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Abstract 

The F-type ATP synthase is a rotary nanomotor central to cellular energy metabolism in almost all 

living organisms. In bacteria, the enzyme also plays a role in nutrient uptake and pH regulation 

underlining its importance. All ATP synthases can be inhibited by ADP, whereas in bacteria, the 

enzyme is also autoinhibited by its Ů subunit. The inhibition involves a drastic conformational 

change of the C-terminal domain of the Ů subunit (ŮCTD) that blocks catalytic turnover. This 

regulation by Ů is believed to play an important role in maintaining viability of the cell. Recent 

development in the field of antibiotics has validated ATP synthase as a drug target against 

pathogenic bacteria. Thus, there is a renewed interest in studying the role of the Ů subunit in 

regulation of the enzyme and exploiting it to develop antimicrobials that can kill pathogenic 

bacteria. The present work describes advances in our understanding of the regulatory interactions 

of ŮCTD in E. coli ATP synthase. In the first approach, we used an optical binding assay to 

understand the transitions of ŮCTD between its active and inhibitory conformations. Using different 

ligands we revealed the relationship between ADP inhibition and Ů inhibition. In the second novel 

approach, the terminal five amino acids of CʁTD were deleted to observe the effects on in vivo and 

in vitro functions of ATP synthase. The results obtained from these studies advance our 

understanding of ʁ inhibition in bacteria and also provide a novel target within bacterial ATP 

synthase to obtain antibacterial drugs. 
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General Introduction 

  



2 
 

 

1.1 Introduction  

Adenosine triphosphate (ATP) is the universal currency of energy in living 

organisms. As a result, the enzyme that metabolizes ATP, FOF1 ATP synthase, assumes a 

very important role in cellular metabolism. Almost all of cellular ATP is generated from 

Adenosine diphosphate (ADP) and inorganic phosphate (Pi) by ATP synthase via oxidative 

or photophosphorylation. Both phosphorylation processes involve the transfer of electrons 

from a high energy molecule to a low energy molecule through redox reactions. The 

transfer of electrons is coupled with pumping of protons across a semi-permeab le 

membrane which results in a proton gradient (ȹpH) and a membrane potential (ȹɣ), 

collectively known as Proton Motive Force (PMF). The ATP synthase utilizes this PMF to 

generate ATP from ADP and Pi.  

The F-type ATP synthase (FOF1) is a rotary nanomotor that is functiona l ly 

conserved to a large extent in eukaryotes and eubacteria [1, 2]. It is located in the plasma 

membrane in eubacteria, inner mitochondrial membrane in eukaryotes and within the 

thylakoid membranes in plant chloroplasts. Structurally, FOF1 is made up of a membrane 

embedded FO domain (Oligomycin sensitive) that is involved in proton translocation, and 

an external F1 domain (Factor 1) that contains the catalytic sites (Fig. 1.1). Catalysis by the 

F1 domain is coupled with proton transport by FO. During respiratory growth, the products 

of glycolysis and Krebôs cycle feed into the electron transport chain (ETC) which is in the 

same vicinity as the ATP synthase. The ETC transports the electrons to the termina l 

electron acceptor, oxygen, coupled with pumping of a large number of protons across the 

membrane. This proton imbalance provides a high amount of potential energy that is 

converted into chemical energy by the coupled processes of proton transport by FO and 
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ATP synthesis by F1. When the PMF drops below the level required to drive ATP synthesis, 

the enzyme works in reverse, thereby hydrolyzing ATP and pumping protons in the 

opposite direction [3, 4]. Bacteria use this process for uptake of nutrients [5] as well as to 

maintain cytosolic pH [6, 7]. Mitochondria inhibit this process by a separate inhibitory 

protein IF1 [8, 9] as otherwise the enzyme would burn through ATP stocks. IF1 is specific 

for mitochondrial enzyme and does not inhibit the bacterial enzyme [10, 11] despite strong 

structural and functional similarity between mitochondrial and bacterial enzymes [1, 2].  

My thesis work has primarily focused on E. coli ATP synthase. For the sake of 

simplicity, I will talk about the E. coli ATP synthase from here on. Wherever enzymes 

from other organisms will be described, the name of the source organism will be provided.  
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Figure 1.1 
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Figure 1.1. The bacterial ATP synthase.  

E. coli ATP synthase is shown with FO domain embedded in the cell membrane and a 

peripheral F1 domain. All FO subunits (c10 (green), a (red), b2 (grey)) and ŭ subunit (orange) 

from F1 (shown in ribbons) are obtained by homology-modeling [13]. The surface-rendered 

F1 domain (three Ŭ (green), three ɓ (blue), ɔ (yellow), ŮNTD (light pink), ŮCTD (magenta)) 

is from determined structures where Ů (PDB ID 1BSN) is docked to F1-ŭ (PDB ID 3OAA). 

Step-wise rotation of the c-ring rotates transports protons in the direction shown. When 

PMF is high, the rotor turns in the red direction leading to ATP synthesis. When PMF is 

low, the rotor turns in the blue direction, leading to ATP hydrolysis-driven proton pumping.  

This figure is modified from ref. 109.  
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1.2 Structure of FOF1 ATP Synthase 

FOF1 ATP synthase is a multisubunit complex that is made of up 20 or more 

polypeptide chains (Fig. 1.1). Structurally, the enzyme can be classified into two domains: 

(1) A membrane-embedded FO domain and (2) An external F1 domain. The FO domain is 

made up of subunit a, dimer b2 and a circular ring made up of c subunits with the 

stoichiometry of a1b2c8-15. The F1 domain consists of subunits Ŭ3ɓ3ɔ1ŭ1Ů1 [14, 15]. Overall 

Ŭ3ɓ3ɔ1ŭ1Ů1a1b2c8-15 is the shared stoichiometry observed in F-type ATP synthases and the 

architecture is similar across different kingdoms. The bacterial ATP synthase is the 

simplest of all the ATP synthases. The mitochondrial ATP synthase contains several extra 

subunits and function of some of these subunits are known. Subunit d makes contacts with 

subunits of the peripheral stalk such as subunit b, h/F6 and OSCP and is shown to be 

essential for enzyme function in yeast mitochondrial ATP synthase [16]. The subunit h 

(yeast) or F6 (mammal) is a water soluble protein that is shown to be important for assembly 

and/or catalysis in yeast ATP synthase [17]. The subunit f plays an important role in stable 

assembly of subunits a and c in mitochondrial ATP synthase [18]. The differences in 

subunit stoichiometry have been described before [2] as well as listed in Table 1.1. 

The FO domain: Based on function as a rotary motor, the subunits of ATP synthase 

can be classified into a rotor complex and a stator complex. In the FO domain, the c subunit 

(~8 kDa) is the major part of the rotor complex. In bacterial enzymes, 10 to 15 c subunits 

are arranged in a ring. In mitochondrial enzymes, the ring is formed of 8 or 10 c subunits. 

Each c subunit is made up of two Ŭ-helices that span the entire membrane with a 

hydrophilic loop acting as a connector to F1. This loop forms contacts  
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Table 1.1 

Mitochondria  Chloroplast Bacteria Stoichiometry 

Ŭ Ŭ Ŭ 3 

ɓ ɓ ɓ 3 

ɔ ɔ ɔ 1 

OSCP ŭ ŭ 1 

ŭ Ů Ů 1 

Ů - - 1 

a, subunit 6 a, subunit IV a 1 

b, subunit 4 b and bô, subunit I and II  b 1 or 2 

c, subunit 9 C, subunit III c 8  to 15 

d - - 1 

e - - 1 or 2 

f - - 1 

g - - 1 

h or F6 - - 1 

A6L, subunit 8 - - 1 

IF1 - - 1 

FB, Factor B - - 1 
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Table 1.1. Subunit composition of ATP synthase [2, 18]. Subunits of ATP synthases 

from mitochondria, chloroplast and bacteria are listed. Subunits Ŭ, ɓ, ɔ, ŭ, Ů, a, b, c are 

common in all three types. In mitochondria, the homolog of bacterial ŭ is called OSCP 

(Oligomycin Sensitivity-Conferral Protein) and the homolog of bacterial Ů is called ŭ. The 

mitochondrial enzyme contains one b subunit whereas the bacterial and chloroplast 

enzymes contain two. The c subunit stoichiometry ranges from eight to ten subunits in 

mitochondria, to fifteen in bacteria. Two copies of the subunit e has been found to be 

present in rat mitochondria.   
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with subunits ɔ and Ů of the F1 domain which form the rest of the rotor complex [19]. 

Adjacent to the c-ring is the hydrophobic and the largest subunit of FO, subunit a (~30 kDa) 

[20]. It is also found to be in contact with the dimer b2 [21-23]. Subunit a and b2 form the 

ñstatorò complex of the FO domain. Subunit a is made up of five Ŭ-helices that traverse the 

membrane, accessing cytoplasmic and periplasmic spaces [24-26]. The N-terminus is in 

the periplasm while the C-terminus is in the cytoplasm. Mutagenic studies have implicated 

both c and a subunits to be involved in proton translocation (discussed in [27]). The 

mechanism of proton transport is discussed below. 

Proton translocation: Cox et al. gave the first model of proton transport via FO that 

involved rotation of a and c subunits relative to each other. [28]. According to this model, 

the protons would travel through the ñproton channelsò in the a subunit. Polar residues 

from one or more of the Ŭ-helices of the a subunit form the aqueous half-channels and 

provide access to the center of the membrane from the cytoplasmic and periplasmic spaces 

[29, 30]. Mutagenic studies first showed that Arg210 was essential for proton transport 

[31], with later studies showing Glu219 and His245 [32] are also important for proton 

transport [33-35] and are part of water-accessible proton ñhalf channelsò (Fig. 1.2) [32]. 

The amino acids Arg210 and Glu219 reside on the fourth Ŭ-helix and His245 resides on 

the fifth Ŭ-helix of subunit a [31, 34]. On the c subunit, Asp61, residing on the second Ŭ-

helix, is crucial for proton transport [36, 37]. The structural arrangement of the a and c 

subunits brings these amino acids in close proximity at different stages of proton transport. 

Different groups have presented similar models to explain the transport of protons through 

the assembly of a and c subunits [24, 38-42] (Fig. 1.2). It can be summarized in the 

following way: during ATP synthesis, an electrochemical proton gradient is generated by 
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the electron transport chain, with higher concentration of protons in the periplasmic space. 

At any given time, two c subunits interface with subunit a. The cAsp61 in the Ŭ-helices of 

both these c subunits have a pKa of 7.1 and are deprotonated whereas, the aArg210 has a 

higher pKa that ensures protonation from the periplasmic space [42, 43]. The aArg210 

interacts with the deprotonated cAsp61 leading to protonation of that cAsp61 with protons 

from the periplasmic space. The protonation leads to an electrostatic rotation of the c-ring 

by one c subunit as the aArg210 will now be strongly attracted to the remaining 

deprotonated cAsp61. This ensures a unidirectional rotation of the c-ring vs ab2. The 

movement facilitates the protonated c subunit to access the second half-channel with 

aGlu196 near the end. The pKa of the protonated cAsp61 gets lowered on exposure to the 

hydrophilic cytoplasmic half-channel, leading to the release of proton to the cytoplasm via 

the half-channel. This deprotonated cAsp61 starts its interaction with aArg210 to continue 

the cycle.  

 Recently, Meierôs group proposed a microscopic model that is reversible and can 

explain proton transport when it is driven by ATP hydrolysis [175]. X-ray crystal structures 

of the c-ring in low and high pH conditions and in presence of DCCD were presented to 

support the model. The model proposes that when the carboxylic group of the c subunit 

faces a hydrophobic dehydrated environment, it assumes a proton-locked state and 

coordinates the proton tightly. This state is thermodynamically stabilized by the lipid 

membrane environment. During ATP synthesis, when the carboxylic group of a c subunit 

enters the interface with  subunit a, it encounters a locally hydrated environment,  which 

promotes proton transport to the cytoplasmic side via the aqueous half-channel of subunit 

a. A proton can enter the second half-channel from the periplasmic side and can reprotonate 
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the now deprotonated c subunit. The reprotonated c subunit can now adopt the proton-

locked state and can interface with the hydrophobic lipid membrane to carry on the cycle. 

The stochastic alternating of the c-ring between these environments is what drives the 

rotation. It is the proton gradient  across the membrane which determines the direction of 

the rotation of the c-ring.  

Subunit b (~17 kDa) forms the peripheral, stator stalk connecting the membrane-

embedded FO with subunit ŭ of F1 [44]. Connection of dimer b2 with ŭ is important for 

functional assembly of the enzyme [45, 46] as well as for stabilizing the enzyme against 

the torque generated by the rotating c-ring, ɔ and Ů subunits [47]. Suggestions have been 

made regarding the role of the peripheral stalk as an elastic structure that can deform with 

stepwise movement of protons through FO [48]. On the other hand, using spin label studies 

it has been proposed that subunit b can affect the conformation of catalytic sites and play 

a role in coupling of the enzyme [49].   
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Figure 1.2 
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Figure 1.2. Assembly of the a and c subunits for proton transport [24].  

Ten c subunits are shown to form a ring spanning the membrane. Asp61 residues are 

located at the center of the c subunit. The a subunit forms an interface with two subunits 

of the c-ring. The two half-channels are indicated with dotted lines along with important 

residues that form the channels. The half-channel with access to the periplasmic space is 

contained within the a subunit whereas the half-channel with access to cytoplasm is shown 

at the interface of a and c subunit. Movement of protons is from the periplasm to the 

cytoplasm during net ATP synthesis. This figure has been used with permission from 

Springer International Publishing AG, license # 3544831260545.  
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The F1 domain: The external F1 domain contains the catalytic sites and is 

responsible for catalysis in ATP synthesis or hydrolysis direction when coupled with FO. 

In bacterial ATP synthase, it can be dissociated from the FO domain in vitro and can 

function as an ATP hydrolase (ATPase) on its own [50]. 

The Ŭ-ɓ hexamer: In the F1 domain, three Ŭ (~55 kDa) and three ɓ (~50 kDa) 

subunits are arranged like alternating ñsegments of an orangeò and form a hexamer with a 

diameter of 100 Å [51, 52]. This hexamer is a part of the stator complex. Both the Ŭ and ɓ 

subunits have high amount of sequence homology and have likely originated by gene 

duplication [53, 54]. Hence, both the Ŭ and ɓ subunits have similar architecture where there 

are three distinct domains: (1) The N-terminus forms a domain that is made up of a ɓ-

barrel. The six N-terminal domain ɓ-barrels interact and form a 24-stranded ɓ-barrel 

ñcrownò at the top of the Ŭ-ɓ hexamer that is thought to play a stabilizing role [55], (2) 

There are a total of six nucleotide binding sites in the central region [55-58], one on each 

subunit. These binding sites are located at the interface of Ŭ and ɓ subunits. They contain 

an Ŭ-helix/ɓ-sheet sandwich motif, which is similar to many nucleotide-binding proteins. 

Only the sites located predominantly on ɓ subunits participate in catalysis (catalytic sites), 

whereas the sites on Ŭ subunits do not exchange nucleotide during catalysis (non-catalyt ic 

sites), (3) The bottom region is made up of the C-terminal domain formed by a bundle of 

six or seven Ŭ-helices. In the C-terminal domain of ɓ, an acidic cluster sequence known as 

DELSEED motif moves with the ɔ subunit when a nucleotide occupies the catalytic site 

[59]. This DELSEED motif is thought to play an important role in coupling between 

rotation of the ɔ subunit and catalysis. 
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The ɔ subunit: At the center of the F1 domain is a 90 ¡ long ɔ subunit (~32 kDa) 

that connects the F1 domain to the FO. The N and C-terminal helices of the asymmetrical ɔ 

subunit reside in part within the central cavity of the Ŭ-ɓ hexamer. The lower part of ɔ is in 

contact with the c-ring and the N-terminal domain of the Ů subunit. The ɔ subunit is the 

major rotor component within the F1 domain. A full 360o rotation by ɔ involves hydrolysis 

of 3 ATP molecules, so hydrolysis of 1 ATP molecule involves 120o rotation of ɔ [60]. 

Rotation of the ɔ subunit within the hexameric cavity leads to interactions with the Ŭ-ɓ 

hexamer at three specific sites labeled as the ñcatchò sites [61]. These interactions co-

ordinate conformational changes in the catalytic sites on the ɓ subunits. The conformational 

changes are important for binding of substrates, catalysis and release of products in 

agreement with the ñbinding change mechanismò proposed by Boyer [62]. 

 The ŭ and Ů subunits: Subunit ŭ is part of the stator complex and forms the 

peripheral stalk connecting FO with F1. The ŭ subunit is required for assembly of F1 with 

FO [63]. Its homolog within the mitochondrial ATP synthase is denoted as OSCP [18]. The 

ŭ/OSCP subunit plays a structural role and is important for binding and functional coupling 

of the FO domain with the F1 domain.  

The Ů subunit (~15 kDa) contacts the base of ɔ as well as the c-ring via its N-

terminal domain (ŮNTD). The ŮNTD is a ɓ barrel made up of ten ɓ sheets and is required 

for functional assembly of the enzyme. The C-terminal domain (ŮCTD) is formed by two 

Ŭ-helices that can transition between different conformations and play a major role in 

regulation of bacterial ATP synthase [12] (more details are in the later part of introduction).   
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1.3 Binding-change Mechanism 

Historically, Mitchellôs theory of chemiosmotic coupling proposed that electron transport 

through the electron transport chain could create a proton motive force and it could drive 

synthesis of ATP [64, 65]. As a result, many theories were proposed to explain the 

relationship between proton movement and ATP synthesis. The most widely accepted 

model was originally proposed by Boyer and was based on oxygen exchange reactions; 

this later became known as the ñbinding-change mechanismò [66]. The transport of protons 

across the membrane lead to conformational changes at the catalytic sites in F-type ATP 

synthase. These conformational changes cause changes in affinity for reactants and 

ultimately lead to the formation and release of products. The binding change mechanism 

encompasses three main postulates: (1) during ATP synthesis, energy from PMF is used 

for binding of ADP and Pi to and release of tightly bound ATP from the catalytic sites and 

formation of ATP involves a very small free energy change. (2) Catalysis is carried out by 

multiple catalytic sites that are strongly cooperative and function in a sequential cycle. The 

binding of ADP and Pi to one catalytic site is necessary for release of ATP from the 

adjacent catalytic site and this is consistent for all three catalytic sites [62]. (3) The 

sequential, cyclical conformational changes in catalytic sites that are necessary for binding 

and release of reactants are coordinated by rotation of one or more subunits relative to these 

sites [67]. Experimental data from various groups supported the first two postulates in 

intact enzyme [68, 69] and isolated F1 [70-75] of different organisms. Data from other 

groups supporting these postulates have been discussed in detail [62]. Using cross-linking 

studies, Duncan et al. were able to demonstrate the third postulate by showing that ɔ rotates 

within the central cavity [76]. Further proof was provided through microscopic studies that 
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involved direct visualization of rotation of an actin filament attached to the ɔ subunit [77]. 

It was also proposed that proton transport by FO involves rotation of subunits [28, 78], 

which also proved to be true as studies have shown rotation of the c-ring [79-81].    

The binding-change mechanism entails cooperativity between catalytic sites that 

are alternating between three different conformational states. These states vary in terms of 

their affinity, occupancy and/or the type of nucleotide interacting with them [51]. The 

asymmetry of the ɔ subunit ensures that no two ɓ subunits adopt the same conformation at 

any given time. For example, the conformational difference between ɓ subunits in E. coli 

and mitochondrial F1 has been observed in X-ray crystal structures [12, 51]. The 

conformational differences cause the catalytic sites to cycle between ñtightò ñlooseò and 

ñopenò states with each of the three sites occupying one of the three states at any given 

time (Fig. 1.3). The tight site has tightly bound nucleotide and is catalytically active 

whereas the loose and open sites are catalytically inactive and contain loosely bound 

nucleotide and no nucleotide, respectively. To describe the presence/absence of ATP or 

ADP on specific ɓ subunits, they have been referred to as ɓTP (ATP bound, tight), ɓDP (ADP 

bound, loose) and ɓE (empty, open) (Fig 1.3). A recent X-ray crystal structure with bovine 

heart mitochondrial F1-ATPase showed that in the ground state, both ɓTP and ɓDP have ATP 

bound and are loose and tight sites respectively [82]. 
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Figure 1.3 
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Figure 1.3. The binding change mechanism of ATP synthase [76]. The three catalytic 

sites of ATP synthase located mainly on the ɓ subunits are shown in blue/green color. The 

letters T, L and O denote ñtightò, ñlooseò and ñopenò (empty) conformational states of the 

catalytic sites. Subunit ɔ is shown in yellow and rotates with respect to stationary ɓ 

subunits. In the left panel, ATP and ADP + Pi occupy the T and L sites respectively. The 

empty O site is shown to bind ADP + Pi. In the first step, the ɔ subunit rotates 120o and 

induces changes in the conformational states. As a result, the L site now binds ADP + Pi 

tightly and becomes T site, the O site now binds ADP + Pi loosely and becomes L site, and 

the T site releases ATP and becomes empty or O site. In step 2, ATP is formed 

spontaneously from ADP + Pi bound at the T site. The empty O site now prepares to bind 

ADP and Pi. This sequence is repeated on all three sites with each 120o rotation of the ɔ 

subunit. This figure has been used with permission from Proceedings of the National 

Academy of Sciences of the United States of America. The figure is subject to copyright 

protection.   
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1.4 Rotary Catalysis 

The rotational model of ATP synthase involves rotation of the rotor complex to 

transport protons as well as carry out catalysis. In the FO domain, the c-ring rotates relative 

to subunits a and dimer b2. Each c subunit contains a conserved residue with a carboxyl 

group (asp61 in E. coli) that gets protonated and transports the proton to the a subunit in a 

step-wise rotating manner. The proton travels through the half-channels of the a subunit. 

The asymmetric ɔ subunit is in contact with the c-ring and the rotation of the c-ring leads 

to rotation of ɔ relative to Ŭ and ɓ subunits within the central cavity. The asymmetry of ɔ 

is accommodated in the central cavity through conformational changes in the Ŭ and ɓ 

subunits. These conformational changes are necessary for binding and dissociation of 

reactants. This model has been used to explain the binding-change mechanism and there 

are biochemical and spectroscopic data that confirm this as seen below.  

 Most of the biochemical studies showing rotation involved cross linking subunits 

within F1 or FO or between F1 and FO. Duncan et al. [76] successfully showed rotation of ɔ 

within E. coli F1 by creating a disulfide bond between ɓ and ɔ subunits. The idea was that 

if the ɔ subunit rotates with respect to Ŭ and ɓ, cross-linking ɔ with ɓ would stop the 

rotation. If enzyme catalysis required rotation of ɔ, blocking the rotation would inhibit the 

enzyme. The crystal structure of bovine F1 had shown that a homolog of E. coli ɔC87 was 

positioned close to the 380DELSEED386 [59, 83, 84] sequence of ɓ subunit. To take 

advantage of this positioning, ɓ380D was mutated to ɓD380C. When disulfide bond was 

formed between the cysteine residues on ɔ and ɓ by oxidation the enzyme was inactivated, 

whereas reduction restored the activity. As an extension of the experiment, the cross-linked 

enzyme was dissociated into individual subunits. Radio-labeled ɓ subunits were then 
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introduced at the non-cross-linked positions and the enzyme was reassembled as shown 

here [85]. Now, oxidation-reduction of the enzyme was carried out again under conditions 

of catalysis and no catalysis. When oxidation was carried out under no enzymatic turnover, 

ɔ was found to be bound to the non-radio-labeled ɓ. However, oxidation post turnover 

showed ɔ bound to the radio-labeled ɓ. From this study, it was evident that in isolated F1, 

ɔ rotated relative to the ɓ subunits. Later, cross-linking studies in FOF1 linked ɔ rotation to 

proton translocation and enzymatic turnover during ATP hydrolysis [86] and ATP 

synthesis [87]. In both studies, isolated F1 subunits with ɓD380C mutation were bound to 

F1-depleted membranes. Under oxidizing conditions, one of the three ɓ subunits cross-

linked with ɔ. The remaining two non-cross-linked ɓ subunits were replaced with epitope-

tagged ɓD380C (ɓFLAG) subunits by dissociation-reassembly [85]. When subjected to 

reducing conditions to remove ɓ-ɔ cross-link, the intact enzyme regained coupled 

membrane activity. In the first study [86], when the enzyme was reduced, exposed to ATP 

hydrolysis conditions and then oxidized, ɔ was found to cross-link with ɓFLAG. Repeating 

the same events but with no ATP hydrolysis resulted in little or no ɓFLAG cross-linked with 

ɔ. In the second study [87], the enzyme was exposed to ATP synthesis conditions with the 

same experimental setup. Again, ATP synthesis conditions led to ɔ cross-linking with ɓFLAG 

and preventing ATP synthesis led to little or no ɓFLAG cross-linked with ɔ. This showed 

that ɔ rotation was necessary for enzymatic turnover in FOF1. In addition, in both studies, 

membranes were treated with DCCD (dicyclohexylcarbodiimide). DCCD is a covalent 

modifier of Asp61 of c subunit and treatment of FO with DCCD blocks proton transport 

[88]. When DCCD treated membranes were reduced and subjected to either ATP synthesis 



22 
 

or hydrolysis conditions, ɓFLAG-ɔ cross-linking was considerably reduced. This showed that 

blocking proton transport by c-ring in FO leads to blocking of ɔ rotation in F1.  

 Rotation of other subunits was also investigated by cross-linking studies. Cross-

linking Ů and ɔ had no effect on hydrolysis activity, suggesting that Ů and ɔ rotate together 

[89]. Further, hydrolysis and synthesis activity was inhibited by cross-linking of Ů, ɔ and 

ɓ, and fully restored when cross-linking was removed, indicating that Ů and ɔ rotate relative 

to ɓ [90]. Subunit ŭ was shown to be part of the stator as Ŭ-ŭ cross-linking did not affect 

ATPase activity of the enzyme [91]. Whereas rotation of the c-ring was demonstrated via 

ɔ-Ů-c [92] and c-b2 cross-linking [93]. The cross-linking of c-ring with rotor subunits ɔ and 

Ů did not affect ATP hydrolysis, synthesis or proton pumping indicating that the c-ring was 

a part of the rotor complex. With these studies, subunits Ŭ, ɓ, ŭ, a and b2 appear to be part 

of the stator complex whereas ɔ, Ů and the c-ring make up the rotor complex.    

 A more direct demonstration of rotation was achieved by attaching fluorophores to 

one of the subunits and then observing the movement via microscopy. The first study to 

show rotation of ɔ within F1 used a fluorescent actin filament to observe rotation in F1-

ATPase of thermophilic Bacillus PS3 [77]. Isolated F1 domain was immobilized in a top-

down orientation on a Ni+2-nitrilotriacetic acid (Ni-NTA)-coated coverslip via a His10 tag 

added to the N-terminus of ɓ subunits. On the ɔ subunit, ɔS107 was mutated to obtain 

ɔS107C, which was then labeled with biotin maleimide. A biotinylated actin filament (Ò 3 

µm) that was fluorescently labeled, was attached to the biotin maleimide via streptavidin 

(Fig. 1.4A). This facilitated visual observation of ɔ subunit rotation in the epifluorescence 

microscope. Actin filaments were observed to be rotating in the presence of ATP, but not 

in the absence of ATP or in the presence of ATP plus sodium azide (inhibitor of catalysis 
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by F1). This linked rotation of ɔ with net hydrolysis by the enzyme. When viewed from the 

top, the direction of ɔôs rotation was observed to be counterclockwise relative to the Ŭ-ɓ 

hexamer. A similar approach was used for observing ɔ rotation in E. coli [94] and 

chloroplast F1 [95] and Ů rotation in thermophilic Bacillus PS3, where actin was attached 

to Ů [96]. The rotation of actin filaments took place in three 120o steps. Observation of actin 

filament rotation was a novel approach to prove subunit rotation in the enzyme; however 

problems related to steric effects and viscosity due to actin filamentôs size impacted 

determination of the true rate of rotation and torque.  Other problems included binding of 

one filament to multiple complexes that were close to each other and collision between 

closely spaced actin filaments.  
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Figure 1.4 
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Figure 1.4. Direct observation of rotation of the ɔ subunit. A. Schematic shows overall 

experimental setup with isolated F1 [77]. The subunits are not to scale. Three ɓ subunits 

with His10 tags at the N-terminus were immobilized on Ni-NTA coated cover slip. Subunit 

ŭ was removed. An introduced cysteine near the ñfootò of ɔ was labeled with biotin-

maleimide. Biotinylated fluorescent actin filament was bound to the biotin-maleimide tag 

via streptavidin. Rotation of actin filament was measured by epifluorescence. B. Modified 

setup shows F1 immobilized on a coverslip through ɓ His10-Ni-NTA binding [97]. 

Biotinylated Gold bead of 40 nm was attached at an angle to the ɔ subunit using streptavidin 

and bovine serum albumin (BSA). Rotation was observed by laser dark-field microscopy. 

Figures in panel A and B have been used with permission from Nature Publishing Group. 

License # 3544840407249 and 3544840587661.    
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The experimental conditions were modified later to attach a fluorescent bead 

instead of actin filament and spacing F1 complexes at fixed distances such that the beads 

would neither bind to more than one complex nor collide with other beads [98]. However, 

the size of the fluorescent bead was still large (diameter = 1 µm) and the rotational rate and 

torque measured in this study was lower than what other groups have reported. Critical 

advancement was made in the field with replacement of fluorescent beads with gold beads 

of 40 nm diameter (Fig. 1.4B) [97]. The smaller size reduced the viscous drag on rotation 

of ɔ and the 120o steps of ɔ were observed with saturating concentrations of MgATP. With 

ATP concentration below KM, the 120o steps were found to occur in substeps of 90o and 

30o. These substeps were later corrected to be of 80o and 40o rotation [99]. The 120o rotation 

of ɔ was proposed to follow this scheme: binding of ATP to ɓE drives an 80o rotation of ɔ. 

At this position, the enzyme halts for a brief period of time which is called the catalytic 

dwell. The ATP is hydrolyzed at ɓTP
 during the catalytic dwell followed by Pi release from 

ɓDP. Further 40o rotation releases ADP from ɓDP which completes the 120o rotation of ɔ 

[100, 101]. These assays showed that ɔ rotation is involved in ATP hydrolysis. Proving it 

for ATP synthesis was tricky as ATP synthesis requires both FO and F1 assembled and 

coupled. Immobilizing the entire enzyme on the cover slip has proven to be tough. A way 

around this was worked out by attaching magnetic beads to ɔ [102, 103]. Magnetic tweezers 

were then used to force the rotation of ɔ in the synthesis direction with ADP and Pi present. 

Rotation of ɔ in the synthesis direction showed synthesis of ATP from ADP and Pi. When 

the magnetic field was turned off, ɔ rotated in the hydrolysis direction at a rate that was 

proportional to the concentration of ATP present. This was used to calculate the efficiency 
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of ATP synthase in synthesizing ATP to be ~80%. This proved that ɔ rotation is important 

for ATP hydrolysis and synthesis.  

The rotational model serves best to explain the binding-change mechanism by 

which ATP synthase functions. Taken together, the complete process follows this series of 

events: Electron transport chain transports electrons coupled with pumping of protons 

across a semi-permeable membrane, leading to the establishment of proton motive force. 

The potential energy of the PMF is used by the enzyme to drive rotation of the c-ring 

relative to subunits a and b2 in FO. Each c subunit carries one proton that is transported to 

the partial channels of subunit a and then to the cytoplasm. Rotation of the c-ring is coupled 

with rotation of ɔ via direct physical connection. The rotation of an asymmetric ɔ subunit 

within the hexameric cavity occurs coordinately with conformational changes in Ŭ and ɓ 

subunits. These conformational changes change the affinities of the catalytic sites towards 

substrates and products and facilitate binding/dissociation of reactants. Thus, the potential 

energy of PMF is used to drive synthesis of ATP by the enzyme.  

ATP synthase plays a pivotal role in energy metabolism. However, under certain 

conditions the cell has to inhibit the enzyme. As is the case with many other enzymes, there 

is more than one way to inhibit ATP synthase. While mitochondrial ATP synthase is 

inhibited by a separate protein IF1 [104], bacterial [105, 106] and chloroplast [107] 

enzymes are inhibited by the native epsilon subunit. In addition, ADP can inhibit the 

enzyme [108] and has been shown to compete with Ů inhibition [109]. Sodium azide is 

another catalytic site inhibitor [108] that can inhibit the enzyme by stabilizing the ADP-

inhibited state. Other inhibitors include oligomycin, dicyclohexylcarbodiimide, 

venturicidin, tentoxin, efrapeptin and fluoro-aluminate [110]. In the following section, I 
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will talk about the epsilon subunit, which is the natural inhibitor of bacterial and chloroplast 

ATP synthases. The work described in this document has focused on understanding the 

regulatory role of the Ů subunit in the E. coli ATP synthase.  
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1.5 The Epsilon subunit 

 The ATP synthase is ubiquitous in eubacteria and in many pathogenic species, it 

plays a role that is not restricted to cellular energy metabolism. For example, the anaerobic 

pathogen Streptococcus pneumoniae uses the enzyme as an ATP-driven proton pump to 

maintain pH homeostasis [111]. The pathogen causes pneumonia, meningitis and otitis 

media and deaths of three million children per year [112]. Studies showed that when the 

expression of the enzyme was prevented by genetic disruption, it led to loss of viability in 

the bacteria, indicating that the enzyme is essential [113]. In Streptococcus mutans that 

cause dental caries, ATP synthase again functions as a proton pump and provides acid-

tolerance at pH values that otherwise would prove lethal [6]. Similarly, Listeria 

monocytogenes, a food-borne, gram positive, facultative anaerobic bacteria that causes 

deadly infection of the central nervous system [114], requires ATP synthase for acid-

tolerance as evidenced from the increased sensitivity of the bacteria to low pH following 

DCCD treatment [7]. In addition, ATP synthase appears to be important in gastrointest ina l 

gram negative pathogens like Salmonella enterica [115], Helicobacter pylori [116] and 

Enterohemorrhagic E. coli [117]. All these studies demonstrate a crucial role for ATP 

synthase in bacterial pathogens. Recent FDA approval of a drug targeting the ATP synthase 

of M. tuberculosis has shown that the enzyme can be an attractive target [118]. This has 

generated a lot of interest in finding compounds and ways to inhibit the enzyme in order to 

develop antimicrobials.  

The Ů subunit is the smallest subunit in the F1 domain and plays an inhibitory role 

in chloroplast and bacterial enzymes. Its inhibitory properties were first seen in chloroplast 

enzyme [119]. In the bacterial ATP synthase, Ů was shown to be inhibitory first in E. coli 

[105, 120, 121]. Its inhibitory role was confirmed in E. coli [122, 123] as well as 
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thermophillic Bacillus PS3 [124]. In contrast, the homolog of Ů in mitochondria, ŭ, is not 

inhibitory [174]. In addition to regulating the enzyme, Ů or its homolog is required for 

proper assembly of the bacterial [122, 125, 126] and mitochondrial enzyme [127]. While 

not required for assembly of the chloroplast enzyme, absence of Ů leads to loss of coupling 

between proton transport and catalysis [128, 129]. In one study, bacterial enzyme that 

contained Ů subunit without the entire C-terminal domain, showed increased uncoupled 

ATP hydrolysis and decreased proton pumping. This led to a proposal of an additional role 

of Ů in energy coupling [130]. It was speculated that the primary role for Ů is to prevent 

uncoupled ATP hydrolysis and not to regulate the coupled activity.  

With Ů playing such an important role in regulation and function of the enzyme in 

bacteria but no known inhibitory role in mitochondria, it is only natural to search for ways 

that allow targeting it in pathogens to inhibit growth or viability. The goal would be to 

either increase the Ů-mediated inhibition to reduce the enzymatic activity or to decrease the 

inhibition to interfere with the regulation of enzyme function. Any compound that either 

improves or reduces Ůôs inhibitory ability may be of interest. Thus, targeting Ů provides fair 

amount of flexibility. The following section contains a detailed account of the Ů subunit of 

E. coli ATP synthase in order to set up a proper background for the remaining chapters of 

the thesis. 

Structure of epsilon: E. coli Ů subunit is a 138 amino acid long protein of 

approximately 15 kDa. It is located at the ñfootò of the ɔ stalk, interacting with ɔ and the 

c-ring. The structure of isolated Ů subunit was determined first by NMR spectroscopy [131] 

and later by X-ray crystallography [132] (Fig. 1.5). Both of these structures showed that Ů 

is formed by two domains: an N-terminal domain (ŮNTD) (residues 1-87) and C-terminal 
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domain (residues 88-138). The NTD consists of two antiparallel ɓ-sheets, each made up of 

five ɓ-strands, arranged in two layers and making up a flattened ɓ-barrel (Fig. 1.5). Except 

for ɓ1 and ɓ9 strands, all other ɓ strands are arranged anti-parallel to each other. 

Hydrophobic amino acids are arranged such that they point towards the interior of the ɓ 

barrel. One of the two sheets contains a hydrophobic patch spanning all five ɓ strands, 

which plays an important role in binding with the ɔ subunit.  

The CTD is formed by two antiparallel Ŭ-helices connected by a loop [131]. The contact 

surface between the helices is hydrophobic and involves five highly conserved alanine 

residues that are arranged like a ñzipperò such that Ala94, Ala97 and Ala101 on one Ŭ-

helix interact with Ala117 and Ala124 on the adjoining Ŭ-helix. The CTD had been 

observed to adopt two distinct conformations based on trypsin digestion studies with E. 

coli F1 as well as intact FOF1 [133, 134]. In the presence of MgADP and Pi, Ů was resistant 

to trypsin but in presence of ATP without Mg2+, trypsin treatment showed extensive 

cleaving. So the conformations depended on the state of the enzyme with the ñactiveò state 

of the enzyme allowing trypsin digestion and the ñinactiveò state preventing it. But the 

exact details of those conformations were not known. High resolution crystal structures of 

E. coli F1 revealed that the conformational change involves changes in the CTD Ŭ-helices 

whereupon the Ŭ helices can stay in a coiled coil close to each other (termed as compact 

conformation, ŮC) or the second helix can extend and insert in the central cavity of the Ŭ-ɓ 

hexamer (termed as extended conformation, ŮX) [12].  
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Figure 1.5 
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Figure 1.5. The structure of E. coli Ů subunit [132]. Panel (A) shows the 3-dimentiona l 

structure of the E. coli Ů subunit (PDB ID 1aqt). Ten ɓ sheets of the NTD form a flattened 

barrel and are depicted in shades of green and blue. The CTD Ŭ-helices form a coiled-coil 

close to the NTD and are depicted in yellow (loop1), orange (helix1 and loop2) and red 

(helix2). Panel (B) shows the arrangement of the ɓ sheets with respect to each other in a 2-

dimentional form. Figures in panel A and B have been used with permission from Elsevier 

Limited. License # 3544841066015.   
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Interaction of epsilon with other subunits: The localization of Ů with respect to other 

subunits was not clear from the initial crystal structure of mitochondrial F1 [51]. In electron 

microscopy studies of F1, ɔ was found to form the central stalk and Ů was positioned with 

it [135]. Cross-linking studies involving cross-linking of Ů with other subunits gave hints 

regarding the location of Ů [136, 137]. They also revealed that Ů establishes numerous 

contacts with subunits of both FO [138] and F1 [137] domains. In addition, information 

regarding the specific amino acids involved in when Ů interacts with other subunits, and 

the possible conformational change of the Ů subunit was also obtained. The regulatory 

function of the Ů subunit in bacterial and chloroplast ATP synthase was known but the 

mechanism by which it regulated the enzyme was not yet clear. Hence, to understand the 

function of Ů its interactions with other subunits of the enzyme under different conditions 

were investigated. 

ŮNTD interactions: Initial studies in E. coli revealed that Ů interacts with the ɔ 

subunit [139]. Later, it was shown that Ů binds to the ɔ subunit with high affinity (KD = 3 

nM) [140]. Other studies have shown Ů10 cross-linking with ɔ228 [136], Ů38 with ɔ205 

[89] and Ů43 to ɔ between ɔ202 and ɔ286 [141]. Originally, a genetic study showed that a 

mutation in the Ů subunit at residue 31 recoupled ATP hydrolysis and proton pumping in 

E. coli ATP synthase that was uncoupled due to Q42E substitution in the c subunit [142]. 

This suggested that there was some functional interaction between the Ů and c subunits. 

Using cross-linking studies, it was shown that ŮNTD interacts with the c-ring of the FO 

domain at multiple positions [142]. These interactions of Ů with ɔ and c-ring were 

consistent with the location of Ů in intact enzyme seen by electron microscopy [135, 143]. 

The conformation of Ů was similar to that of the isolated Ů observed in NMR and crystal 
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structures [131, 132]. In this conformation, the NTD and CTD were in close proximity of 

each other and would be positioned under the Ŭ-ɓ hexamer. However, Lotscher et al. 

showed direct interaction of ɓ and Ů by cross-linking through a water-soluble carbodiimide 

that only cross-links sites in very close proximity [144]. This cross-linking would only be 

possible if Ů exists in a conformation that is different from the one seen in the structures.     

ŮCTD interactions: The structure of isolated Ů showed the ŮCTD Ŭ-helices close to 

each other [131]. In addition, the Ŭ-helices contact the ŮNTD with a buried surface area of 

910 Å2 [132]. This region is closely packed, hydrophobic in nature and inaccessible to 

solvent. When Ů was shown to cross-link with ɔ or c subunit, it adopted the same 

conformation as the isolated Ů [145]. In other studies ŮS108 in the loop between Ŭ-helices 

was found to interact with ɓ380 [76] and ɓ381 (Fig. 1.7, [146]) residues as well as with 

Ŭ411 [147]. Hence, the cross-linking of Ů to Ŭ and ɓ gave further indication of 

conformational change in Ů. Moreover, the interactions were shown to be dependent on the 

type of nucleotide present, indicating an interplay between Ů and nucleotides [147]. 

Cingolani and Duncan resolved a X-ray crystal structure of E. coli F1 at a resolution of 3.26 

¡ that showed Ů in a markedly different conformation than previously available crystal and 

solution structures (Fig. 1.6 and 1.7) [12]. In this state, the Ŭ-helices had undocked from 

the coiled coil (compact conformation, ŮC) and partly inserted in the central cavity of Ŭ-ɓ 

hexamer. This state was called the ñextendedò conformation (ŮX). In this conformation, 

ŮCTD contacts five subunits in total and buries ~2900 ¡2 of surface area [12]. As shown 

in Fig. 1.6, in the ŮCTD, the helix1 and loop1 contact the ɔ subunit with helix1 binding to 

the Rossmann fold of ɔ. The last ɓ strand of the ŮNTD changes folding when ŮCTD 

transitions between the compact and extended conformations. With ŮCTD in the ŮC state, 
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the ɓ strand is folded and is part of ŮNTD; whereas in the ŮX state, the strand gets unfolded 

into a loop1 and becomes part of ŮCTD (Fig. 1.6). In the ŮX state, helix2 establishes contacts 

with ɓ1, ɓ3, Ŭ1, Ŭ2 subunits within the central cavity. These interactions of helix2 appear 

important for stabilizing the ŮX conformation. The antiparallel coiled coil between helix2 

and ɔ is accompanied with hydrogen bonds and electrostatic contacts making a very stable 

interaction. On the other hand, helix2 is further stabilized by interactions with Ŭ1 and Ŭ2. 

Post insertion, rotation of ɔ is thought to position helix2 directly between ɔ and ɓ1 and 

leads to blocking of the interaction between ɓ1 and ɔ. The ñhookò region of ŮCTD appears 

to have few if any specific bonds with other subunits but shows a large amount of buried 

surface area with ɓ3.  
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Figure 1.6 
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Figure 1.6. Conformational changes in the ŮCTD of E. coli ATP synthase [12]. The 

panels show alternative conformations adopted by the C-terminal domain of Ů. On the right 

is the compact conformation (ŮC) where the CTD Ŭ-helices (grey and green) are in a coiled 

coil, close to the N-terminal domain (magenta) and ɓ-strand 10 is folded. The CTD contains 

helix1, loop2 and helix2. On the left is the extended conformation (ŮX) in which the three 

regions of the CTD that interact with other subunits are numbered. Region 1 contains loop1 

which, in the ŮX state, is formed by unfolding of tenth ɓ strand of NTD and part of helix1. 

Region 2 contains loop2, which is longer in ŮX than in ŮC, and helix2 which becomes two 

Ŭ-helices punctuated by a ñhookò region (Region 3) in ŮX. This figure has been used with 

permission from Nature Publishing Group. License # 3544830888375. 
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Figure 1.7 
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Figure 1.7. E. coli F1 domain with the ŮCTD in extended conformation. F1 X-ray crystal 

structure is shown in a similar manner as [12] (PDB ID 3OAA). The three ɓ subunits are 

depicted in red, green and blue and the three Ŭ subunits are omitted to allow better 

visualization. The ɔ (yellow) and the ŮCTD (magenta) are shown to insert in the central 

cavity. The ŮNTD (cyan) is near the foot of ɔ. The residues ŮS108 and ɓE381 are shown 

by space filling atoms.    
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Functional role of epsilon: In bacterial ATP synthase, Ů assumes a critical role for 

ensuring proper assembly and function [122]. Since ATP synthase is at the center of energy 

metabolism, it is safe to say that Ůôs role in the bacterial cell is very important. The primary 

role of ŮCTD was found to be in inhibiting ATP hydrolysis by bacterial [120, 124, 148] 

and chloroplast enzymes [107]. The first documentation of Ůôs inhibitory property was in 

the chloroplast F1 where it was identified as a cold stable, hydrophobic inhibitor specific 

for chloroplast and having no effect on mitochondrial F1 [119]. Later on, Smith et al. [120] 

were able to partially purify Ů from E. coli F1 and show inhibition of ATP hydrolysis by Ů 

for the first time. The same group further characterized E. coli Ůôs inhibitory property and 

showed that Ů can be dissociated from F1 by dilution [105, 121]. It had become evident that 

Ů can strongly (~90%) inhibit the ATPase activity of isolated F1. Treatment with the 

detergent lauryldimethylamine oxide (LDAO) increased ATPase activity, revealing that 

ATP hydrolysis of isolated F1 was inhibited by about 5-6 fold by Ů [149]. Studies using 

reagents like LDAO, ethylene glycol and octyl glucoside, that alleviated the inhibit ion, 

shed light on the mechanism of inhibition by Ů [149-151]. LDAO was found to cause 

dissociation of ŭ from F1 [151] but the Ů subunit was able to inhibit the F1ATPase in absence 

of ŭ [105]. Cross-linking of Ů and ɓ by a water-soluble, zero length carbodiimide was 

reduced in the presence of both ethylene glycol and LDAO, suggesting that Ů interacted 

physically with the ɓ subunits to inhibit the enzyme. In addition, the inhibition was 

alleviated by heat (in chloroplast enzyme) [105, 119], alcohol (in chloroplast enzyme [152] 

and in bacteria [153]) and trypsin treatment [134, 154]. The exact mechanisms by which 

of many of the above mentioned factors alleviate the inhibition are not completely 

understood. The data suggested that ethylene glycol and LDAO perturbed Ůôs interactions 
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with ɓ without dissociation of Ů, alcohol caused dissociation of Ů and treatment with trypsin 

cleaved the C-terminal domain. Thus, reduction of inhibition thus appeared to work by 

interfering with the normal interactions of Ů within the enzyme. This further confirmed the 

inhibitory role of Ů in bacteria and chloroplasts. 

Since Ů contains two distinct domains, the question arose about which domain is 

predominant in exerting the inhibitory effect. To investigate this, Ů was truncated to 

different lengths and the effects of these truncations were observed on the enzymeôs 

function. Masamitsu Futaiôs group showed that deleting 60 amino acids (78-138) in E. coli 

Ů prevented inhibition of ATPase activity [123]. This result was the first indication that the 

C-terminal domain is primarily involved in inhibition and dispensable for growth. In 

another study, different residues of ŮCTD were substituted with alanine [155]. The 

membrane ATPase activity of the enzyme with the truncated Ů was less inhibited than the 

wild-type. This study again gave strong evidence for Ůôs role in inhibition of the ATPase 

activity. With the high resolution crystal structure revealing the conformational changes as 

well as extensive contacts between ŮCTD and other subunits, it became clear that the ŮCTD 

inhibited the enzyme by jamming the gears of the rotor complex [12]. The interactions of 

helix1, helix2, loop1 and loop2 of ŮCTD with F1 were suggested to be facilitating the 

inhibition of ɔŮ rotation within the cavity. The inhibition by ŮCTD in bacteria is non-

competitive with ATP except in the case of Bacillus PS3 where Ů physically binds ATP 

and competes [156]. Further evidence that the ŮCTD is dispensable for growth is seen in 

E. coli mutants that lack the entire ŮCTD, yet show nearly normal activity and growth [123, 

130]. Further, wild-type anaerobic organisms like those from the Bifidobacterium genera 
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contain ATP synthases whose Ů is devoid of both ŮCTD Ŭ helices [157]. In these bacteria, 

ATP synthase primarily acts as an ATPase-driven proton pump.  

There were doubts regarding Ůôs role in inhibition of synthesis [148, 158] as most 

of the studies showed Ů inhibition of ATP hydrolysis and were carried out with isolated F1. 

As measurement of ATP synthesis required working with intact FOF1 in membranes and 

removal of Ů led to dissociation of F1 from FO [122], it was tough to document inhibit ion 

by Ů on membranes. Moreover, the inhibition of ATP hydrolysis on membranes by Ů was 

markedly lower than that of isolated F1. This led many to believe that Ů-inhibition was 

limited to ATP hydrolysis only in isolated F1 and inhibition was actually relieved when Ů-

inhibited F1 bound to FO on the membrane [158, 159]. As a result, many groups concluded 

that Ůôs inhibition was limited to ATP hydrolysis and only in isolated F1.  

 This conclusion however proved to be untrue. Past studies had shown that protease 

digestion of isolated F1 cleaved the Ů subunit [154], which led to an increase in enzymatic 

activity [160]. When intact E. coli FOF1 within cell membrane was treated with trypsin, it 

also increased the hydrolytic activity at a rate similar to that obtained with Ů digestion [133]. 

This indicated that Ů may inhibit enzymatic activity in whole FOF1, too. Moreover, 

treatment with LDAO had shown that Ů was able to inhibit ATP hydrolysis of membranes 

by 3-fold [149]. Taken together, these results were supportive of Ůôs inhibitory role in the 

intact ATP synthase. It also opened up the possibility that Ů may have an inhibitory role in 

the ATP synthesis direction. The studies that showed that Ů inhibits ATP hydrolysis and 

synthesis by intact E. coli [161] and Bacillus PS3 [124, 162] confirmed Ůôs inhibitory role 

in ATP synthesis.    
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Many studies had shown that Ů is necessary for binding of the FO domain to the F1 

domain in E. coli and Bacillus PS3 [125, 126], though one study demonstrated that deletion 

of first 15 residues still results in proper assembly and a functional enzyme [163]. In 

addition, most of the binding energy for Ůôs binding to F1 is provided by the ŮNTD [109]. 

The facts that the enzyme could not assemble without Ů [122, 123, 148], and that E. coli 

mutants with deletion of residues 73-138 (ŮNTD contains residues 1 to 88; so part of ŮNTD 

is deleted) failed to grow aerobically, proved that the NTD was necessary for assembly and 

indispensable for growth. The mutants with deletions of 1-16 residues in ŮNTD show 

defective coupling between FO and F1, further demonstrating a role for ŮNTD in enzyme 

assembly [163]. Alanine-scanning mutagenesis of E. coli Ů residues 10-93 (mainly the N-

terminal domain) resulted in mutants that had either increased ATPase inhibition and 

decreased DCCD sensitivity or increased ATPase activity and lower membrane bound F1 

[164]. The results hinted at the role of ŮNTD in binding to the ɔ subunit and in assembly 

of FO and F1. Mutations that probably interfered with the binding led to lower inhibition of 

the enzyme and dissociation of F1 from the membrane, which again pointed at its 

importance for assembly of the enzyme.     

Apart from inhibition, Ů has been found to have a role in coupling of catalysis with 

proton pumping. E. coli mutants lacking the entire CTD of Ů (Ů88stop) and fusion of 20 

kDa Flavodoxin on NTD showed higher ATP hydrolysis that was uncoupled from proton 

pumping [130]. Moreover, Ů88stop mutants without the NTD fusion showed decreased 

ATPase-driven proton pumping compared to wild-type membranes. With partial deletion 

of ŮCTD, mutants showed reduced proton pumping without any effect on ATPase activity. 
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In E. coli, Ů is required for conformational changes in ɔ which, in turn, may be required for 

coupling of proton pumping with catalysis [165, 166].    

The Ů subunit plays an important role in ATP synthesis. In chloroplasts, intact FOF1 

has markedly lower ATP synthesis rates if Ů is absent [128, 129, 167]. In isolated F1-

ATPase when ɔ is forced to rotate in the direction of ATP synthesis, Ů is required to achieve 

respectable ATP synthesis efficiency [103]. In the absence of Ů, the forced rotation led to 

a production of ~0.5 ATPs per 1 rotation of ɔ, while in the presence of Ů, ~2.3 ATPs were 

produced (an efficiency of 77%). The exact role of Ů in ATP synthesis is unclear but 

speculations range from stabilizing part of ɔ, which experiences the mechanical torque, to 

facilitating a switch to ATP synthesis mode by undergoing structural changes.  
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Effects of ligands/chemicals on Ůôs conformation: As mentioned earlier, the C-

terminal domain of Ů can adopt different conformations that play important roles in enzyme 

regulation. The C-terminal Ŭ-helices can adopt a compact conformation (ŮC) with both 

helices close together in a coiled-coil or an extended conformation (ŮX) with both helices 

extended and making multiple contacts with other subunits of F1 [12]. The conformationa l 

change is related to the ligand interacting with the catalytic sites of the enzyme at any given 

time. The interactions of ligands with non-catalytic sites are not crucial for conformationa l 

change [168]. In this section, effects of different ligands on ŮCTDôs conformational 

changes will be discussed. 

As discussed earlier, the E. coli Ů subunit can be digested by trypsin treatment of F1 

and FOF1. As a result, trypsin treatment experiments have led to important information 

about the conformational changes in ŮCTD as they relate to FOF1 function. The CTD of Ů 

can transition between an extended (ŮX) conformation and a compact ŮC conformation. 

Intact ATP synthase and isolated F1 were trypsin treated in the presence of various 

nucleotides to elucidate changes in the conformational states of ŮCTD [133, 134]. The main 

cleavage site where trypsin acts is in Ůhelix2 [133, 169]. The cleavage by trypsin is slow in 

isolated Ů (ŮC) or in E. coli FOF1 in the presence of post turnover conditions (Mg-ADP-Pi 

or Mg-ATP to obtain Mg-ADP-Pi) that favor the ŮX state. This is because Ůhelix2 is 

inaccessible to trypsin as it is packed between ŮNTD and Ůhelix1. Whereas, pre-hydrolys is 

conditions of AMPPNP alone (non-hydrolysable structural analog of ATP), ATP/EDTA, 

ADP alone or Mg-ADP but no Pi lead to fast ŮCTD cleavage. The explanation to this is 

that although these conditions disfavor the ŮX state, ŮCTD is thought to adopt an 

intermediate conformation between ŮC and ŮX such that Ůhelix2 is available to trypsin [12]. 
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The post turnover nucleotides appear to either increase the rate of transition from ŮC to ŮX 

or decrease the rate of transition from ŮX to ŮC. Inorganic phosphate (Pi) appears to play an 

important role in maintaining the ŮX conformation. On the other hand, the presence of ATP 

+ EDTA, AMPPNP, Mg-ADP, ADP alone predispose Ů to the trypsin accessible 

conformation either by preventing transition to the ŮX conformation  or by pushing Ů out of 

the ŮX conformation. It is likely that they prevent the transition to ŮX conformation as 

otherwise pushing Ů out of the ŮX state would mean that the ligands are competitive with Ů. 

These changes were also studied in cross-linking studies with 1-ethyl-3-[3-

(dimethylamino)propyl]carbodiimide (EDC) which allowed cross-linking of Ů with ɓ only 

when Ů is in the ŮX conformation. The presence of Mg-ADP-Pi or Mg-ATP allowed cross-

linking of Ů with ɓ which indicated that Ů adopted the ŮX conformation. Low amount of 

cross-linking was observed when ATP + EDTA or Mg-ADP were present, indicating that 

Ů was in the ŮC conformation. Similar trends were also observed in thermophillic Bacillus 

PS3 [168, 170]. In addition, sodium azide, which inhibits the enzyme by stabilizing the 

ADP inhibited state, and aluminum fluoride also lead to the ŮC conformation in Bacillus 

PS3. In addition to ligands, the conformation of Ů has been found to be modulated by 

exposure to light in chloroplast ATP synthase [171, 172]. This is important evidence that 

PMF can drive conformational change of ŮCTD to activate the enzyme for ATP synthesis. 

Detergents have also been shown to have effects on Ů inhibition. LDAO and 

ethylene glycol have an alleviating effect on Ů inhibition of isolated F1 or intact FOF1 in 

bacteria [149]. Since Ů can only inhibit in the ŮX conformation, LDAO treatment probably 

results in an Ů population that has predominantly adopted the ŮC conformation. It is not 

known how exactly this is achieved. In addition to its effects on Ů, LDAO has been found 
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to affect ɓôs conformation. Short-chain alkyl-beta-D-glucopyranoside (alkylglucosides) 

detergents have been shown to activate chloroplast ATPase by removal of Ů [173]. 

Many antimicrobial agents that successfully inhibit the growth of pathogens, do so 

by interfering with the function of enzymes that are vital for their survival. In bacteria, the 

ATP synthase is one of the most critical enzymes that plays important role in energy 

metabolism, nutrient uptake and pH regulation. These are important physiologica l 

processes and interference with any of these can result in reduced growth or reduced 

viability. As a result, molecules that interfere with the normal functioning of this enzyme 

within pathogenic bacteria can be potential leads for antimicrobial agents. As discussed in 

the introduction, the ŮCTD plays a regulatory role in the bacterial ATP synthase. The 

mechanism of inhibition by ŮCTD is now known. However, intricate details regarding the 

functional interplay between Ů and the enzyme are still not completely clear. During active 

enzyme turnover, there are multiple factors that affect the conformational changes in Ů. It 

is necessary to understand how these factors come into play so as to use the inhibitory 

function of Ů to target pathogenic bacteria. The research work described in the following 

chapters will help in developing better understanding about the sequence of events in 

enzymatic turnover, place of Ů in that sequence and the regulatory function of the Ů subunit.  
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1.6 Dissertation Overview  

The goal of this dissertation is to offer more details about the regulatory role of the Ů subunit 

in bacterial F-type ATP synthase. We first attempt to understand the biochemistry and 

kinetics related to Ů C-terminal domainôs conformational changes. Our studies offer further 

confirmation of regulatory role for the ŮCTD. At the same time, we show effects of 

different ligands on the changes in conformation of the ŮCTD and tie these conformational 

changes within the sequence of rotational steps of the ɔ subunit. Next, we demonstrate the 

importance of the terminal segment of the ŮCTD for optimal enzyme function and the 

subsequent impact on growth of bacteria with the hope that this new understanding will aid 

in the development of better antimicrobials in the future.    

 

Chapter 2 describes the use of two E. coli mutants that have constraints in the native 

function of their Ů subunit. We apply the constraints through manipulation of the C-terminal 

domain either by deletion or by cross-linking of its two Ŭ-helices. Previous studies have 

showed that the ŮCTD is responsible for enzyme inhibition and the ŮNTD is primarily 

responsible for binding to the ɔ subunit. However, the relationship between ŮCTDôs 

conformational change and ɔ rotation is not understood well. By using the two mutants and 

an innovative binding assay, we attempt to address these questions here.  

 

Chapter 3 presents compelling data that shows the importance of Ůôs C-terminal domain 

for optimal bacterial ATP synthase function. We show that perturbing Ůôs native 

interactions with the enzyme can lead to drastic reduction in respiratory growth of E. coli. 

When ATP synthase switches from synthesis of ATP to hydrolysis, the direction of the ɔ 
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subunit rotation reverses. This chapter shows that even though both reactions involve mere 

reversal of ɔ subunit rotation, the regulation by Ů may not be that simple and may involve 

distinct interactions with the enzyme in either direction. 

 

Chapter 4 presents an innovative binding assay that can be used as an alternative to  

Surface Plasmon Resonance. BioLayer Interferometry can offer binding kinetics of two 

molecules with a small amount of sample. We describe BioLayer Interferometry in the 

form of a methods paper and list out the technical requirements as well as precautions 

necessary to successfully use this technique. 
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2.1 Abstract 

F1-ATPase is the catalytic complex of rotary nanomotor ATP synthases. Bacterial ATP 

synthases can be autoinhibited by the C-terminal domain of subunit Ů, which partially 

inserts into the enzymeôs central rotor cavity to block functional subunit rotation. Using a 

kinetic, optical assay of F1ĀŮ binding and dissociation, we show that formation of the 

extended, inhibitory conformation of Ů (ŮX) initiates after ATP hydrolysis at the catalytic 

dwell step. Prehydrolysis conditions prevent formation of the ŮX state, and post-hydrolys is 

conditions stabilize it. We also show that Ů inhibition and ADP inhibition are distinct, 

competing processes that can follow the catalytic dwell. We show that the N-terminal 

domain of Ů is responsible for initial binding to F1 and provides most of the binding energy. 

Without the C-terminal domain, partial inhibition by the Ů N-terminal domain is due to 

enhanced ADP inhibition. The rapid effects of catalytic site ligands on conformationa l 

changes of F1-bound Ů suggest dynamic conformational and rotational mobility in F1 that 

is paused near the catalytic dwell position. 
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2.2 Introduction 

 
ATP synthases play a key role in energy metabolism in most living organisms and 

achieve energy coupling as dual engine rotary nanomotors [1ï3]. The F-type ATP synthase 

of Escherichia coli (Fig. 2.1), a bacterial prototype, is composed of core subunits that all 

have homologs in the ATP synthases of mitochondria and chloroplasts [4]. The membrane-

embedded FO complex (ab2c10) acts like a turbine to transport protons across the 

membrane, and the external F1 complex (Ŭ3ɓ3ɔŭŮ) contains three cooperative catalytic sites 

for ATP synthesis or hydrolysis. The ring of c-subunits, with the critical proton transport 

sites, is the rotor complex of FO and connects to the central rotor stalk of F1, composed of 

ɔ and the N-terminal domain (NTD)2 of Ů. The three catalytic ɓ subunits alternate with 

three Ŭ subunits to surround the upper half of the asymmetric rotor stalk of ɔ, and the ŭ-b2 

connection forms a peripheral stator stalk anchoring Ŭ3ɓ3 to the other stator subunit of FO, 

a. In vitro, F1 from eukaryotes and bacteria can be dissociated from FO as a soluble, rotary 

motor ATPase, and these F1-ATPases have been useful for both mechanistic studies and 

the determination of high resolution structures. 

Despite general conservation between bacterial and mitochondrial ATP synthases, 

it has been demonstrated that bacterial ATP synthase can be an effective target for 

antibacterial treatment. It is the target of a novel class of compounds that are bactericidal 

for actively replicating and dormant mycobacteria [5, 6] and that show promising effects 

against multidrug-resistant tuberculosis in phase II clinical trials [7]. However, the lead 

compound is only effective against a narrow spectrum of mycobacteria, and, because it 

targets the H+-transporting sites of FO, adapting this scaffold to target other pathogenic 

bacteria introduces a significant risk of cross-reaction with mitochondrial ATP synthase.  
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Figure 2.1 

 

  



78 
 

Figure 2.1. Architecture of bacterial ATP synthase, and alternate conformations of 

subunit Ů. The smaller image (bottom left) depicts the E. coli ATP synthase, with FO 

subunits spanning the membrane bilayer (shaded box); the arrow across the bilayer 

indicates the direction of proton (H+) transport during net ATP synthesis. FO subunits 

(ribbons, a (dark red), b2 (gray), c10 (green)) and F1 subunit d (orange ribbon) are from a 

homology-modeled assembly [13]].  All other F1 subunits are from determined structures 

and are surface-rendered in the FOF1 model but displayed as ribbons in the magnified view 

of E. coli F1 (3 a (green); 3 b (shades of blue); g (yellow); eNTD (1-87) (light pink), eCTD 

(88-138) (dark pink)). The FOF1 model shows e in the eC or compact conformation (Protein 

Data Bank entry 1BSN), docked to g of EF1-d (Protein Data Bank entry 3OAA). The 

magnified ribbon diagram shows the e-inhibited F1-d structure (Protein Data Bank entry 

3OAA) and omits the foremost a subunit to reveal the extended conformation of e (eX); 

for comparison, a ribbon model of the eC state is shown offset to the right. The ribbon 

diagram of each e conformation shows space-filling side-chain atoms (colored by element) 

predicted in silico for mutations eA101C/L121C. Space-filling atoms are also shown for 

ADP and SO4
2- on the one occupied catalytic b subunit (chain D). The molecular graphics 

were prepared with Chimera [81]. 
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Recently, our group determined the first crystal structure of a bacterial F1-ATPase that is 

in an autoinhibited state mediated by the C-terminal domain (CTD) of its Ů subunit [8]. 

Inhibition by Ů may serve regulatory roles in ATP synthases of bacteria [2, 9] and 

chloroplasts [10] but does not occur in mitochondrial ATP synthase, which has a distinct 

inhibitor protein [11]. Recent studies confirmed that the bacterial ŮCTD inhibits ATP 

synthesis as well as hydrolysis [12, 13], indicating that Ů inhibition may provide a new 

target for future development of antimicrobial drugs selective for bacteria. With that in 

mind, the current study focuses on improving our biochemical understanding of how the 

catalytic F1 complex of E. coli ATP synthase is inhibited by Ů.  

As shown in Fig. 2.1, the Ů subunit has two domains. The ŮNTD, essential for the 

F1 rotor connection to the c-ring in FO [2, 9], is a ɓ-sandwich fold and exhibits a similar 

conformation and association with ɔ in several structures of bacterial F1 [8, 14] and 

mitochondrial F1 (MF1) [15, 16]; essentially the same ŮNTD structure is also seen for 

isolated bacterial Ů [17ï19]. However, the Ŭ-helical ŮCTD has been observed in 

dramatically different conformations (Fig. 2.1). A compact conformation (the ŮC state) has 

a coiled-coil between its two Ŭ-helices, and the second helix packs against the ŮNTD. The 

ŮC state has been observed for isolated bacterial Ů [17ï19] and in one bacterial F1 structure 

[14]. In structures of MF1 [15] and MF1Āc-ring [20], the homolog of Ů appears to be locked 

in the ŮC state by a mitochondria-specific subunit. E. coli ATP synthase can synthesize and 

hydrolyze ATP when Ů is restricted to the ŮC state [21], in which the ŮCTD does not contact 

any F1 subunits (Fig. 2.1, left). In contrast, in the recently determined structure of E. coli 

F1 (Fig. 2.1) [8], an extended conformation of the ŮCTD (ŮX state) contacts five other 

subunits, and its terminal half is inserted into the central cavity of F1. The position and 

subunit contacts of the ŮCTD within the E. coli F1 structure correlate well with many 
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biochemical studies of Ů inhibition and interaction with other F1 subunits (reviewed in Refs. 

2 and 9). The extensive buried surface of the ŮCTD within the F1 structure and its 

interactions with two catalytic ɓ subunits suggest that this form of the enzyme represents 

an inactive state. This correlates with results of ñsingle-moleculeò (SM) studies of F1 from 

E. coli [22] and other bacteria [23ï26], showing that Ů can induce or extend long ñpausesò 

(seconds) during which ɔ does not rotate in the presence of substrate MgATP. Some SM 

studies concluded that Ů inhibits by stabilizing or extending an ADP-induced inhibitory 

pause that occurs at the catalytic dwell [22, 24, 27], whereas another recently concluded 

that ADP- and Ů-induced inhibitions are separate processes for cyanobacterial F1 [25]. 

Some studies also concluded that Ů inhibition includes or is dominated by changes to one 

or more intrinsic kinetic steps along the catalytic pathway [12, 22, 28, 29]. In the current 

study, we adapt an optical assay to directly measure the kinetics of binding and dissociation 

for E. coli F1ĀŮ and correlate these with inhibitory effects for wild type (WT) and mutant 

forms of Ů. Our biochemical evidence confirms that inhibition by the CTD of Ů initiates at 

the catalytic dwell but also shows that Ů inhibition competes with formation of the ADP-

inhibited state. Further, whereas Ů inhibition initiates at the catalytic dwell, we also show 

that the balance between active and Ů-inhibited states responds dynamically to changing 

nucleotide conditions.
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2.3 Results 

Inhibition of E. coli F 1 by Ů with and without the ŮCTD 

Upon in vitro dissociation of E. coli F1 from the membrane, Ů becomes more inhibitory but 

can dissociate upon dilution of F1, relieving inhibition of F1-ATPase activity [2]. For most 

experiments in this study, we used F1 that was depleted of ŭ and Ů subunits, or F1(-ŭŮ). The 

stator subunit ŭ does not significantly affect F1-ATPase activity [42] but was removed 

because its dissociation from F1 could interfere with assays below for F1ĀŮ binding and 

dissociation. Fig. 2.2 compares inhibition of F1(-ŭŮ) by WT and mutant forms of H6-Ů, and 

Table 2.1 summarizes the inhibition parameters from regression curves of Fig. 2.2 and an 

additional data set. As noted before [30], the N-terminal His6 tag on WT Ů did not 

significantly alter inhibition compared with WT Ů that had the tag removed (Table 2.1). 

Also, inhibition was not altered by the N-terminal Bap tag added to Ů (WT and mutants) 

for kinetic assays of F1ĀŮ binding and dissociation (not shown). 

For WT Ů, values for the inhibitory constant KI and residual activity of Ů-saturated F1 agree 

with earlier estimates [29, 43]. We obtained nearly the same parameters for Ů inhibition in 

assays with ATP < KM (not shown), consistent with noncompetitive inhibition by Ů versus 

ATP [29, 44]. We also show that the >90% inhibition by saturating WT Ů was unaffected 

by excess Mg2+ (Fig. 2.2A), although F1(-ŭŮ) alone was inhibited >50% by 1 mM excess 

Mg2+ (Table 2.1).  

To test for inhibition by Ů lacking its CTD, we used Ů88stop, one of the largest C-

terminal deletions that still allows assembly of FOF1 that is functionally coupled, both in 

vivo and in vitro [31]. In Fig. 2.1, both conformations of Ů are colored magenta for the C-  
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Figure 2.2 

   


