' subunit does not necessarily 

favor maintenance of the inter-subunit contacts needed for a stable enzyme in aqueous buffers.  

This view is supported by the observation that the levels of b'E39-D53, b'L54-I86 and b'E39-I86 were all 

increased by coexpression with the cognate b subunit (Figure 3-3).  Therefore, formation of 

chimeric b/b' heterodimeric F1F0 complexes seems to stabilize the chimeric b' subunits in vitro. 
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Table 3-1.  Plasmids used in this chapter 
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Table 3-2.  Synthetic oligonucleotides used in this chapter 
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Table 3-3.  Growth properties and ATPase activity in cells expressing chimeric subunits 
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Table 3-4.  Proton pumping rates of membranes prepared from cells expressing chimeric E39-I86 

subunits 
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Figure 3-1.  Alignment of E. coli and T. elongatus sequences.  The full length E. coli b subunit is 

shown aligned to the region of the T. elongatus b and b’ subunits corresponding to 
E39-A107.  Identical amino acids are highlighted in grey and the positions mentioned 
in the text are labeled. 
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Figure 3-2.  Plasmids used in this study.  A) Map of the b subunit showing the relevant features 

used in plasmid construction.  The wild-type E. coli b subunit sequence is colored 
gray and the region replaced by homologous sequence from T. elongatus is blue.  The 
first and last amino acids of the replaced regions are indicated above the b subunit 
along with the restriction sites used for cassette mutagenesis.  The amino acids where 
these enzymes cut are indicated below the b subunit.  B) A graphical representation of 
the ten chimeric b subunits used in this study.  The plasmid names are listed on the 
left and the expressed subunits on the right.  Regions of the wild-type b subunit that 
were replaced with T. elongatus b subunit are colored blue and b’ subunit colored red.  
A six histidine tag on the amino terminus is shown in orange and a V5 epitope tag on 
the carboxyl terminus with the sequence GKPIPNPLLGLDS is shown in green. 
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Figure 3-3.  Immunoblot of membranes prepared from E. coli strain KM2 (b) expressing 

chimeric b subunits.  Aliquots of membrane proteins (1 g) were separated on 15% 
SDS-PAGE gels and transferred to nitrocellulose membranes as previously described 
[349].  The presence of b subunit was detected using both a polyclonal antibody 
raised against the b subunit and an antibody against the V5 epitope tag appended to 
the carboxyl terminus of the chimeric b’ subunits.  The position of the b subunit band 
and the region that was replaced with T. elongatus sequence are indicated on the left 
side of the figure and the primary antibody on the right.  Membrane samples were 
loaded as follows:  Lane 1, negative control KM2/pBR322 (b); Lane 2, positive 
control KM2/pTAM37/pTAM46 (bhis/bV5); Lane 3, chimeric bhis subunits; Lane 4, 
chimeric b’V5 subunits; Lane 5, coexpression of chimeric bhis and b’V5 subunits.  The 
commercial anti-V5 antibody gave a much stronger signal than the polyclonal anti-b 
subunit antibody and also detected an extra band running near the level of the b 
subunit, indicated in Lane 5 with a white diamond (). 
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Figure 3-4.  See next page for legend. 
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Figure 3-4.  Proton pumping driven by ATP in membrane vesicles prepared from KM2 (b) cells 

expressing chimeric b subunits (see figure previous page).  Aliquots of membrane 
proteins (500 g) were suspended in 3.5 mL assay buffer (50 mM MOPS, pH 7.3, 10 
mM MgCl2) and fluorescence quenching of 9-amino-6-chloro-2-methoxyacridine 
(ACMA) was used to detect proton pumping in membrane vesicles after the addition 
of ATP as previously described [354].  The traces are plotted as relative fluorescence 
over time.  The point where ATP was added is indicated above each graph and the 
chimeric subunits are indicated to the right of each trace.  Each panel shows traces of 
membranes from the negative control KM2/pBR322 (b), positive control 
KM2/pTAM37/pTAM46 (bhis/bV5), and the b and b’ chimeric subunits expressed 
individually and together.  A) Chimeric subunits containing T. elongatus sequence for 
the E39-D53 and L54-I86 regions.  B) Chimeric subunits containing T. elongatus 
sequence for the E39-I86 and L54-A107 regions.  C) Chimeric subunits containing T. 
elongatus sequence for the E39-A107 region.  Assay for Panels A and B were 
obtained using a Perkin-Elmer LS-3B spectrofluorometer while Panel C was obtained 
using a Photon Technologies International QuantaMaster 4 spectrofluorometer. 
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Figure 3-5.  See next page for legend. 
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Figure 3-5.  Incorporation of heterodimeric peripheral stalks into F1FO ATP synthase complexes 

(see figure previous page).  Membranes samples were digested with trypsin and 
analyzed by Western blot as in Figure 3-3.  Primary antibody against the b subunit is 
shown in Panel A and the V5 epitope tag is shown in Panel B.  Membranes were 
prepared from strains KM2/pTAM46 (bV5), 1100 BC/pTAM46 (bV5), 
KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5) and 1100 BC/pSBC97/pSBC98 (bE39-

I86, his/b’E39-I86, V5).  Proteolytic digestion and collection of aliquots were performed as 
described under experimental procedures.  C) Aliquots of membrane samples were 
solubilized and purified over Ni-CAM as previously described [355].  A total of 10% 
of the total elutant from the Ni-resin purification was loaded in each lane of purified 
protein.  Western blots were performed with antibodies against both the b subunit and 
the V5 epitope tag.  Membranes were loaded into the lanes as follows: Lanes 1-4, 1 
g of nonpurified membranes from KM2/pBR322 (b), KM2/pSBC97 (bE39-I86, his), 
KM2/pSBC98 (b’E39-I86, V5) and KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5); Lane 
5, intentionally left empty; Lane 6, Ni-resin negative control KM2/pSBC98 (b’E39-I86, 

V5); Lane 7, Ni-resin positive control KM2/pSBC97 (bE39-I86, his); Lane 8, Ni-resin 
aggregation control KM2/pSBC97 (bE39-I86, his) + KM2/pSBC98 (b’E39-I86, V5); Lane 9, 
purification of KM2/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5); Lane 10, purification 
of heterodimer positive control KM2/pTAM37/pTAM46 (bhis/bV5); Lanes 11 and 12, 
purification of trypsin digested KM2/pTAM37/pTAM46 (bhis/bV5) at 0 and 3 hours; 
Lanes 13 and 14, purification of trypsin digested KM2/pSBC97/pSBC98 (bE39-I86, 

his/b’E39-I86, V5); Lanes 15 and 16, purification of trypsin digested 1100 
BC/pSBC97/pSBC98 (bE39-I86, his/b’E39-I86, V5, unc). 
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CHAPTER 4 
DISULFIDE CROSSLINK FORMATION WITHIN CHIMERIC PERIPHERAL STALKS OF 

E. coli F1FO ATP SYNTHASE 

Introduction 

In Chapter 3, I have shown that regions of the Escherichia coli b subunit tether and 

dimerization domains can be replaced with homologous sequence from the b and b’ subunits of 

the photosynthetic organism Thermosynechococcus elongatus BP-1.  These results were 

published in the Journal of Bacteriology [399].  The pair of chimeric subunits with T. elongatus 

b and b’ sequence substituted in the region E39-I86 produced heterodimeric peripheral stalks and 

supported F1FO ATP synthase function.  In the present chapter these chimeric subunits, bE39-I86, his 

and b’E39-I86, V5, will be referred to as Tb and Tb’ for simplicity. 

Disulfide crosslinking results obtained from working with a soluble bV25-L156 subunit which 

lacks the N-terminal membrane spanning domain have suggested that the b subunits may be 

arranged in a staggered conformation throughout the dimerization domain rather than in perfect 

register [326, 359].  This staggered model developed in the laboratory of our collaborator Dr. 

Stanley Dunn (University of Western Ontario) places residues bR83 and bA90 in close proximity. 

To investigate this model in intact F1FO complexes, we have engineered cysteines into the 

Tb and Tb’ subunits and analyzed the tendency for disulfide crosslinks to form between 

recombinant subunits under varying experimental conditions.  Our results can be interpreted as 

support for a staggered model in intact F1FO containing a chimeric peripheral stalk.  The 

evidence indicates residues TbA83C and Tb’A90C are located in close spatial proximity.  We also 

consider whether the activation of F1FO by ATP produced any detectable change in the efficiency 

of crosslink formation.  An effect was observed at high concentrations of substrate, but it could 

not be attributed to catalytic activity. 
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Results 

Functional Characterization of Cysteine Mutants 

Four plasmids were constructed to express chimeric b subunits with individual cysteine 

substitutions at residues A83 and A90.  Site-directed mutagenesis with the oligonucleotides 

listed in Table 4-1 was used to generate these four plasmids, listed in Table 4-2.  Plasmids 

pSBC123 (TbA83C) and pSBC124 (TbA90C) were generated from the parent plasmid pSBC97 (Tb) 

while plasmids pSBC125 (Tb’A83C) and pSBC126 (Tb’A90C) were generated from pSBC98 (Tb’).  

All plasmids were confirmed by direct nucleotide sequencing.  Growth on minimal A media 

supplemented with succinate was used as a test of F1FO ATP synthesis activity.  None of the 

cysteine substitutions had any significant effect on the growth properties of mutants expressing 

homodimeric peripheral stalks as shown in Table 4-2 and Figure 4-1.  All of the chimeric b 

subunits complemented deletion strain KM2 (b) by supporting growth by oxidative 

phosphorylation.  Likewise, all strains coexpressing both Tb and Tb’ chimeric subunits with 

cysteine substitutions were capable of growth using succinate as the sole carbon source.  Three 

of these strains, KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 

(TbA83C/Tb’A90C) and KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C) grew in a manner comparable to 

the KM2/pSBC97/pSBC98 (Tb/Tb’) control.  The fourth strain, KM2/pSBC124/pSBC125 

(TbA90C/Tb’A83C), exhibited smaller colony formation than the control but still retained 

biologically significant levels of enzyme function. 

Membranes containing chimeric peripheral stalks with cysteine substitutions were assayed 

for ATP hydrolysis activity in both the absence and presence of 0.5% LDAO as listed in Table_ 

4-2.  The rate of ATP hydrolysis was used as an indirect measure of the amount of intact and 

assembled F1FO present.  LDAO releases the F1 subunit from the inhibitory effects of the  
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subunit [208, 215], producing information about the extent of coupling between F1 and FO.  

Membranes were prepared in the presence of 5 mM tris(2-carboxyethyl) phosphine (TCEP), a 

water-soluble reducing agent that maintains the cysteines in a reduced state (see below).  An 

abundant amount of ATPase activity was observed for the strains KM2/pSBC123 (TbA83C) and 

KM2/pSBC124 (TbA90C).  These strains exhibited ATP hydrolysis rate around 70% of the parent 

KM2/pSBC97 (Tb) strain that contained no cysteine substitutions.  The addition of LDAO 

indicated proper coupling in the F1FO ATP synthases in these mutants.  In contrast, membranes 

prepared from strains KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C) exhibited little 

ATPase activity beyond that of the negative control, KM2/pBR322 (b), even though they 

supported growth via oxidative phosphorylation in vivo.  The parent plasmid pSBC98 (Tb’) 

displayed similar properties in Chapter 3 and was previously investigated in more detail.  It was 

concluded that the chimeric peripheral stalk expressed by KM2/pSBC98 (Tb’) was capable of 

supporting growth in vivo, but these F1FO ATP synthases were not sufficiently stable to survive 

the membrane purification procedures.  A similar effect appears to be occurring with strains 

KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C), with the cysteine substitutions 

increasing the instability of the enzyme during purification.  Finally, the strains 

KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C), 

KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and KM2/pSBC124/126 (TbA90C/Tb’A90C) showed 

ATPase activity levels that were at least 75% of the KM2/pSBC97/pSBC98 (Tb/Tb’) control, 

indicating the presence of abundant assembled and intact enzyme. 

The effects of the cysteine substitutions were further investigated by measuring           

ATP-driven proton pumping by fluorescence quenching of ACMA in inverted membrane 

vesicles (Figure 4-2).  No significant effect was observed as a result of the cysteine substitutions.  
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All samples exhibited proton pumping activity indicative of functional coupling between F1 and 

FO.  However, strains expressing homodimeric Tb’ subunits showed significantly less proton 

pumping activity than strains expressing either homodimeric Tb subunits or both Tb and Tb’ 

subunits, probably due to the instability of the Tb’ samples during membrane preparation. 

Development of the Crosslinking Assay 

The crosslinking assay was optimized to determine conditions where disulfide crosslinks 

would form quickly and efficiently.  Preliminary experiments indicated that crosslinks could 

easily be formed in the (Tb’A83C)2 homodimeric peripheral stalk, so strain KM2/pSBC125 

(Tb’A83C) was used for optimization experiments.  Initially, dithiothreitol (DTT) was used as a 

reducing agent.  The addition of 1 mM DTT to the TM buffer prior to the purification of 

membranes was sufficient to maintain the majority of the chimeric subunits in the monomeric 

form, as shown in Figure 4-3A.  DTT was later replaced by the less volatile compound TCEP, 

the effects of which are shown in Figure 4-3B.  The addition of 1 mM TCEP was sufficient to 

prevent most chimeric subunits from spontaneously crosslinking.  TCEP concentrations of both 1 

and 5 mM were used in the experiments discussed below. 

Disulfide crosslinking reactions can be stopped by adding reagents which react with free 

thiol groups in order to prevent further crosslink formation.  The compound N-ethylmalemide 

(NEM) is often added to a final concentration of 10-20 mM for this purpose [118, 167, 168, 202, 

242, 326, 337, 357, 359].  The amount of NEM required to quench free thiol groups was 

determined experimentally using membrane samples prepared from strain KM2/pSBC125 

(Tb’A83C) in the presence of 1 mM DTT.  These membranes were diluted with TM buffer to a 

final concentration of 5 mg/mL.  This concentration was chosen to accommodate purification 

over a nickel resin as described in Chapter 3.  The oxidizing agent Cu2+ was added to a final 

concentration of 100 M for 10 min and the samples analyzed by Western analysis.  As shown in 
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Figure 4-4, final concentrations of 1-10 mM NEM were sufficient to prevent crosslink formation.  

The experiments discussed below will all use a final concentration of 5 mM NEM to prevent 

further crosslinking formation. 

The amount of Cu2+ sufficient to induce rapid crosslink formation was determined 

experimentally.  Previous crosslinking studies have generally used CuCl2 in the 10-100 M 

range for periods of time ranging from 1-48 hrs [154, 172, 180, 202, 242, 326, 331, 337, 357, 

359, 378].  A much more rapid crosslink formation would be required to detect changes that 

occurs during enzyme activity because the inhibitory effects of the product ADP would become 

increasingly significant over time.  Crosslinking time courses with a range of Cu2+ 

concentrations were analyzed by Western analysis (Figure 4-5).  A final concentration of 500 

M Cu2+ was sufficient to bring the crosslinking reaction to near completion within 2 min. 

Disulfide Crosslink Formation Between Chimeric Subunits 

Crosslink formation in homodimeric peripheral stalks was investigated by oxidizing 

membranes prepared from the stains KM2/pSBC123 (TbA83C), KM2/pSBC124 (TbA90C), 

KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C) with 500 M Cu2+ and analyzing by 

Western blot (Figure 4-6).  A small amount of crosslink formation was observed for 

KM2/pSBC123 (TbA83C), with around 20% of the total TbA83C subunit running as crosslinked 

dimer on the SDS-PAGE gel.  In contrast, membranes prepared from the strains KM2/pSBC124 

(TbA90C), KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C) exhibited 50-70% disulfide 

formation upon Cu2+ treatment.  The Tb’ samples showed a high degree of spontaneous crosslink 

formation that raised their zero time point values significantly above those observed for the other 

samples (Figure 4-7).  This increase in spontaneous crosslinking may be a result of the instability 
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of these F1FO complexes in vitro, affording the chimeric b subunits more flexibility than is 

normal in the presence of F1. 

The coexpression of a chimeric subunit containing a cysteine substitution along with the 

complementary cysteine-free subunit reduced homodimeric crosslink formation for all four 

chimeric b subunits (Figure 4-8).  Between 20-40% crosslink formation was observed for strains 

KM2/pSBC123/pSBC98 (TbA83C/Tb’), KM2/pSBC124/pSBC98 (TbA90C/Tb’) and 

KM2/pSBC97/pSBC126 (Tb/Tb’A90C), while about 15% dimer formation was seen for strain 

KM2/pSBC97/pSBC125 (Tb/Tb’A83C).  The decrease in both spontaneous and Cu2+ induced 

crosslink formation provides additional evidence of dimer formation between the complementary 

Tb and Tb’ subunits beyond that presented in Chapter 3. 

The formation of disulfide crosslinks in membranes prepared from cells expressing two 

different cysteine-containing chimeric subunits (Figure 4-9).  Crosslink formation was detected 

for all four possible combinations with antibodies against both the b subunit and the V5 epitope 

tag.  However, these crosslinked samples were actually a mixture of (Tb)2 and (Tb’)2 

homodimers along with (Tb/Tb’) heterodimers.  In order to determine the extent of dimer 

formation in the heterodimeric peripheral stalks alone, a nickel resin purification procedure 

developed previously in our lab and described in Chapter 3 was employed [355].  As shown in 

Figure 4-10, a small amount of heterodimer crosslink formation was detected for strains 

KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C) and KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) while 

strong heterodimer crosslinking was observed for strains KM2/pSBC123/pSBC126 

(TbA83C/Tb’A90C) and KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C). 

Samples were crosslinked with a reduced amount of Cu2+ in order to investigate which 

crosslinks formed most efficiently, and hence may represent a more natural interaction between 
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the b subunits in the peripheral stalk.  As shown in Figure 4-11, a disulfide crosslink could be 

formed in membranes prepared from the strain KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C) but 

not the other three Tb/Tb’ combinations.  The rate of crosslink formation in membranes prepared 

from strain KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C) was investigated with a crosslinking time 

course (Figure 4-12).  Disulfide formation was essentially complete within 40 sec after addition 

of Cu2+ to a final concentration of 50 M, demonstrating that this crosslink forms rapidly even at 

low Cu2+ concentrations.  Finally, an ATP-driven proton pumping assay showed no functional 

effect as a result of forming this crosslink (Figure 4-13). 

Effects of ATP on Crosslink Formation 

The effects of ATP on disulfide crosslink formation between chimeric b subunits was 

investigated by crosslinking F1FO in the presence and absence of ATP.  Preliminary results 

indicated a crosslinking change at the high ATP concentration of 45 mM in some constructs but 

not others.  This effect was investigated further by crosslinking the homodimeric (Tb)2 and (Tb’)2 

subunits (Figure 4-14).  Membranes prepared from the strain KM2/pSBC124 (TbA90C) showed 

identical crosslinking results both in the presence and absence of ATP, while crosslinking in 

membranes prepared from strains KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C) was 

diminished in the presence of ATP.  Likewise, crosslink formation between heterodimeric Tb/Tb’ 

constructs was diminished in the presence of 45 mM ATP for membranes prepared from strains 

KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C), 

KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C) 

(Figure 4-15). 

The relevance of this effect on crosslink formation at 45 mM ATP to normal F1FO function 

was a concern, especially after evidence was obtained that a similar crosslinking change in the E. 
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coli b subunit occurred at 45 mM ATP but not 5 mM ATP (see Chapter 5).  Even 5 mM ATP is 

sufficient to fully activate the enzyme [32], so the effect observed was unlikely to be a direct 

result of catalysis.  The hypothesis that the excess ATP was chelating the 10 mM Mg2+ present in 

the TM buffer and having an indirect structural effect was considered.  This hypothesis was 

tested by repeating the experiment in membranes prepared from the strain 

KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C) in the presence of increasing Mg2+ (Figure 4-16).  A 

similar ATP-dependent reduction in crosslink formation was observed even in the presence of 

excess Mg2+. 

The effects of 45 mM ATP on enzyme activity were investigated by ATP-driven proton 

pumping analysis (Figure 4-17).  It was discovered that 45 mM ATP caused a significant 

reduction in proton pumping activity compared to the 0.75 mM ATP normally used for this 

assay, even in the presence of 55 mM Mg2+.  Interestingly, this effect was not purely a chemical 

one produced by the presence of excess nucleotide.  The addition of both 44.25 mM UTP and 

0.75 mM ATP produced abundant ATP-driven proton pumping activity similar to that observed 

with 0.75 mM ATP alone.  Furthermore, a direct relationship between ATP concentration and 

crosslink formation can be seen in membranes prepared from the stain KM2/pSBC125 (Tb’A83C) 

(Figure 4-18).  The ATP hydrolysis value for this strain indicated a low level of membrane-

bound F1 after sample preparation, meaning the effect of ATP concentration on disulfide 

formation also occurred in FO alone. 

Discussion 

Disulfide crosslink formation was used to probe subunit-subunit interactions in E. coli 

F1FO ATP synthase containing a chimeric peripheral stalk.  The chimeric E. coli b subunits, 

abbreviated Tb and Tb’ for simplicity, contained sequence from the b and b’ subunits of the 

photosynthetic organism T. elongatus for residues E39-I86.  Cysteines were individually 
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substituted at residues A83 and A90, producing a total of four constructs – pSBC123 (TbA83C), 

pSBC124 (TbA90C), pSBC125 (Tb’A83C) and pSBC126 (Tb’A90C).  No significant functional defect 

was observed as a result of any of the cysteine substitutions.  All recombinant subunits were able 

to support growth by oxidative phosphorylation, readily formed intact F1FO, and exhibited 

coupled activity between F1 and FO.  Crosslink formation was observed in heterodimeric 

peripheral stalks upon treatment with 500 M Cu2+ for all four cysteine combinations, but 

especially in membranes prepared from strains KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C) and 

KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C).  Crosslinking analysis using only 50 M Cu2+ 

demonstrated that strain KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C) formed disulfide bonds 

rapidly and efficiently, whereas strain KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C) was unable to 

crosslink under these conditions.  These results, shown in Figure 4-11, were not nickel resin 

purified and hence contained both (TbA83C)2 and (Tb’A90C)2 homodimers in addition to the 

TbA83C/Tb’A90C heterodimer.  However, no crosslink formation is observed in either strain 

KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C) or KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C), both 

of which also contain (TbA83C)2 and (Tb’A90C)2 homodimers.  These results indicate that only the 

TbA83C/Tb’A90C heterodimer is capable of crosslinking under the 50 M Cu2+ conditions.  

Interestingly, the formation of this crosslink had no effect on ATP-driven proton pumping 

activity (Figure 4-13). 

These crosslinking results are the first indication that the peripheral stalk may be in a 

staggered arrangement in the context of the entire F1FO ATP synthase.  This staggered offset is 

approximately seven amino acids, or about two turns of an -helix.  It is also important to note 

that crosslink formation was not observed in membranes prepared from strain 

KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) upon treatment with 50 M Cu2+.  These results 
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imply that the chimeric b subunits have a predictable staggered arrangement, something that 

would not occur between the identical b subunit of the wild-type E. coli peripheral stalk.  It is 

possible that the observed staggering effect is a result of the T. elongatus sequence rather than 

the normal E. coli structure.  However, data that will be presented in Chapter 5 support the 

conclusion that the normal E. coli peripheral stalk forms disulfide crosslinks in a similar manner 

to the chimeric peripheral stalk.  Moreover, data obtained previously using the soluble form of 

the b subunit also support a staggered model in the wild-type b subunit [326, 359]. 

An unexpected effect was observed when high levels of ATP were added to the 

crosslinking reaction.  It was discovered that 45 mM ATP caused a reduction in crosslink 

formation for some homodimeric samples but not others.  Disulfide crosslink formation in the 

heterodimeric peripheral stalks was reduced for all four cysteine combinations, but this effect of 

ATP could not be attributed to catalytic activity.  Activity assays demonstrated that excess ATP 

actually caused a reduction in ATP-drive proton pumping.  Interestingly, a comparable amount 

of UTP did not have such an effect, indicating that this is not a result caused by the presence of 

excess nucleotide. 
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Table 4-1.  Oligonucleotides used in this chapter 
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Table 4-2.  Plasmids, growth on succinate and ATP hydrolysis 
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Figure 4-1.  Effects of cysteine substitutions on enzyme viability.  Growth on minimal A media 

with succinate as the sole carbon source was used to test the viability of F1FO ATP 
synthase complexes.  All plates contain KM2/pTAM37/pTAM46 (bhis/bV5) and 
KM2/pBR322 (b) as positive and negative controls, respectively.  A) The growth of 
KM2/pSBC97 (Tb) compared to KM2/pSBC123 (TbA83C) and KM2/pSBC124 
(TbA90C).  B) The growth of KM2/pSBC98 (Tb’) compared to KM2/pSBC125 
(Tb’A83C) and KM2/pSBC126 (Tb’A90C).  C) and D) The growth of 
KM2/pSBC97/pSBC98 (Tb/Tb’) compared to KM2/pSBC123/pSBC125 
(TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C), 
KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and KM2/pSBC124/pSBC126 
(TbA90C/Tb’A90C).  Growth experiments were done in triplicate and the plates shown 
are representative of the results obtained. 
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Figure 4-2.  Effects of cysteine substitutions on ATP-driven proton pumping activity.  The 

effects of the cysteine substitutions on ATP-driven proton pumping activity was 
measured by fluorescence quenching of ACMA.  All panels contain 
KM2/pTAM37/pTAM46 (bhis/bV5) and KM2/pBR322 (b) as positive and negative 
controls, respectively.  A) Proton pumping of Tb constructs.  Traces shown are 
KM2/pSBC97 (Tb), KM2/pSBC123 (TbA83C) and KM2/pSBC124 (TbA90C).  B) 
Proton pumping of Tb’ constructs.  Traces shown are KM2/pSBC98 (Tb’), 
KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C).  (C) Proton pumping of 
coexpressed Tb and Tb’ constructs.  Traces shown are KM2/pSBC97/pSBC98 
(Tb/Tb’), KM2/pSBC123/SBC125 (TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 
(TbA83C/Tb’A90C), KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and 
KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C).  Experiments were done in quadruplicate 
and traces shown are representative of the results obtained. 
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Figure 4-3.  Effects of reducing agents on crosslink formation.  Membranes from strain 

KM2/pSBC125 (Tb’A83C) were prepared in TM buffer which contained either DTT or 
TCEP as a reducing agent.  The extent of spontaneous crosslink formation was 
investigated by Western blot analysis in which 1 g of untreated membrane protein 
was loaded per lane.  A) DTT was added to the TM buffer to final concentrations of 0 
and 1 mM.  B) TCEP was added to the TM buffer to a final concentrations of 1, 2.5, 5 
and 10 mM.  The ☼ symbol indicates a nonspecific band. 
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Figure 4-4.  Determination of the amount of NEM required to prevent further disulfide 

formation.  Membranes from the strain KM2/pSBC125 (Tb’A83C) were prepared in the 
presence of 1 mM DTT and diluted to 5 mg/mL.  Increasing amounts of NEM were 
added and the samples were vortexed briefly to mix.  Crosslink formation was 
induced by the addition of 100 M Cu2+ followed by a 10 min incubation in open 
tubes at room temperature with shaking.  A total of 1 g of each membrane sample 
was analyzed by Western blot.  The vertical bar represents the removal of unwanted 
lanes in silico. 
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Figure 4-5.  Crosslinking time course done in the presence of increasing concentrations of Cu2+.  

Membrane were prepared from the strain KM2/pSBC125 (Tb’A83C) in the presence of 
1 mM DTT.  Samples were diluted to 5 mg/mL and incubated with 0, 10, 100 or 500 
M Cu2+ for 10 min in open tubes at room temperature with shaking.  Aliquots were 
removed at 0 (pre-Cu2+), 1, 2.5, 5 and 10 min and stopped by the addition of NEM to 
a final concentration of 5 mM.  Western analysis was done with 1 g of membrane 
sample per lane.  The vertical bar represents the joining of two separate gels in silico. 
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Figure 4-6.  Crosslink formation in homodimeric (Tb)2 and (Tb’)2 subunits.  Membranes 

containing a single type of chimeric b subunit were prepared in the presence of 5 mM 
TCEP and crosslinked at 5 mg/mL for 2 min using 500 M CuCl2.  The reactions 
were stopped by adding NEM to a final concentration of 5 mM.  Zero time point 
samples had NEM added prior to Cu2+ to prevent crosslinking.  Chimeric b subunits 
in membranes prepared from strains KM2/pSBC123 (TbA83C) and KM2/pSBC124 
(TbA90C) were detected using an antibody against the b subunit while those from 
strains KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C) were detected using 
an antibody against  the V5 epitope tag.  Total amounts of 1 g and 10 g membrane 
protein were loaded per lane for the anti-V5 and anti-b subunit Westerns, 
respectively.  Vertical lines indicate the removal of unwanted lanes in silico.  The 
average fraction dimer obtain from densitometry analysis of four experiments is 
charted below each blot.  Samples with a low probability of being identical are 
indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 4-7.  Extent of spontaneous crosslink formation.  The fraction dimer of all zero second 

data points from Chapters 4 and 5 is plotted by sample.  Vertical bars represent the 
average and standard deviations (). 
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Figure 4-8.  Effects of complementary subunits on homodimer crosslinking.  Membranes 

expressing both a chimeric Tb or Tb’ subunit with a substituted cysteine and the 
complementary cysteine-free subunit were crosslinked and analyzed as described in 
Figure 4-6.  Membrane samples were prepared from strains KM2/pSBC123/pSBC98 
(TbA83C/Tb’), KM2/pSBC124/pSBC98 (TbA90C/Tb’), KM2/pSBC97/pSBC125 
(Tb/Tb’A83C) and KM2/pSBC97/pSBC126 (Tb/Tb’A90C).  Vertical lines indicate the 
removal of unwanted lanes in silico.  The average fraction dimer obtain from 
densitometry analysis of four experiments is charted below each blot.  Samples with a 
low probability of being identical are indicated (*, p < 0.05; **, p < 0.01; ***, p < 
0.001). 
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Figure 4-9.  Crosslink formation in coexpressed Tb and Tb’ subunits.  Membranes expressing 

both chimeric Tb and Tb’ subunits with substituted cysteines were crosslinked as 
described in Figure 4-6. Crosslinked membranes from KM2/pSBC123/pSBC125 
(TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C), 
KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and KM2/pSBC124/pSBC126 
(TbA90C/Tb’A90C) were analyzed by Western blots with antibodies against both the b 
subunit and the V5 epitope tag.  A total amount of 1 g and 10 g membrane protein 
were loaded per lane for the anti-V5 and anti-b subunit Westerns, respectively.  
Vertical lines indicate the removal of unwanted lanes in silico, while ☼ indicates a 
nonspecific band detected by the anti-b subunit antibody.  The average fraction dimer 
obtain from densitometry analysis of five experiments is charted below the blots.  
Samples with a low probability of being identical are indicated (*, p < 0.05; **, p < 
0.01; ***, p < 0.001). 
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Figure 4-10.  Crosslink formation in Tb/Tb’ heterodimers.  Membranes expressing both chimeric 

Tb and Tb’ subunits with substituted cysteines were crosslinked as described in 
Figure 4-6.  The crosslinked samples were purified over a nickel resin to retain only 
F1FO complexes containing a histidine tag and analyzed by Western blot using an 
antibody against the V5 epitope tag to detect enzymes containing heterodimeric 
peripheral stalks.  Membrane samples were prepared from strains 
KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 
(TbA83C/Tb’A90C), KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and 
KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C).  A total of 10% of the elutant from the 
nickel resin was loaded per lane.  Vertical lines indicate a removal of unwanted lanes 
in silico.  The average band intensity in arbitrary units obtained from densitometry 
analysis of eight experiments is charted below.  Samples with a low probability of 
being identical are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 4-11.  Crosslink formation with low Cu2+.  Membranes were prepared and crosslinked 

essentially as described in Figure 4-6 with the exception that Cu2+ was added to a 
final concentration of 50 M and the crosslinking reaction was allowed to proceed for 
10 min before quenching with NEM.  Membrane samples prepared from strains 
KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C), KM2/pSBC123/pSBC126 
(TbA83C/Tb’A90C), KM2/pSBC124/pSBC125 (TbA90C/Tb’A83C) and 
KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C) were crosslinked and analyzed by 
Western blot using antibodies against both the b subunit and the V5 epitope tag.  A 
total amount of 1 g and 10 g membrane protein were loaded per lane for the anti-
V5 and anti-b subunit Westerns, respectively.  The symbol ☼ indicates a nonspecific 
band detected by the anti-b subunit antibody.  The experiment was done in triplicate 
and the results shown are representative. 
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Figure 4-12.  Crosslinking time course for membranes prepared from KM2/pSBC123/pSBC126 

(TbA83C/Tb’A90C).  Membranes were prepared in the presence of 1 mM TCEP and 
diluted to 5 mg/mL for the crosslinking reaction.  Crosslinking was induced by the 
addition of Cu2+ to a final concentration of 50 M and the reactions were incubated at 
room temperature in open tubes with shaking.  Aliquots were removed at 0 (pre-
Cu2+), 40, 80 and 120 sec and stopped by adding NEM to a final concentration of 5 
mM.  Membranes samples were analyzed by Western blot against the V5 epitope tag.  
A total of 1 g of protein was loaded per lane. 
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Figure 4-13.  Effect of crosslink formation on ATP-driven proton pumping.  Membranes from 

strain KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C) were prepared and crosslinked as 
described in Figure 4-11.  A total of 0.5 mg of crosslinked membrane protein was 
assayed for ATP-driven proton pumping activity by the fluorescence quenching of 
ACMA.  Membrane from KM2/pTAM37/pTAM46 (bhis/bV5) and KM2/pBR322 (b) 
were assayed as positive and negative controls, respectively.  The experiment was 
done in triplicate and results shown are representative. 
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Figure 4-14.  Effects of 45 mM ATP on crosslinking formation in homodimeric (Tb)2 and (Tb’)2 

subunits. The same crosslinking results shown in Figure 4-6 are shown above with 
additional samples crosslinked in the presence of 45 mM ATP.  The membranes were 
prepared from strains KM2/pSBC123 (TbA83C), KM2/pSBC124 (TbA90C), 
KM2/pSBC125 (Tb’A83C) and KM2/pSBC126 (Tb’A90C) and analyzed by Western blot 
with antibodies against the b subunit and the V5 epitope tag.  Total amounts of 1 g 
and 10 g membrane protein were loaded per lane for the anti-V5 and anti-b subunit 
Westerns, respectively.  Vertical lines indicate the removal of unwanted lanes in 
silico.  The average fraction dimer obtain from densitometry analysis of four 
experiments is charted below each blot.  Samples with a low probability of being 
identical are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 4-15.  Effects of 45 mM ATP on crosslink formation in heterodimeric Tb/Tb’ peripheral 

stalks.  The same crosslinking results shown in Figure 4-10 are shown above with 
additional samples crosslinked in the presence of 45 mM ATP.  The membranes were 
prepared from strains KM2/pSBC123/pSBC125 (TbA83C/Tb’A83C), 
KM2/pSBC123/pSBC126 (TbA83C/Tb’A90C), KM2/pSBC124/pSBC125 
(TbA90C/Tb’A83C) and KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C).  Membranes were 
crosslinked and then purified over a nickel resin to retain only F1FO complexes 
containing a histidine tag.  A total of 10% of the nickel resin elutant was analyzed by 
Western blot with a primary antibody against the V5 epitope tag to detect 
heterodimeric F1FO.  The average band intensity in arbitrary units obtained from 
densitometry analysis of eight experiments is charted below.  Samples with a low 
probability of being identical are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 4-16.  Effects of Mg2+ concentration on disulfide formation.  Membranes from strain 
KM2/pSBC124/pSBC126 (TbA90C/Tb’A90C) were prepared, crosslinked and purified 
over a nickel resin essentially as described in Figure 4-15.  The only difference was 
the addition of MgCl2 to the TM buffer to final concentrations of 10, 25, 45 and 75 
mM.  A total of 10% of the elutant from the nickel resin was analyzed by Western 
blot using a primary antibody against the V5 epitope tag. 
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Figure 4-17.  Effects of nucleotide concentration on ATP-driven proton pumping.  Membranes 

from the strains KM2/pTAM37/pTAM46 (bhis/bV5) and KM2/pBR322 (b) were 
prepared in the presence of 1 mM TCEP.  A total of 0.125 mg membrane protein was 
assay for ATP-driven proton pumping activity in the presence of varying nucleotide 
concentrations and 55 mM Mg2+. 
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Figure 4-18.  Crosslink formation in the presence of increasing ATP concentration.  Membranes 

were prepared from the strain KM2/pSBC125 (Tb’A83C) in the presence of 5 mM 
TCEP and diluted to A) 0.3 mg/mL, B) 1.0 mg/mL and C) 2.5 mg/mL.  The diluted 
membranes were crosslinked with 500 M Cu2+ in the presence of increasing 
concentrations of ATP at 37 C for 2 min and quenched by adding NEM to a final 
concentration of 5 mM.  A total of 1 g of each sample was analyzed by Western blot 
using an antibody against the V5 epitope tag.  The vertical bar indicates where two 
gels have been joined in silico.  D) Intensity of the (Tb’A83C)2 dimer band as a 
function of ATP concentration.  E) Intensity of the Tb’A83C monomer band as a 
function of ATP concentration.  F) Fraction dimer as a function of ATP 
concentration. 
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CHAPTER 5 
DISULFIDE CROSSLINK FORMATION WITHIN THE WILD-TYPE PERIPHERAL STALK 

OF E. coli F1FO ATP SYNTHASE  

Introduction 

Engineered Escherichia coli F1FO ATP synthases were generated that contained chimeric 

peripheral stalk where portions of the b subunit were replaced by homologous regions from the b 

and b’ subunits of  Thermosynechococcus elongatus (Chapter 3).  Chimeric constructs containing 

T. elongatus b or b’ sequence for the E39-I86 region, abbreviated Tb and Tb’, were modified by 

site-directed mutagenesis to individually substitute cysteines at residues A83 and A90.  These 

residues were chosen to test the staggered model developed in the Dunn lab based on 

crosslinking analysis of the hydrophilic domain of wild-type E. coli b subunit [326, 359].  

Disulfide crosslinking analysis of these constructs suggested that the heterodimeric Tb/Tb’ 

peripheral stalk may adopt a staggered conformation in the context of the holoenzyme (Chapter 

4).  The strongest evidence for this staggered model is the rapid formation of a crosslink between 

TbA83C/Tb’A90C at the low Cu2+ concentration of 50 M.  This result, along with the absence of 

crosslink formation between homodimeric (TbA83C)2 or (Tb’A90C)2 at the same concentration of 

Cu2+, indicate that the two chimeric subunits likely form a peripheral stalk where the offset 

conformation is favored over the parallel conformation. 

The present chapter investigates crosslink formation in the wild-type E. coli b subunit to 

see if the results obtained in the chimeric peripheral stalk are applicable to the native peripheral 

stalk.  Cysteines have been engineered into the wild-type b subunit at residues I76, R83, A90 and 

E97 and the tendency to form disulfide crosslinks in the homodimeric peripheral stalk was 

investigated.  Crosslinking results obtained using the E. coli b subunit at both high and low 

concentrations of Cu2+ closely mirror those obtained in the chimeric peripheral stalks.  These 
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results indicate that while a the wild-type peripheral stalk can be trapped in a parallel 

conformation, the possibility of a staggered arrangement cannot be ruled out.   

Results 

Functional Characterization of Mutants 

The parent plasmid used for construction pSBC127 (bV5), was generated by ligating a 

synthetic b subunit with a C-terminal V5 epitope tag (GenScript) into the EcoRI/KpnI restriction 

sites of pUC19.  The constructs pSBC128 (bI76C, V5), pSBC129 (bR83C, V5), pSBC130 (bA90C, V5) 

and pSBC131 (bE97C, V5) were made from pSBC127 (bV5) by site directed mutagenesis using the 

oligonucleotides listed in Table 5-1.  The primary sequence of all constructs was confirmed by 

direct nucleotide sequencing.  Growth on minimal A media supplemented with succinate as the 

sole carbon source was used as a test of F1FO activity as shown in Table 5-2 and Figure 5-1.  All 

engineered subunits were capable of supporting growth by oxidative phosphorylation.  Strains 

KM2/pSBC127 (bV5), KM2/pSBC128 (bI76C, V5), KM2/pSBC129 (bR83C, V5) and KM2/pSBC130 

(bA90C, V5) producing colonies slightly smaller than wild-type while KM2/pSBC131 (bE97C, V5) 

formed small colonies.  The addition of 0.2% casamino acids and IPTG to the minimal A media 

resulted in growth in all four strains identical to that of the wild-type. 

The rate of ATP hydrolysis in membranes prepared from each strain was determined in 

both the presence and absence of 0.5% LDAO (Figure 5-2).  The values obtained for ATP 

hydrolysis can be used as an indirect indication of F1FO assembly.  All of the strains showed 

abundant intact and assembled F1FO as determined by their ATP hydrolysis rates.  Membranes 

prepared from strains KM2/pSBC127 (bV5), KM2/pSBC129 (bR83C, V5), KM2/pSBC130 (bA90C, 

V5) and KM2/pSBC131 (bE97C, V5) showed ATPase activity comparable to wild type, while strain 

KM2/pSBC128 (bI76C, V5) showed a slight decrease in ATPase activity to about 70% of         

wild-type.  An ATP-driven proton pumping assay was used to measure coupling between F1 and 
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FO (Figure 5-2).  Fully coupled enzyme activity was observed for strains KM2/pSBC127 (bV5), 

KM2/pSBC129 (bR83C, V5) and KM2/pSBC130 (bA90C, V5), while reduced coupling was seen for 

KM2/pSBC128 (bI76C, V5) and KM2/pSBC131 (bE97C, V5).  With the exception of strain 

KM2/pSBC128 (bI76C, V5), the results indicate that the cysteine substitutions had no significant 

effect on assembly and activity of the engineered F1FO. 

Crosslink Formation 

The ability of the engineered b subunits to form disulfide crosslinks was investigated by 

diluting membrane vesicles to 5 mg/mL and adding 500 M Cu2+ for 120 sec.  The crosslinking 

reaction was stopped with 5 mM NEM and the results analyzed by Western blot (Figure 5-3).  As 

expected, membranes prepared from strain KM2/pSBC127 (bV5) showed no crosslink formation.  

Membranes prepared from strain KM2/pSBC129 (bR83C, V5) produced about 20% dimer, 

comparable to the crosslink formation observed for strain KM2/pSBC123 (TbA83C) as shown in 

Chapter 4.  Likewise, sample KM2/pSBC130 (bA90C, V5) showed about 70% dimer formation, 

similar to the results obtained using strain KM2/pSBC124 (TbA90C).  Strain KM2/pSBC131 

(bE97C, V5) only produced about 25% dimer, while KM2/pSBC128 (bI76C, V5) remained essentially 

monomeric.   

The efficiency of crosslink formation was investigated by reducing the Cu2+ concentration 

to 50 M and allowing the reaction to occur for 10 min.  None of the homodimeric subunits were 

capable of crosslink formation at the reduced Cu2+ concentration (Figure 5-4).  The results 

presented in Chapter 4 are identical, with crosslink formation only observed in the heterodimeric 

peripheral stalks upon treatment with low concentrations of Cu2+. 
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Effects of ATP on Crosslink Formation 

The effects of catalysis on crosslink formation was investigated by crosslinking the 

engineered b subunits in the presence and absence of 5 mM ATP.  As shown in Figure 5-5A, no 

significant effect on crosslinking was observed for any of the cysteine substitutions.  

Interestingly, the addition of ATP to the high concentration of 45 mM resulted in a decrease in 

crosslink formation (Figure 5-5B).  This effect is most noticeable for strain KM2/pSBC130 

(bA90C, V5) due to the high level of crosslinking this sample exhibited upon oxidation.  While the 

exact cause of this effect is uncertain, it is clear that enzyme catalysis is not responsible for the 

crosslinking effects because 5 mM ATP is sufficient to fully activity F1FO (Weber and Senior, 

1997). 

Discussion 

The results obtained by oxidizing membranes prepared from strains KM2/pSBC129 (bR83C, 

V5) and KM2/pSBC130 (bA90C, V5) are consistent with those obtained with chimeric peripheral 

stalks described in Chapter 4.  Upon treatment with the high Cu2+ concentration of 500 M, only 

about 20% crosslink formation was observed in the (bR83C)2 peripheral stalk (Figure 5-3).  This 

result is identical to that observed in the (TbA83C)2 sample (Figure 4-6).  Notice that although 

significantly higher crosslink formation was observed for the (Tb’A83C)2 sample, this result is not 

directly comparable due to the loss of F1 in the Tb’ samples during membrane preparation.  

Around 70% crosslink formation was observed in the (bA90C)2 peripheral stalk, comparable to 

what was observed in the (TbA90C)2 sample.  Upon reduction of the Cu2+ concentration to 50 M, 

no crosslink formation was observed in either the E. coli peripheral stalk or the homodimeric 

chimeric peripheral stalks (Figures 4-11 and 5-4).  These results indicate that the wild-type 

peripheral stalk can be trapped in a parallel conformation.  The existence of a staggered 
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arrangement in the wild-type peripheral stalk could not be tested directly and the possibility that 

this conformation exists could not be ruled out. 

Cysteines were substituted in the additional positions bI76C and bE97C of the E. coli b 

subunit.  Crosslinking with 500 M Cu2+ resulted in approximately 25% crosslink formation for 

membranes prepared from strain KM2/pSBC128 (bE97C, V5), while membranes from strain 

KM2/pSBC131 (bI76C, V5) remained essentially monomeric.  Reducing the Cu2+ concentration to 

50 M resulted in no crosslink formation in membranes prepared from these two strains.  These 

results confirm previous crosslinking results done in the dimerization domain of the b subunit, 

but now extend these results to the context of the entire F1FO.  Previous attempts to crosslink 

bK52-k122, I76C, bK52-k122, R83C, and bK52-k122, A90C by incubating with 10 M Cu2+ for 24 hr resulted in 

no crosslink formation [359].  The work done here demonstrates that residue bE97C also does not 

crosslink efficiently, a result that has never been reported in the literature.   

Results reported here also show that the addition of 45 mM ATP inhibits crosslink 

formation in membranes prepared from strain KM2/pSBC130 (bA90C, V5), while 5 mM ATP does 

not have any effect.  These results are different from what was observed for the chimeric 

samples, where 45 mM ATP did not have any effect on crosslink formation from sample 

KM2/pSBC124 (TbA90C) (Figure 4-14).  The reasons for this discrepancy are not apparent, but it 

is clear that the effects of ATP on crosslinking are not catalysis related, since 5 mM ATP is 

capable of fully activating the enzyme [32]. 
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Table 5-1.  Oligonucleotides used in this chapter 
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Table 5-2.  Plasmids, growth of mutants on succinate and rates of ATP hydrolysis 
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Figure 5-1.  Effects of cysteine substitutions on enzyme viability.  Growth on minimal A media 

with succinate as the main carbon source was used to test the viability of F1FO ATP 
synthase complexes.  Case amino acids were added to 0.2% to encourage growth and 
IPTG was included to increase plasmid expression.  Strains KM2/pKAM14 (bwt) and 
KM2/pBR322 (b) were used as positive and negative controls, respectively.  Strains 
KM2/pSBC127 (bV5), KM2/pSBC128 (bI76C, V5), KM2/pSBC129 (bR83C, V5), 
KM2/pSBC130 (bA90C, V5) and KM2/pSBC131 (bE97C, V5) were assayed in triplicate.  
The plate shown is representative of the results obtained. 
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Figure 5-2.  Effects of cysteine substitutions on ATP-driven proton pumping activity.  The 

effects of the cysteine substitutions on ATP-driven proton pumping activity was 
measured by fluorescence quenching of ACMA.  Membranes prepared from strains 
KM2/pSBC127 (bV5) and KM2/pBR322 (b) were used as positive and negative 
controls, respectively.  Strains KM2/pSBC128 (bI76C, V5), KM2/pSBC129 (bR83C, V5), 
KM2/pSBC130 (bA90C, V5) and KM2/pSBC131 (bE97C, V5) were assayed in triplicate.  
Traces shown are representative of the results obtained. 
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Figure 5-3.  Crosslink formation in E. coli peripheral stalks containing cysteine substitutions.  

Membranes containing engineered b subunits were prepared in the presence of 5 mM 
TCEP and crosslinked at 5 mg/mL for 2 min using 500 M CuCl2.  The reaction was 
quenched by adding NEM to a final concentration of 5 mM.  Zero time point samples 
had NEM added prior to Cu2+ to prevent crosslinking.  Membranes from strains 
KM2/pSBC127 (bV5), KM2/pSBC128 (bI76C), KM2/pSBC129 (bR83C), 
KM2/pSBC130 (bA90C) and KM2/pSBC131 (bE97C) were analyzed by Western blot 
using a primary antibody against the V5 epitope tag.  A total of 1 g membrane 
protein was loaded per lane.  Vertical lines indicate either the removal of unwanted 
lanes or the combining of two Westerns in silico.  The average fraction dimer obtain 
from densitometry analysis of six experiments is charted below each blot.  Samples 
with a low probability of being identical are indicated (*, p < 0.05; **, p < 0.01; ***, 
p < 0.001). 
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Figure 5-4.  Crosslink formation with low Cu2+.  Membranes were prepared and crosslinked 

essentially as described in Figure 5-3 with the exception that Cu2+ was added to a 
final concentration of 50 M and the crosslinking reaction was allowed to proceed for 
10 min before the addition of NEM.  Membrane samples prepared from strains 
KM2/pSBC128 (bI76C), KM2/pSBC129 (bR83C), KM2/pSBC130 (bA90C) and 
KM2/pSBC131 (bE97C) were crosslinked and analyzed by Western blot using a 
primary antibody against the V5 epitope tag.  A total amount of 1 g membrane 
protein was loaded per lane.  Vertical lines indicate the combining of two Westerns in 
silico. 
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Figure 5-5.  Effects of ATP on crosslinking formation in engineered E. coli b subunits. The same 

crosslinking results shown in Figure 5-3 are shown above with additional samples 
crosslinked in the presence of either A) 45 mM ATP or B) 5 mM ATP.  The 
membranes were prepared from strains KM2/pSBC127 (bV5), KM2/pSBC128 (bI76C, 

V5), KM2/pSBC129 (bR83C, V5), KM2/pSBC130 (bA90C, V5) and KM2/pSBC131 (bE97C, 

V5) and analyzed by Western blot with a primary antibody against the V5 epitope tag.  
A total amounts of 1 g membrane protein was loaded per lane.  Vertical lines 
indicate the joining of two Westerns in silico.  The average fraction dimer obtain 
from densitometry analysis of four experiments is charted below each blot.  Samples 
with a low probability of being identical are indicated (*, p < 0.05; **, p < 0.01; ***, 
p < 0.001). 
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CHAPTER 6 
SPECIFIC INTERACTIONS BETWEEN  AND THE INDIVIDUAL b SUBUNITS OF ATP 

SYNTHASE 

Introduction 

The F1FO ATP synthase of E. coli contains a dimer of identical b subunits that interact with 

a single  subunit.  The last four amino acids of the b subunit are critical for this interaction.  The 

truncation of the C-terminal ends of both b subunit by four residues disrupts the b- interactions 

and prevents complex formation [324].  The C-terminal end of the b subunit is capable of 

forming a disulfide crosslink with the  subunit.  This crosslink is formed between the 

substitution M158C and one member of the (b+G157, +C158)2 peripheral stalk [325].  Additionally, 

experiments done using the soluble form of the peripheral stalk has produced evidence that the b 

subunits may be staggered relative to one another and that only a single full-length b subunit is 

required to bind F1 [326].  In these experiments, a soluble full-length bV25-L156 subunit and a 

truncated bV25-L152 subunit were locked in both possible staggered arrangements with one subunit 

offset by two helical turns.  It was found that truncating the N-terminally shifted bV25-L152 subunit 

significantly affected binding to F1, while deleting the same amino acids on the C-terminally 

shifted bV25-L152 subunit had only a modest effect.  These results suggested that only a single full-

length bV25-L156 subunit is required for the proper interactions with F1, and the N-terminally 

shifted bV25-L156 subunit forms these interactions. 

Here I have investigated the interactions between the individual b subunits and the  

subunit in the context of the entire enzyme.  The results demonstrate that a heterodimeric 

peripheral stalk containing a single full-length b subunit is capable of forming the required 

interactions with the  subunit, confirming what has been observed in the Dunn lab using the 

soluble form of the b subunit.  Sequence from the b and b’ subunits of T. elongatus were then 
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substituted individually in the E. coli b subunit for residues E39-I86 in order to generate a 

peripheral stalk with a known staggered arrangement as shown in the previous chapters.  The 

results obtained with these chimeric peripheral stalks indicate that the C-terminally shifted b 

subunit forms the critical interactions with the  subunit, in contrast to the results obtained with 

the soluble b subunits [326].  The inclusion of the peripheral stalk in the entire enzyme adds 

additional conformational constraints which may account for the differing results. 

Results 

Functional Characterization of Mutants 

A total of eight plasmids were constructed from the base plasmids pAES9 (acb) and 

pKAM14 (b) using a combination of site-directed mutagenesis and ligation.  Oligonucleotide 

primers used for site-directed mutagenesis are listed in Table 6-1, while the constructed plasmids 

are listed in Table 6-2.  A more detailed description of the construction scheme can be found in 

Appendix B.  Five of these plasmids are based on pAES9 and hence express the entire unc 

operon – pSBC99 (acbV5, M158C), pSBC100 (acb+C158V5, M158C), pSBC101 

(acb+C158V5), pSBC140 (acTb’+C158V5, M158C) and pSBC142 (acTb+C158V5, M158C).  

The other three plasmids are based on pKAM14 and express only the b subunit – pSBC132 (bhis, 

153-156), pSBC141 (Tbhis, 153-156) and pSBC143 (Tb’his, 153-156).  The native cysteines at bC21, C64 

and C140 have been mutated to serine in all eight plasmids and all plasmids were confirmed by 

direct nucleotide sequencing. 

The eight plasmids were expressed in six different combinations as listed in Table 6-2.  All 

engineered F1FO were capable of supporting growth by oxidative phosphorylation as determined 

by growth on minimal A media with succinate as the main carbon source (Figure 6-1).  Strains 

expressing chimeric subunits formed slightly smaller colonies that the engineered E. coli 



 

187 

subunits, but abundant enzyme activity was detected in all cases.  ATP hydrolysis was 

determined for each strain in the presence and absence of LDAO as an indirect measure of 

enzyme assembly and coupling.  Membranes prepared from strains expressing the modified E. 

coli subunits showed abundant levels of assembled F1FO as determined by ATP hydrolysis.  

Membranes from strain 1100 BC/pSBC140/pSBC141 (acTb’+C158V5, M158C + Tbhis, 153-156) 

also produced ATP hydrolysis values that indicated a significant amount of enzyme assembly, 

while those from strain 1100 BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156) 

showed low levels of ATP hydrolysis.  Both strains expressing chimeric peripheral stalks were 

capable of supporting growth by oxidative phosphorylation, indicating these constructs are active 

in vivo.  The low levels of ATP hydrolysis observed in vitro may indicate that the chimeric 

peripheral stalks are not stable enough to survive the membrane purification procedure, an issue 

which has been seen in the previous chapters. 

ATP-drive proton pumping was assayed by measuring the fluorescence quenching of 

ACMA.  All membranes prepared from strains expressing modified E. coli b subunits showed a 

significant degree of coupling (Figure 6-2A).  Strains which contained cysteine substitutions in 

both the b and  subunit showed slightly lower levels of activity that those containing only a 

single cysteine, indicating that the cysteines produced some effect.  Membranes prepared from 

strains expressing chimeric peripheral stalks showed low but detectable levels of coupling 

(Figure 6-2B), comparable to what has been observed in the previous chapters. 

Development of Crosslinking Assay 

Membranes were prepared in the presence of the reducing agent tris(2-carboxyethyl) 

phosphine (TCEP) to maintain the cysteines in a reduced state.  The effects of TCEP were 

investigated by preparing membrane from the positive control 1100 BC/pAES9 (acb) in 
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the presence of 0, 1, 2.5 and 5 mM TCEP.  These samples were assayed for ATP-driven proton 

pumping (Figure 6-3).  The addition of 1 mM TCEP produced no detectable effect, while 2.5 

mM TCEP reduced coupled activity and 5 mM completely eliminated detectable proton 

pumping.  The caused of this effect is not clear, since 5 mM TCEP was used in the previous 

chapters without any detrimental result.  The main difference is that the entire unc operon is 

being overexpressed in Figure 6-3, while in previous chapters the only subunit being 

overexpressed was the b subunit.  All crosslinking experiments done in this chapter used 

membrane prepared in the presence of 1 mM TCEP. 

The amount of Cu2+ required to crosslinking the b and  subunits was determined 

experimentally.  Membranes from strain 1100 BC/pSBC100 (acb+C158V5, M158C) were 

prepared in the presence of 1, 2.5 and 5 mM TCEP.  These membranes were diluted to 5 mg/mL 

and crosslinked in the presence of 0, 100, 200 or 300 M Cu2+ for 30 minutes at room 

temperature with shaking.  The reactions were quenched by adding NEM to a final concentration 

of 1 mM and the samples were analyzed by Western blot (Figure 6-4).  A concentration of 100 

M Cu2+ was sufficient to crosslink membranes prepared in the presence of 1 mM TCEP, so this 

concentration of Cu2+ will be used in all subsequent crosslinking experiments.  Interestingly, 

very little  subunit was detected in membrane prepared in the presence of 5 mM TCEP, 

indicating a detrimental effect caused by the higher levels of reducing agent.  

Crosslink Formation 

All six strains listed in Table 6-2 were prepared in the presence of 1 mM TCEP and 

crosslinked with 100 M Cu2+ for 30 min.  The crosslinked samples were analyzed by Western 

blot (Figure 6-5).  As expected, no crosslinked b- dimer was detected in membranes prepared 

from strains which contained only a single cysteine, 1100 BC/pSBC99 (acbV5, M158C) and 
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1100 BC/pSBC101 (acb+C158V5) (lanes 3-6).  The inclusion of both cysteines in strain 

1100 BC/pSBC100 (acb+C158V5, M158C) resulted in the formation of a crosslinked b- 

dimer that can be clearly seen in the Western blot against the V5 epitope tag (lanes 7-8).  The 

coexpression of the truncated b subunit in strain 1100 BC/pSBC100/pSBC132 (acb+C158V5, 

M158C + bhis, 153-156) also produced membranes which could be crosslinked to form the 

higher molecular weight b- dimer (lanes 9-10).  Membranes prepared from strains 1100 

BC/pSBC140/pSBC141 (acTb’+C158V5, M158C + Tbhis, 153-156) and 1100 

BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156) showed very little free  

subunit associated with the membranes (lanes 11-14).  However, a small amount of b- 

crosslinked product was observed for the former and a significant amount for the latter (lanes 12 

and 14, respectively).  Note that the crosslinked product observed in lanes 10, 12 and 14 can 

contain both heterodimeric and homodimeric peripheral stalks crosslinked to the  subunit. 

A nickel resin purification procedure developed in the Cain lab was used to detect 

crosslink formation between heterodimeric peripheral stalks and the  subunit.  Figure 6-6A 

shows several important controls which demonstrate the specificity of the purification procedure.  

Lane 3 contains membranes prepared from strain KM2/pTAM46 (bV5) and purified to confirm 

that samples lacking a histidine tag are not retained by the resin.  Lane 4 contains membranes 

prepared from strain KM2/pTAM37 (bhis) and purified to demonstrate that the resin retains 

samples which contain a histidine tag and these samples are not detected by the antibody against 

the V5 epitope tag.  Lane 5 contains an aggregation control which consists of membranes 

prepared from strains KM2/pTAM37 (bhis) and KM2/pTAM46 (bV5) mixed together prior to 

purification to confirm that the F1FO complexes are not sticking together.  Finally, lane 6 

contains membranes prepared from strain KM2/pTAM37/pTAM46 (bhis/bV5).  A band is 
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observed in this lane with the antibody against the V5 epitope tag, indicating the presence of 

peripheral stalks containing both a histidine tag and a V5 epitope tag. 

Membrane purified over a nickel resin and analyzed by Western blot are shown in Figure 

6-6B.  The positive control is lane 2 which contains membranes prepared from strain 1100 

BC/pSBC100 (acb+C158V5, M158C) that have been crosslinked to demonstrate the location 

of both the  and b- bands.  Membranes prepared from strain 1100 BC/pSBC100/pSBC132 

(acb+C158V5, M158C + bhis, 153-156) were crosslinked as described above for Figure 6-5, 

purified over a nickel resin and analyzed by Western blot (lanes 3-4).  The presence of a b- 

band in lane 4 clearly demonstrates that the heterodimeric b+C158/bhis, 153-156 peripheral stalk is 

capable of forming a crosslink with the V5, M158C subunit.  This result indicates that only a single 

full-length b subunit is required to form the essential interactions with the  subunit.  Likewise, 

membranes were prepared from strains 1100 BC/pSBC140/pSBC141 (acTb’+C158V5, M158C 

+ Tbhis, 153-156) and 1100 BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156) and 

crosslinked, purified and analyzed by Western blot (lanes 5-8).  The band in lane 8 demonstrates 

that the heterodimeric peripheral stalk Tb+C158/Tb’his, 153-156 was capable of crosslinking to the 

V5, M158C subunit, while the lack of a band in lane 6 indicates that the Tbhis, 153-156/Tb’+C158 

peripheral stalk was unable to form this crosslink.  It can be determined from the previous 

chapters that the Tb subunit is extended C-terminally and the Tb’ subunit N-terminally in the 

region of residues 83 and 90, clearly differentiating the two b subunits from one another.  The 

crosslinking results indicate that a truncation on the N-terminally shifted b subunit still allowed 

complex formation and crosslinking of the C-terminally shifted b subunit to the  subunit, but 

not in the alternate arrangement (see model Figure 6-8).   
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The low level of the  subunit detected in membranes prepared from strains expressing 

chimeric peripheral stalks combined with the significant in vivo activity of these strains 

suggested that the F1FO complexes may be falling apart during membrane preparation.  Samples 

1100 BC/pSBC140/pSBC141 (acTb’+C158V5, M158C + Tbhis, 153-156) and 1100 

BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156) were prepared in the 

presence of 100 M Cu2+ in an attempt to crosslink the b and  subunits prior to complex 

disassociation.  No significant increase in ATP hydrolysis was observed as a result of preparing 

membranes in the presence of Cu2+ (Figure 6-7A).  A slight decrease in ATP-driven proton 

pumping was observed for both samples when prepared in the presence of Cu2+ as well as after 

crosslinking the membranes with 100 M Cu2+ for 30 minutes (Figure 6-7B and 6-7C).  Analysis 

of membranes prepared in the presence of Cu2+ by Western blot showed no significant change in 

crosslink formation (Figure 6-7D and 6-7E).  These data show that preparing of membranes from 

these strains in the presence of Cu2+ did not enhance b- crosslink formation. 

Discussion 

The peripheral stalk of F1FO ATP synthase from E. coli consists of a dimer of identical b 

subunits which interact with the lone  subunit.  This interaction is abolished if the last four 

amino acids of both b subunits are truncated [324].  Here I have investigated if a single          

full-length b subunit is sufficient to form the necessary interactions with the  subunit by 

utilizing a disulfide crosslink that can be formed between a cysteine extension appended to the b 

subunit and the M158C substitution [325].  Membranes prepared from strain 1100 

BC/pSBC100/pSBC132 (acb+C158V5, M158C + bhis, 153-156) were crosslinked, purified over a 

nickel resin and analyzed by Western blot.  The data demonstrated that F1FO containing 

heterodimeric b+C158/bhis, 153-156 peripheral stalks were capable of forming a disulfide crosslink to 
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the V5, M158C subunit, indicating that a single full-length b subunit is sufficient to form the 

necessary interactions with the  subunit in the context of the entire enzyme.  These results 

correlate well with data obtained using a soluble form of the b subunit and F1 [326]. 

Results presented in previous chapters showed that chimeric peripheral stalks created by 

substituting sequence from the b and b’ subunit of T. elongatus for E. coli residues E39-I86 

produced peripheral stalks that readily formed heterodimers with a staggered arrangement.  

These results correlate well with a previously proposed staggered model for the peripheral stalk 

based on work done with the soluble form of the b subunit [326, 359].  Here I have used the 

predicted staggering of the chimeric Tb and Tb’ subunits to investigate which b subunit forms the 

essential interactions with the  subunit.  Crosslinking and nickel resin purification of 

membranes prepared from strains 1100 BC/pSBC140/pSBC141 (acTb’+C158V5, M158C + 

Tbhis, 153-156) and 1100 BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156) 

clearly demonstrated that the Tbhis, 153-156/Tb’+C158 peripheral stalk was unable to crosslink while 

the Tb+C158/Tb’his, 153-156 peripheral stalk formed a disulfide bond with the V5, M158C subunit (see 

model Figure 6-8).  These results indicate that F1FO complex formation can occur with a 

truncation to the N-terminally shifted b subunit as detected by formation of the b- crosslink.  

Crosslink formation was not detected for the alternate arrangement, indicating that either F1FO 

cannot form if the C-terminally shifted b subunit is truncated or that the b- disulfide crosslink 

cannot form with the N-terminally shifted b subunit.  These data demonstrated an asymmetric 

interaction between the individual b subunits and the  subunit.  In contrast, work done using the 

soluble form of the b subunit and F1 found the N-terminally shifted b subunit important for 

binding and crosslinking to the  subunit [326].  The exact cause of this discrepancy is not clear, 
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but it may be due to additional forces exerted on the peripheral stalk by the other subunits of the 

intact enzyme. 
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Table 6-1.  Oligonucleotides used in this chapter 
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Table 6-2.  Plasmids, growth of mutants on succinate and rates of ATP hydrolysis 

 
[401] 
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Figure 6-1.  Effects of mutations on enzyme viability.  Growth on minimal A media with 

succinate as the main carbon source was used to test the viability of F1FO ATP 
synthase complexes.  Case amino acids were added to 0.2% to encourage growth.  
Strains 1100 BC/pAES9 (acb) and 1100 BC/pACYC184 (unc) were used 
as positive and negative controls, respectively.  Strains 1100 BC/pSBC99 (acbV5, 

M158C),1100 BC/pSBC100 (acb+C158V5, M158C),1100 BC/pSBC101 
(acb+C158V5) and 1100 BC/pSBC100/pSBC132 (acb+C158V5, M158C + bhis, 

153-156) were assayed in triplicate.  The plate shown are representative of the results 
obtained.   
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Figure 6-2.  Effects of mutations on ATP-driven proton pumping activity.  Coupled activity was 

measure by the fluorescence quenching of ACMA.  Membrane prepared from strains 
1100 BC/pAES9 (acb) and 1100 BC/pACYC184 (unc) were used as 
positive and negative controls, respectively.  A) Assay of 125 g membrane protein 
prepared from strains 1100 BC/pSBC99 (acbV5, M158C), 1100 BC/pSBC100 
(acb+C158V5, M158C), 1100 BC/pSBC101 (acb+C158V5) and 1100 
BC/pSBC100/pSBC132 (acb+C158V5, M158C + bhis, 153-156).  B) Assay of 500 g 
membrane protein prepared from strains 1100 BC/pSBC100/pSBC132 (acb+C158V5, 

M158C + bhis, 153-156), 1100 BC/pSBC140/pSBC141 (acTb’+C158V5, M158C + 
Tbhis, 153-156) and 1100 BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 

153-156).  Each sample was assayed in triplicate and the results shown are 
representative. 
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Figure 6-3.  Effects of TCEP on ATP-driven proton pumping.  Membranes from strain 1100 

BC/pAES9 (acb) were prepared in the presence of 0, 1, 2.5 and 5 mM TCEP 
and assayed for coupled activity by the fluorescence quenching of ACMA.  Each 
assay consisted of a total of 125 g of membrane protein.  Membranes prepared from 
strain 1100 BC/pACYC184 (unc) were used as a negative control. 
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Figure 6-4.  Crosslinking with increasing concentrations of Cu2+.  Membranes from strain 1100 

BC/pSBC100 (acb+C158V5, M158C) were prepared in the presence of 1, 2.5 and 5 
mM TCEP.  Membrane samples were diluted to 5 mg/mL and crosslinking for 30 
minutes at room temperature in open tubes with shaking.  CuCl2 was added to a final 
concentration of 0, 100, 200 or 300 M to start the crosslinking reaction.  The 
reaction was quench by adding NEM to a final concentration of 1 mM.  A total of 1 
g of each sample was analyzed by Western blot using a primary antibody against the 
V5 epitope tag. 
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Figure 6-5.  Disulfide crosslink formation of b- dimers.  Membranes were prepared in the 

presence of 1 mM TCEP and diluted to 5 mg/mL.  Samples were crosslinking at room 
temperature for 30 minutes with shaking using 100 M Cu2+ and the reactions were 
quenched with 1 mM NEM.  Zero time point samples had NEM added prior to Cu2+ 
to prevent crosslinking.  A total of 10 g and 1 g of each sample were analyzed by 
Western blot using primary antibodies against the b subunit and the V5 epitope tag, 
respectively.  Membranes prepared from strains 1100 BC/pAES9 (acb) and 
1100 BC/pACYC184 (unc) were used as positive and negative controls, 
respectively.  Membrane that were crosslinked and analyzed were prepared from 
strains 1100 BC/pSBC99 (acbV5, M158C), 1100 BC/pSBC100 (acb+C158V5, 

M158C), 1100 BC/pSBC101 (acb+C158V5), 1100 BC/pSBC100/pSBC132 
(acb+C158V5, M158C + bhis, 153-156), 1100 BC/pSBC140/pSBC141 (acTb’+C158V5, 

M158C + Tbhis, 153-156) and 1100 BC/pSBC142/pSBC143 (acTb+C158V5, 

M158C + Tb’his, 153-156).  Vertical lines indicate the joining of multiple Western 
blots in silico.  A nonspecific band detected by the antibody against the b subunit is 
indicated (☼).  The experiment was repeated in triplicate and the results shown are 
representative. 
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Figure 6-6.  Disulfide crosslinking formation of b- dimers in F1FO containing heterodimeric 

peripheral stalks.  A) Controls demonstrating the ability of the assay to detect 
heterodimeric peripheral stalks.  Membranes were prepared, diluted to 5 mg/mL, 
purified over a nickel resin to retained only F1FO containing at least one histidine tag 
and analyzed by Western blot.  Untreated membranes prepared from strains 
KM2/pBR322 (b) and KM2/pTAM37/pTAM46 (bhis/bV5) were used as negative and 
positive controls, respectively.  The nickel resin controls: lane 3, KM2/pTAM46 
(bV5), control with no histidine tag; lane 4, KM2/TAM37 (bhis), control with histidine 
tag and no V5 epitope tag; lane 5, KM2/pTAM37 (bhis) + KM2/pTAM46 (bV5), 
aggregation control; and lane 6, KM2/pTAM37/pTAM46 (bhis/bV5), heterodimer 
positive control.  B) Detection of b- crosslinked product in F1FO containing 
heterodimeric peripheral stalks.  Untreated membranes prepared from strain 1100 
BC/pAES9 (acb) were used as a negative control, while membranes prepared 
from strain 1100 BC/pSBC100 (acb+C158V5, M158C) that were crosslinked but 
not purified were used as a positive control.  Membrane samples were prepared from 
strains 1100 BC/pSBC100/pSBC132 (acb+C158V5, M158C + bhis, 153-156), 1100 
BC/pSBC140/pSBC141 (acTb’+C158V5, M158C + Tbhis, 153-156) and 1100 
BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156) and crosslinked 
as described in Figure 6-5.  These samples were purified over a nickel resin and 
analyzed by Western blot.  All Western blots lanes contain a total of 10% of the 
elutant off the nickel resin or 10 g and 1 g of untreated membrane for antibodies 
against the b subunit and V5 epitope tag, respectively.  A vertical line indicates the 
removal of unwanted lanes in silico.  A nonspecific band detected by the antibody 
against the b subunit is indicated (☼).  The experiment was repeated three times and 
results shown are representative. 
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Figure 6-7.  See figure legend next page. 
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Figure 6-7.  Effects of 100 M Cu2+ on ATP-driven proton pumping and crosslink formation 
(see figure previous page).  Membranes from strains containing chimeric peripheral 
stalks were prepared in the presence or absence of 100 M Cu2+.  Membranes that 
were prepared in the absence of Cu2+ were treated with 100 M Cu2+ for 30 minutes.  
A) Effects of Cu2+ on the rate of ATP hydrolysis.  Membranes prepared in the 
presence of 100 M Cu2+ are labeled “Full”, membranes treated with 100 M Cu2+ 
for 30 minutes are labeled “30 min” and untreated membranes are labeled “0 min”.   
B) and C) Effects of Cu2+ on ATP-driven proton pumping as detected by fluorescence 
quenching of ACMA.  A total of 500 g of membrane protein was assayed.  
Membrane prepared from strains 1100 BC/pAES9 (acb) and 1100 
BC/pACYC184 (unc) were used as positive and negative controls, respectively.  
B) Assay of membranes prepared from strain 1100 BC/pSBC140/pSBC141 
(acTb’+C158V5, M158C + Tbhis, 153-156).  C) Assay of membranes prepared from 
strain 1100 BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156).  D) 
Disulfide crosslink formation of b- dimers.  Membranes were prepared, treated and 
analyzed essentially as described Figure 6-5 with the addition of samples prepared in 
the presence of 100 M Cu2+.  E) Disulfide crosslinking formation of b- dimers in 
F1FO containing heterodimeric peripheral stalks.  Membranes were prepared, treated, 
purified and analyzed exactly as shown in Figure 6-6 with the addition of samples 
prepared in the presence of 100 M Cu2+. 
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Figure 6-8.  Proposed model to explain the b- crosslinking data obtained for F1FO containing 

chimeric peripheral stalks.  The b- crosslink formation in heterodimeric peripheral 
stalks only occurs efficiently in the membrane prepared from strain 1100 
BC/pSBC142/pSBC143 (acTb+C158V5, M158C + Tb’his, 153-156), while 
membranes prepared from strain 1100 BC/pSBC140/pSBC141 (acTb’+C158V5, 

M158C + Tbhis, 153-156) show little b- dimer formation.  Models showing both 
chimeric constructs demonstrate the staggered arrangement described in the previous 
chapters.  Crosslink formation occurs efficiently if the cysteine extension is on the C-
terminally shifted b subunit and the deletion is on the N-terminally shifted b subunit, 
but not in the alternate arrangement.  Note that the N- and C-terminal shifts are 
known in the region of residues 83 and 90, but the propagation of these shifts to the 
extreme C-terminal ends is speculative. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE DIRECTIONS  

Conclusions 

Data presented in this study demonstrate that functional Escherichia coli F1FO ATP 

synthase complexes can be formed that contain heterodimeric peripheral stalks in which the 

region bE39-I86 has been replaced by the homologous sequence from the b and b’ subunits of 

Thermosynechococcus elongatus BP-1, abbreviated Tb and Tb’.  Cysteines were subtituted 

individually at residues A83 and A90 in both Tb and Tb’ subunits and disulfide crosslink 

formation was used as a probe for molecular structure.  Strong evidence for a staggered 

arrangement in the peripheral stalk was obtain with the observation that rapid crosslink 

formation occurs in F1FO complexes with TbA83C/Tb’A90C peripheral stalk.  Disulfide crosslink 

formation was used to investigate interactions between the individual wild-type b subunits and 

the  subunit of F1.  The results obtained demonstrated that a single b subunit is sufficient to 

form the critical interactions with the  subunit.  Finally, an investigation of the interactions 

between the chimeric peripheral stalk and the  subunit found that the subunits in the peripheral 

stalk play distinct functional roles. 

Figure 7-1 shows a model of the peripheral stalk generated from biochemical data.  The 

only portion of the peripheral stalk in this model that has been solved as a high-resolution 

structure is the membrane spanning domain.  The monomeric membrane spanning domain was 

solved using NMR [149], but the dimerized form shown in the model is speculation based on 

crosslinking data.  The lack of evidence of an interaction between the b subunits in the tether 

domain along with EPR measurements [356] indicate that the two subunits of the peripheral stalk 

are probably separated in this region.  The dimerization domain of the b subunit was crystallized 

as a linear -helix, but the weight of the data indicate a coiled coil arrangement in this region.  
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The model shown was generated using a standard left-handed coiled coil for the dimerization 

domain.  Crosslinking data presented in Chapter 4 strongly suggests a staggered arrangement in 

the bR83-A90 region.  The propogation of this staggered arrangement to the extreme C-terminal 

ends is spectulative.  Although no high-resolution structure exists for the C-terminal end of the 

peripheral stalk, it is likely that this region is compact and globular in nature. 

 
Figure 7-1.  Model of the peripheral stalk based on the available biochemical data.  The specific 

crosslinks are labeled along with the crosslinked reagent and the reference where the 
crosslink was reported. 

The peripheral stalk field of the F1FO ATP synthase from E. coli currently has three main 

areas of controversy.  First, are the b subunits arranged in a parallel, in-register conformation, or 

are they staggered relative to one another in an offset conformation?  Second, is the expected 

coiled coil arrangement of the dimerization domain of the peripheral stalk a standard left handed 
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coiled coil or a novel right handed coiled coil?  And third, does the peripheral stalk function as a 

flexible, rope-like tether or as a rigid, rod-like structure?  All three of these questions are a 

reflection of our limited structural information regarding the peripheral stalk.  Of these three, my 

data addresses the first controversy but sheds no light on the others. 

The crosslinking data presented in Chapter 4 provide strong evidence that the chimeric 

peripheral stalk adopts a staggered conformation.  The main result supporting this conclusion is 

the very rapid formation of a crosslink in the TbA83C/Tb’A90C peripheral stalk at relatively low 

concentrations of oxidizing agent.  This reaction is only possible if both cysteines are in a close 

spatial proximity to one another and in the appropriate orientation.  However, other data in 

Chapter 4 indicates that while the TbA83C/Tb’A90C crosslink may form most efficiently, there also 

exists the ability to form a disulfide bridge in the TbA90C/Tb’A90C peripheral stalk (Figure 7-2A).  

If we assume that the dimerization domain of the peripheral stalk is in a coiled coil 

conformation, we must conclude that there is no way for residue Tb’A90C to be in a position to 

react with both TbA83C and TbA90C.  This becomes obvious if we consider that seven residues 

compose two turns of an -helix and are located about 10.5 Å apart.  An average disulfide bond 

is only 2.0 Å and will not form if the sulfur atoms are beyond 2.2 Å apart [4].  Hence I proposed 

that the F1FO complexes containing chimeric peripheral stalks are capable of adopting two 

different conformations, one staggered (Figure 7-2B) and one in parallel (Figure 7-2C).  The 

efficiency of crosslink formation in the staggered orientation implies that it is likely to be the 

favored orientation in F1FO containing chimeric peripheral stalks.  It is unclear if two distinct and 

static subpopulations exist or if these two conformations interconvert and exist togther in 

equilibrium. 
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Figure 7-2.  Existence of two distinct conformations in the chimeric peripheral stalks of F1FO 

ATP synthase.  A) Crosslink formation in heterodimeric Tb/Tb’ peripheral stalks.  See 
the legend for Figure 4-10 for experimental details.  Two conformations inferred from 
the crosslinking results in Panel A: B) staggered and C) in parallel. 

Although the chimeric crosslinking data presented in Chapter 4 can be viewed as support 

for either the staggered and parallel models, it is unclear if these results are directly applicable to 

the wild-type peripheral stalk.  Crosslinking data presented in Chapter 5 on wild-type E. coli b 

subunits supports the in-register model where a disulfide crosslink can form in the (bA90C)2 

peripheral stalk.  The formation of a staggered crosslink could not be easily interpretable in the 

wild-type peripheral stalk and was not attempted in this study.  The question of staggered versus 

parallel for the wild-type peripheral stalk still remains unresolved but the weight of the data 

presented here favors existence of the staggered conformation. 

The data presented in Chapter 6 provides some of the strongest evidence to date that the b 

subunits in the peripheral stalk are functionally distinct.  Crosslinking and affinity-purification 

experiments showed that a single full-length b subunit is sufficient to form the required 

interactions with the  subunit.  A similar experiment done in the soluble bV25-L156 subunit also 

found a single full-length b subunit sufficient for binding to F1 [326].  The data presented here 
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now verifies this conclusion to the context of the entire enzyme.  However, a more striking result 

was obtained by repeating the b- crosslinking experiment in F1FO complexes containing a 

chimeric peripheral stalk.  It was found that a peripheral stalk in which the Tb’ subunit was 

truncated by four amino acids was still able to crosslink to the  subunit, while truncating the Tb 

subunit prevented crosslink formation (Figure 7-3).  These data indicate that the two b subunits 

are functionally distinct.  When the subunits are clearly distinguishing in the dimerization 

domain by the insertion of T. elongatus sequence this results in a positional effect propogated all 

the way at the C-terminal ends.  Interestingly, the results obtained here contradict a similar 

experiment done using the soluble form of the bV25-L156 subunit.  In a previous study a full-length 

bV25-L156 subunit was locked in an offset conformation with a truncated bV25-L152 subunit and the 

binding interactions with F1 were investigated by crosslink formation [326].  Here the authors 

found that the N-terminally shifted b subunit was essential for the proper interactions with F1, 

while my data implies the opposite.  This contradiction highlights the limitations of working with 

the soluble form of the peripheral stalk and the importance of considering the influence of the 

entire enzyme complex. 
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Figure 7-3.  Model explaining the crosslinking results between the chimeric peripheral stalk and 

the  subunit as presented in Chapter 6.  The results demonstrate distinct functional 
roles for the individual b subunits.  Note that the propagation of the offset in the 
dimerization domain to the extreme C-terminal ends is speculative. 

Future Directions 

Much structural and functional information is available for the F1FO ATP synthase from E. 

coli, but the picture is still not complete.  The main areas where further study is needed is on the 

a, b and  subunits and their interactions with one another.  The most desirable accomplishment 

would be a high resolution structure of the entire F1FO complex, but this has proven to be 

difficult to obtain.  Multiple membrane protein crystallography laboratories have been trying for 

at least two decades.  In lieu of a full structure, I feel that the most informative approach would 

be the development of high-throughput biochemical assays.  Making individual mutations by 

site-directed mutagenesis and analyzing their effects on enzyme viability is a slow process.  An 

ideal technique would involve the creation of random amino acid substitutions in a predefined 

region via custom oligonucleotide synthesis, for example in the membrane spanning domain of 
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the b subunit.  A high-throughput screen could then be employed to determine which of these 

substitutions allows growth on nonfermentable media and which did not.  A technique such as 

this would provide information about residues which were critical for interactions between the b 

and a subunits as well as between adjacent b subunits.  A similar technique could then be used to 

probe for second site suppressors located in an individual helix of the a subunit.  A similar high-

throughput technique could be used to screen for disulfide crosslinks.  One way to do this would 

be to engineer a cysteine substitution into a particular amino acid of the b subunit and then 

randomly engineer cysteines into an individual helix of the a subunit.  A batch of strains 

expressing these random mutations in the a subunit would be grown up and their membranes 

prepared.  These membranes could be crosslinked and analyzed by Western blot.  Any b-a 

crosslinked product that formed could be analyzed further to determine the location of the 

cysteine residue in subunit a.  Although there are certainly complications surrounding these 

proposed experiments, they would ultimately yield more information about the interactions under 

investigation due to their high-throughput nature. 

I also feel that the time has come to move away from using just the soluble region of the b 

subunit and focus on the entire enzyme.  Discrepancies have been found between experiments 

done in bV25-L156 and those done in the holoenzyme, implying that the soluble form of the bV25-

L156 subunit is not exactly the same as the full b subunit integrated into an F1FO complex. 

It is also possible that the E. coli system is no longer the best system in which to 

experiment.  A large amount of structural information is available from the bovine mitochondrial 

enzyme, while many of the mutational studies done in bacteria have not been repeated in the 

mitochondrial ATP synthase.  There exist a number of mutational and crosslinking studies that 

can be used to test the structure of the mitochondrial enzyme, in particular the recently 
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crystallized peripheral stalk.  This work can be done using yeast as a host organism.  Although 

not as simple to work with as E. coli, changes to the ATP synthase genes can be made in yeast 

and their effects studied in a reasonable time span.  Although our knowledge of ATP synthase 

has grown greatly over the past decades, there are still enough unanswered questions to keep 

researchers busy for many more years. 
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APPENDIX A 
PLASMID CONSTRUCTION 

 
Figure A-1.  Construction of plasmids for Chapter 3 (Part 1/3) 
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Figure A-2.  Construction of plasmids for Chapter 3 (Part 2/3) 
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Figure A-3.  Construction of plasmids for Chapter 3 (Part 3/3) 
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Figure A-4.  Construction of plasmids for Chapter 4 
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Figure A-5.  Construction of plasmids for Chapter 5 
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Figure A-6.  Construction of plasmids for Chapter 6 (Part 1/2) 
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Figure A-7.  Construction of plasmids for Chapter 6 (Part 2/2) 
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