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Abstract 

The F1FO – ATP synthase has been the object of study in the scientific community both 

from theory and experiment over the past couple of decades. The ATP synthase is a protein 

complex in the mitochondrial membrane that efficiently converts the cell’s transmembrane 

proton gradient into chemical energy stored as adenosine triphosphate (ATP). The protein 

is made of two molecular motors, F1 and FO, coupled by the central stalk. The free energy 

used for the synthesis of ATP is in the form of protons moving down the electrochemical 

gradient from the inner-membrane space to the mitochondrial matrix via the two offset 

half-channels. The membrane bound part of ATP synthase, FO, converts the 

transmembrane electrochemical potential into mechanical rotation of the rotor in FO and 

the stalk physically connected to it. Mutations in a gene encoding ATP synthase are proven 

to affect its function and cause severe syndromes related to energy deficiency.  

In this dissertation, we study, using molecular dynamics (MD) simulations, the 

formation of the half-channels within the stator part of FO. These half-channels enable the 

proton translocation to and from the rotor portion, known as the 𝑐-ring. Combining MD 

with the protein structure network paths and hydrogen-bonding network analysis, we were 

able to observe clear evidence for proton pathways and compare our results with previous 

experimental results. We also report studies of leucine-arginine and leucine-proline amino 

acid replacements, encoded by the T-G and T-C point mutations at locus 8993 of mtDNA. 

Our results suggest, for the first time, that these mutations adversely affect water half-

channels, and consequently impair the ability of the ATP synthase to produce ATP. 
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Chapter 1 Introduction 

 

1.1 Motivation 

 

ATP synthase is a unique enzyme complex embedded in the inner mitochondrial 

membrane that embodies two of the primary cellular energy transduction mechanisms [1]. 

Also known as the F1FO-ATPase, this complex catalyzes the formation of adenosine 

triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate. This 

molecular machine can also work in reverse and hydrolyze ATP. The energy necessary to 

catalyze the creation of ATP is derived from a transmembrane proton motive gradient. The 

structure of the ATP synthase complex is represented in Figure 1.1. 

ATP is the core of all organisms energetics; it stores the energy in high energy second 

(beta) and third (gamma) phosphodiester bonds. The human body contains approximately 

50 grams of ATP at any time which is continuously recycled. Food is the source for the 

synthetic precursors of ATP. For example, a daily intake of 2500 food calories will result 

in 160 kg of ATP produced per day [2]. The human body roughly uses all of ATP produced 

in a day [3-7].  

The free energy used for the synthesis of ATP is in the form of protons moving down 

the electrochemical gradient from the inner-membrane space to the mitochondrial matrix. 

During the last step of the metabolic cycle, oxidative phosphorylation results in electron 

buildup pushing protons across the inner mitochondrial membrane to the inner-membrane 

space. Accumulation of this charge provides an electrochemical potential.  
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Figure 1.1 Structure of the ATP synthase from E. coli. The FO portion of the motor is embedded in 

the inner mitochondrial membrane, while the F1 portion lies in the mitochondrial matrix. The main 

components of the FO portion are the 𝒄-ring, consisting of 8-15 identical helices, and the 𝒂-subunit, 

composed of four membrane-spanning helices. The proton-translocating half-channels are located 

at the interface between the 𝒂-subunit and the 𝒄-ring. Protons flowing through these channels are 

generating torque on the FO by converting the energy stored in the electrochemical proton gradient 

into mechanical energy. The rotational energy is transmitted, via the 𝜸-shaft and 𝜺 subunit, to F1 

which catalyzes the formation of ATP. The 𝒂-subunit is connected to F1 by the 𝒃 and 𝜹 subunits. 

The catalytic complex, F1, is a hexamer composed of three 𝜶 and three 𝜷 subunits alternately 

packed where only 𝜷 subunits are capable of catalyzing the phosphorylation of ADP to produce 

ATP. This molecular machine is usually called F1FO-ATP synthase and has the general formula 

𝒄(𝟖−𝟏𝟓)𝒂𝟏𝒃𝟐𝜹𝟏𝜸𝟏𝜺𝟏𝜶𝟑𝜷𝟑. (Reprinted from BBA-Bioenergetics, 2000 with kind permission from 

Elsevier) [1] 
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During the synthesis of ATP molecules, this electrochemical gradient drives the 

membrane-bound portion of the ATP complex, FO, to rotate, producing a torque on FO. F1 

will generate torque during the hydrolysis of ATP molecules. These two torques are applied 

in opposite directions [8], and correctly functioning ATP synthase has a high value of 

torque generated by the electrochemical gradient. This is the torque that rotates FO toward 

the synthesis of ATP molecules.  

Based on current models [9-13], protons enter the half-channel at the interface between 

the 𝑎-subunit and 𝑐-ring and are redirected to the binding sites on the 𝑐-ring. Each proton 

is then translocated to the opposite side of the inner mitochondrial membrane after 

completing nearly one full revolution. The rotating 𝑐-ring drives the rotation of the F1 part 

of the complex, through the connecting 𝛾-shaft, enabling ATP phosphorylation. This 

process brings to mind a molecular water wheel that couples the flow of protons to the 

production of ATP molecules. Each revolution of ATP synthase requires the energy of nine 

to fourteen protons returning to the mitochondrial matrix. This number depends on the 

organism; in this project, the Escherichia Coli NMR solution model, which contains 12 

helices in the 𝑐-ring, was used. Within the F1 portion of the ATP synthase molecule are 

three active sites. Each site converts ADP to ATP with every revolution of the ATP 

synthase. Under optimal conditions, ATP synthase rotates at the rate of up to 200 

revolutions per second, resulting in 600 ATP molecules produced [14].  

 

Approximately 14 nuclear DNA (nDNA) and two mitochondrial DNA (mtDNA) genes 

are responsible for making the ATP synthase enzyme. Subunit 𝑎 is encoded by the 
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mitochondrial mtAtp6 and mtAtp8 genes [15, 16]. Mutations in these genes lead to 

maternally inherited Leigh syndrome (MILS), a disease that affects babies resulting in a  

shortening of their life span to between one and five years. MILS is a severe neurological 

disorder that typically arises in the first year of life and is represented by the progressive 

loss of mental and movement ability. Children affected by MILS are unable to grow and 

gain weight. MtAtp6 and mtAtp8 gene mutations decrease the ability of ATP synthase to 

extract energy from proton translocation.  

Understanding the mechanism of proton translocation and proton pathways through the 

FO part of the ATP synthase will play a critical role in understanding this disease and its 

treatment.  

 

1.2 Hypothesis 

 

Insights into the molecular mechanism behind the operation of the FO sector of ATP 

synthase [1, 12, 13, 17-25] will provide a platform for detailed analysis of proton 

translocation. Details about protonation of the binding sites at the 𝑐-ring are well known. 

Hydrogen-bonding networks at the binding sites are extensively explained, but the path 

protons take to reach this site is not completely clear. From previously published 

experimental work, we know that, in the case of MILS, the efficiency of ATP synthase is 

decreased [26-29].  
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In this study, we focus on answering the question ‘How are the protons mediated along 

the half-channels?’. Understanding proton translocation through half-channels will 

elucidate pathways protons take before binding to the binding sites and clarify the 

difference between healthy and mutated ATP synthase. In addition, we focus on 

understanding how specific mutations on genes encoding the 𝑎 subunit affect the proton 

translocation.  

The main idea behind our work is that half-channels are ‘water wires’ that translocate 

protons via hydrogen-bond networks, and that channels can be adversely affected by 

specific mitochondrial mutations. It is our hope that the results from this study will help in 

improved diagnostic and therapeutic approaches to treating mitochondrial diseases related 

to ATP synthase energy deficiency.  

 

1.3 Bioenergetics 

 

1.3.1 Mitochondrial Structure and Function 

 

The mitochondrion is a peanut-shaped cellular organelle made of an outer membrane, 

inner membrane, and two internal compartments named the inner-membrane space (located 

between the membranes) and matrix (located at the center of the organelle). Dimensions of 

a mitochondrion are 0.5 – 10 μm in diameter and about 7 μm in length. For a very small 

organelle, mitochondria are perfectly shaped to maximize the surface area of their inner 
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membrane which is convoluted into folds called cristae, see Figure 1.2. The inner 

membrane represents the principal site of energy production inside the mitochondrion. 

Basically, inside this membrane, the majority of energy necessary for cellular survival is 

produced. The matrix contains the enzymes of the citric acid cycle and the molecules 

produced by the citric acid cycle are fed to the electron transport chain (ETC) complexes 

located inside the mitochondrial inner membrane.  

 

Figure 1.2 Mitochondrion. On the left side is the schematic diagram showing the structure of a 

mitochondrion. On the right is the transmission electron microscopy image of the mitochondrion. 

(Reprinted from Campbell Biology (9th Edition), 2010 with kind permission from Pearson 

Education, Inc.) [30] 

 

The mitochondrion is mostly protein, but it also contains some lipid, mitochondrial 

DNA, and RNA. Metabolic activity of the cell is related to the number of mitochondria in 

a way that cells with high metabolic activity (e.g., heart cells) contain many well-developed 

mitochondria [31], up to 25% to 30% of the cell volume. The number of mitochondria 

inside the cell depends on the cellular function. For example, skeletal cells which require 
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large amounts of energy for mechanical work contain a large number of well-developed 

mitochondria. Biosynthesis of the insulin, detoxification, and nerve cells require 

remarkable amounts of energy, which is why pancreas, liver, and brain cells also contain 

large numbers of mitochondria. Mitochondria are usually called cellular power plants. 

They use energy from the food we eat and the oxygen we breathe to phosphorylate 

adenosine diphosphate (ADP), thus creating energetic ATP molecules. This process of 

creating cellular energy in mitochondria is known as cellular respiration [32].  

The cellular functions driven by the ATP include force generation (muscle contraction 

and cell division for example), the biosynthesis, folding and degradation of proteins, and 

the generation and maintenance of membrane potentials [33]. The outer membrane is less 

restrictive than the inner membrane, allowing for the smooth movement of larger 

macromolecules in and out of the space between the two membranes and thus resembles 

the cytosolic environment. The inner membrane, pivotal in ATP production, is more 

restrictive and possibly the only biological bilayer which has the highest protein to lipid 

mass ratio, with an almost a 60% protein make up [34, 35]. Although the primary role 

attributed to mitochondria is the synthesis of ATP from ADP and inorganic phosphate, it 

is far from the only one. Mitochondria are involved in additional processes such as 

apoptosis or programmed cell death [36].  

Mitochondria have their own set of DNA (mitochondrial DNA, mtDNA) that is more 

similar to bacterial DNA [37]. Human mtDNA contains only 37 genes with just 13 of these 

genes encoding the polypeptides, which are all the components of the respiratory chain-
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oxidative phosphorylation system [15]. The oxidative phosphorylation system, in addition, 

contains approximately 70 nuclear-encoded structural protein subunits.  

 

 

Figure 1.3 Cellular ATP production pathways. Adenosine triphosphate (ATP) is a high-energy 

compound that provides energy for a wide range of cellular processes. ATP is produced through 

the breakdown of glucose via two pathways. Via glycolysis in the cytoplasm, one molecule of 

glucose is converted to two molecules of pyruvate, NADH, and two ATP. Pyruvate can either be 

fermented or translocated to the mitochondria, where it is converted to Acetyl-CoA and 

metabolized to CO2 and H2 O in the Krebs cycle or citric acid cycle. The Krebs cycle provides 

substrates for the electron transport chain (ETC) and oxidative phosphorylation. If glucose is 

metabolized via the latter pathway, it yields an additional two molecules of ATP in the Krebs cycle 

and 32 more by oxidative phosphorylation, resulting in a total of 36 molecules of ATP from the 

breakdown of 1 molecule of glucose. Therefore, mitochondrial energy production is responsible 

for the bulk of the production of cellular energy. The ETC is at the core of this process since it 

reduces O2 and generates the proton motive force that drives the production of 32 molecules of 

ATP. The processes in the Krebs cycle, the ETC, and oxidative phosphorylation thus act in concert 

during cellular respiration, consuming O2 and producing CO2. (Reprinted from Parkinson's 

Disease, 2017 with kind permission from Elsevier) [38] 
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The last step of the metabolic cycle happens inside the mitochondrion. During the last 

steps in the breakdown of glucose, mediated by the citric acid cycle, the energy necessary 

for oxidative phosphorylation is released. This energy is in the form of the two important 

high-energy molecules, NADH and FADH2, which are fed into the ETC. Oxidation of 

NADH and FADH2 produces free energy necessary for pumping protons across the 

mitochondrial inner membrane. The potential difference created by proton buildup in the 

inner mitochondrial membrane is used to drive ATP synthase, which results in ATP 

production (Figure 1.3). 

 

1.3.2 The Electron Transport Chain 

 

The ETC is a series of four multi-subunit mitochondrial complexes [36-38]. These 

complexes participate in the electron transport coupled with the translocation of protons 

across the inner mitochondrial membrane. The process of proton translocation across the 

inner mitochondrial membrane generates the electrochemical gradient (proton motive 

force) in the mitochondrial inner-membrane space, which drives the production of ATP 

molecules by the ATP synthase protein. These complexes are designated by Roman 

numerals I through IV. Three of these complexes, complex I, II, and IV, are called the 

proton pumps; they participate in pumping the protons across the membrane, while 

complex II is an additional entry point for electrons into the chain. The ATP synthase is 

sometimes referred to as complex V of the ETC even though it does not take part in electron 

transport, but instead, it serves as the ion channel through which the protons are transported 
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back to the mitochondrial matrix. The ETC and APT synthase together constitute the 

oxidative phosphorylation system (Figure 1.4).  

 

 

Figure 1.4 Schematic representation of the oxidative phosphorylation. Complexes I, II, III, IV, V 

are indicated. Dotted lines indicate the direction of the electron flow and solid arrows indicate the 

direction of proton translocation. All complexes are represented as a monomer. cyt c – cytochrome 

c; Q – ubiquinone; QH2 – ubiquinol; ims – inner-membrane space. (Reprinted from Mitochondrial 

Function and Biogenesis, 2004 with kind permission from Springer) [39] 

 

NADH enters the ETC through complex I, the largest enzyme-complex of the ETC and 

oxidative phosphorylation. The energy released from the oxidation of NADH is used to 

pump four protons across the mitochondrial inner membrane.  

While complex II is made of only four protein subunits, it plays a vital role in producing 

the substrate for complex III. In addition, it is involved in both the TCA cycle and electron 

transfer but does not have proton pumping ability.  
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Complex III is also known as cytochrome bc1 complex – it translocates four protons to 

the mitochondrial inner-membrane space to contribute to the proton gradient.  

Complex IV is unique, since it not only pumps the protons, it also produces water. The 

contribution to the proton gradient from this complex is equal to 2 protons. This complex 

is the last enzyme of the respiratory chain.  

The last and fifth complex of oxidative phosphorylation is the ATP synthase. It is an 

essential enzyme that connects the proton gradient to phosphorylation, the process of 

adding a phosphate to ADP to create ATP. The potential energy in the form of an 

electrochemical gradient is harnessed to create chemical energy in the form of ATP [32].  

The energy released from the oxidation of one NADH molecule will result in pumping 

10 protons across the mitochondrial inner membrane, which contributes to the proton 

gradient.  

Sometimes, electrons will leak from ETC to react with oxygen and form superoxide 

free radicals. These highly reactive molecules have been implicated in a number of 

diseases, aging being one of them [40, 41]. The two sites within ETC where electrons can 

leak are Complexes I and III.  
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1.3.3 The ATP Synthase 

 

ATP is the vital energy source used by aerobic cells. A number of enzymes couple the 

energetically favorable hydrolysis of ATP to energetically unfavorable chemical reactions 

in order to carry out necessary life functions [42]. The energy released by the 

transmembrane proton translocation is used to power the ATP synthase molecular motor 

to synthesize the ATP from ADP and inorganic phosphate [43]. This molecular machine is 

found in plasma membranes of bacteria, the thylakoid membranes of chloroplast, and the 

inner mitochondrial membranes of mitochondria.  

The ATP synthase is a multiprotein complex consisting of a soluble F1 part that 

synthesizes the ATP and a membrane-embedded FO part that allows the proton 

translocation across the lipid membrane having the function of a proton channel. The FO 

portion of ATP synthase is named this way because of its ability to bind the inhibitor 

oligomycin [44-46]. (Oligomycin is an antibiotic that obstructs the synthesis of ATP by 

blocking the translocating channel within the membrane-embedded portion of the 

molecular motor, binds to subunit 𝑐 [47].) As a consequence, it would also stop the electron 

transport chain, because if the high proton concentration buildup in the inner-membrane 

space is not dissipated, the free energy released by the electron transport is not enough to 

pump any more protons against the steep electrochemical gradient. The geometrical 

structure of ATP synthase is represented in Figure 1.1.  

The F1 region includes the subunits 𝛼, 𝛽, 𝛾, 𝛿, and 휀, while the 𝑎, 𝑏, and 𝑐 subunits are 

identified to comprise the FO portion of the molecular motor. The 𝑐 subunits comprise the 
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rotor of the FO part. Subunits 𝛼 and 𝛽 are packed alternatively, forming the six-fold pseudo-

symmetric ring [43, 48], where only the 𝛽 subunits have the capability of catalyzing the 

phosphorylation of ADP to produce ATP [43, 49-52]. Subunits 𝛾, 𝛿, and 휀 comprise the 

central stalk [53] of mitochondrial ATP synthase (𝛾 and 휀 for bacterial) which acts as an 

axle and connects the rotation of electric motor (FO) to the rotation of the chemical motor 

(F1) [9, 10, 21, 54-57]. The central stalk connects FO and F1 and transmits the rotation from 

one to the other, while the stator, subunit 𝑏, links the two portions of the enzyme at the 

periphery. When FO is turned, it rotates the central stalk (axle), and the chemical part of the 

motor becomes the generator creating ATP as it rotates. One can think of ATP synthase as 

two motors, FO and F1, connected by an axle, the central stalk. 

The beauty of this complex is that one motor is forcing the other motor to turn and to 

change into a generator. In human cells, FO uses the power from the proton gradient to 

force F1 to generate ATP. As the food is broken down and used as a fuel to pump protons 

across the mitochondrial inner membrane, FO allows these ions to return to the 

mitochondrial matrix turning the rotor in the process. The rotation from the rotor is 

transmitted via the axle to F1, which becomes a generator. Remarkably, F1 can operate as a 

motor and generator. In generator mode, the power of rotation is used to synthesize ATP, 

and when operating as a motor, it breaks down ATP and spins the axle in the opposite 

direction. Several steps are necessary for the synthesis of an ATP molecule: (1) binding of 

phosphate and ADP, (2) the creation of the new phosphate-phosphate (phosphodiester) 

bond, and (3) release of the newly formed ATP. Assisting these three complicated steps 

are three conformational changes in F1 forced by the central stalk turning. The general 
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shape of the F1 portion is conserved across organisms [42], while the FO region has a lot of 

variation in composition from organism to organism.  

Bacterial ATP synthase has the simplest structure of the FO region with general formula 

𝑎𝑏2𝑐8−15 [58-64]. ATP synthases from other organisms have very similar structures with 

the exception of that from mitochondria, which is more complex and possesses additional 

subunits [40, 43, 49, 54, 65-69]. The functions of these additional subunits are generally 

still unclear [40]. Table 1.1 represents the subunit composition, genetic specification, and 

stoichiometry of mitochondrial ATP synthase from yeast and mammalian cells in 

comparison to the bacterial (E. coli) ATP synthase [54]. Often, F1 is called a molecular 

machine, while FO is called a proton turbine [70]. 

The focus of this study is the FO part of the ATP synthase, and the Molecular Dynamics 

(MD) simulations are performed on the Escherichia coli model reported in the Protein Data 

Bank (PDB, http://www.rcsb.org/pdb). It is comprised of three subunits in a 𝑎1𝑏2𝑐12 

stoichiometry [57, 71]. FO is often referred to as the electrochemical motor of the ATP 

synthase.  

The rotor part of FO plays a direct role in pairing proton translocation to conformational 

changes in F1 driving ATP synthesis [56]. It is composed of 12 identical antiparallel 

hydrophobic 𝛼-helices connected by a polar loop. These 𝛼-helices, comprising 79 amino 

acids, fold through the membrane as a hairpin. The hairpin 𝛼-helices are arranged in an 

annular ring creating a cylindrical shape referred to as the 𝑐-ring. Subunits 𝑎 and 𝑏2 are at 

the periphery of the cylinder that represents the 𝑐-ring [72-76]. 

 

http://www.rcsb.org/pdb
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Table 1.1 Subunit composition, genetic specification, and stoichiometry of mtATPase from yeast 

and mammalian cells  

 Bacteria 

(E. Coli) 

 Mitochondria 

 Yeast Mammalian Stoichiometryc 

Sector Subunit  Subunit Genea Subunitb  

F1 𝛼 

𝛽 

𝛾 

𝛿 

휀 

 𝛼 

𝛽 

𝛾 
OSCP 

𝛿 

휀 

ATP1 

ATP2 

ATP3 

 

ATP16 

ATP16 

     𝛼 

     𝛽 

     𝛾 
     OSCP 

     𝛿 

     휀 

     3 

     3 

     1 

      

     1 

     1 

FO a 

 

b 

c 

 Su6 

 

B 

Su9 

 

Su8 

 

OSCP 

D 

E 

F 

G 

H 

i/j 

K 

INH 

STF1 

(9 kDa) 

STF2 

(15 kDa) 

STF3 

ATP6m  

(oli2) 

ATP4 

ATP9m 

(olil) 

ATP8m 

(aap1) 

ATP5 

ATP7 

ATP21 

ATP17 

ATP20 

ATP14 

ATP18 

ATP19 

INH1 

STF1 

 

STF2 

 

STF3 

     Su6m 

 

     b 

     Su9 

 

     A6Lm 

 

     OSCP 

     d 

     e 

     f 

     g 

     F6 

 

 

     IF1 

     1 

      

     1 

     10 

      

     1 

 

     1 

     1 

     1 (2d) 

     1 

     1 

     1 

     1 

     ? 

     1 

     1 

 

     1 

 

     ? 

 

Subunits are aligned horizontally based on the sequence of functional homology. The bacterial (E. 

coli) are shown for comparison with mtATPase subunits. a Genes are in nuclear DNA of 

Saccharomyces cerevisiae, except those marked with m, which are in mitochondrial DNA. 

References for individual subunits are ATP1 [77]; ATP2 [78]; ATP3 [79]; ATP16 [80]; ATP15 [81]; 

ATP6 (oli2) [82]; ATP4 [83]; ATP9 (oli1) [84, 85]; ATP8 (aap1) [86]; ATP5 [87]; ATP7 [88]; 

ATP21 [89]; ATP17 [90]; ATP20 [91]; ATP14 [92]; ATP18 [93, 94]; ATP19 [95]; INH1 [96]; STF1 

[97]; STF2 [98]; STF3 [99]. b 𝛼, 𝛽, 𝛾, 𝛿, 휀 [100]; Su6, A6L [101]; Su9 [102]; b,d [103]; OSCP, F6, 

INH [104]; e [105]; f,g [53]. c Compilation of data for both yeast and bovine systems represented 

in the following references [95, 100, 106-114]. A question mark indicates subunits for which no 

reliable stoichiometric data are available. d [115] (Reprinted from International Review of Cell and 

Molecular Biology, 2008 with kind permission from Elsevier)[54] 
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At the center of the membrane is an essential carboxyl group that serves as the proton 

binding site [55, 56, 116]; in a case of the model used (E. coli), this is aspartate at a position 

61 (𝑐Asp61), while for mammalian cells it is glutamate at a position 65 (𝑐Glu65) [10, 57, 

117]. Each 𝑐Asp61can assume either a protonated (neutral) or deprotonated (negatively 

charged) state. Proton binding and dissociation at this amino acid, and a resultant 

conformational change in the loop region initiate the rotation of the 𝛾-subunit and release 

of ATP from F1. The side chain of the carboxyl group acts as a proton donor and acceptor 

in the proton translocation. Fillingame postulated the existence of two half-channels 

formed by the 𝑎-subunit, which provide the access to the essential carboxylate on the 𝑐-

subunit from the mitochondrial inner-membrane space and matrix [55, 118-122]. The 𝑐-

ring rotates within the membrane in steps determined by the number of the 𝑐-subunits in a 

ring. For the model used in this study, 12 protons are used to rotate the 𝑐-ring 360° driving 

the synthesis of three ATP molecules.  

Glutamate and aspartate contain carboxylic acid functionalities in their sidechains. The 

carboxylic acid can easily dissociate into carboxylate ion and proton. The negative charge 

that is left on the carboxylate ion after the deprotonation is stabilized by resonance; the 

electron is delocalized between two electronegative oxygen atoms. Energy delocalization 

lowers the potential energy of, in this case, the amino acid and in that way makes it more 

stable.  

The essential aspartate (E. coli) is located at the center of the second helix of the 𝑐-

subunit. This position is in the middle of the lipid bilayer. The laws of thermodynamics 

strongly suggest that only the protonated form of aspartate can exist in the center of the 
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lipid membrane and that the protonation/deprotonation reaction must occur in a hydrophilic 

environment. One can ask how it is possible to have a hydrophilic environment in a strongly 

hydrophobic region of lipid bilayer. The two half-channels will create this small 

hydrophilic region at the interface between the 𝑐-ring and the 𝑎-subunit; the first half-

channel spans between the mitochondrial inner-membrane space and the middle of the lipid 

bilayer. The second one spans between the mitochondrial matrix and the middle of the 

membrane. It is essential to state that these two half-channels are offset. This widely 

accepted model on proton translocation is called a two-channel model [11, 123, 124]. The 

model suggests that these two half-channels are within the 𝑎-subunit, and the proton 

binding site is at the interface between the 𝑐-ring and the 𝑎-subunit at the middle of the 

lipid bilayer.  

The principal component of the proton pathway is a strictly conserved amino acid, 

which is part of the 𝑎-subunit [70]. It is arginine at position 210 (𝑎Arg210) for E. coli and 

at position 159 (𝑎Arg159) for human mitochondria [125, 126]. Subunit 𝑎 plays a key role 

in coupling proton transport to the rotations of the 𝑐-ring [118]. It folds in the mitochondrial 

inner membrane with five transmembrane helices (TMH), and it provides access channels 

to the proton binding 𝑐Asp61 [119, 127-129]. Based upon cross-linking experiments [76], 

𝑎TMH4 and 𝑐TMH2, the helix to which 𝑐Asp61 is anchored [76], pack in parallel to each 

other. The interaction of conserved 𝑎Arg210 in 𝑎TMH4 with 𝑐TMH2 is considered to be 

critical during the protonation and deprotonation of 𝑐Asp61 [130-133]; it is postulated to 

facilitate the protonation/deprotonation of 𝑐Asp61 and cause the rotation of the 𝑐-ring past 

the stationary subunit 𝑎 [119, 122]. The 𝑎-𝑐 interface is formed by TMHs four and five of 
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the 𝑎-subunit and TMH2 from the 𝑐-ring [119, 121]. Two 𝑐-subunits are interacting with 

the 𝑎-subunit at all times; the first one is being protonated while the second one is releasing 

the proton. The proposed mechanism of proton transfer during the production of ATP is as 

follows [64, 134, 135]. A proton enters the half-channel from the intermembrane space (we 

will call it inlet half-channel) and then binds to the negatively charged 𝑐Asp61 

transforming it to an ion-locked conformation. This proton neutralizes the negative charge 

on 𝑐Asp61 and allows the 𝑐-subunit to rotate towards the hydrophobic lipid layer. 

Simultaneously, the neighboring 𝑐-subunit returns from the lipid bilayer, and it is exposed 

to the second half-channel (we will call it outlet half-channel). The hydrophilic 

environment of the outlet half-channel will promote the deprotonation of 𝑐Asp61, and the 

released proton will enter the mitochondrial matrix region. The conserved arginine in the 

𝑎-subunit is believed to prevent the proton shortcut from inlet half-channel to the 

mitochondrial matrix without 𝑐-ring rotation [136]. With its positive charge, it will block 

futile rotation of the 𝑐-ring without deprotonation. 

The new insights into the molecular mechanism of rotation of FO part of ATP synthase 

suggest the end positions of inlet and outlet half-channels. The membrane-spanning 𝑐-

subunits are formed almost utterly comprised by hydrophobic amino acids (residues), and 

as a consequence, cannot mediate proton translocation. The binding site, 𝑐Asp61, can only 

change the protonation state when in contact with the 𝑎-subunit, which includes polar 

groups. The polar residues comprising 𝑎-subunit are thought to form two proton half-

channels terminated by 𝑎Ser206 (serine at a position 206, E. coli numbering) and 𝑎Asn214 

(asparagine at a position 214, E. coli numbering) [10, 120, 133] (illustrated in Figure 1.5). 
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Figure 1.5 Ribbon representations of the membrane-bound FO portion of ATP synthase. (a) Side 

view of 𝑎-subunit (magenta) and 𝑐-ring (cyan) complex. (b) Top view of the 𝑎- 𝑐 complex looking 

down from the mitochondrial inner-membrane space. The arrows point in the direction of rotation 

of the 𝑐-ring. (c) The top view from mitochondrial inner-membrane space at the 𝑎-subunit and two 

𝑐-subunit at the 𝑎-𝑐 interface. The 𝑎Arg210 and two 𝑐Asp61 residues are represented in CPK style 

(solid van der Waal spheres for atoms and cylinders for bonds). (d) The close view of the binding 

site at the 𝑎-𝑐 interface. Only transmembrane helices nesting the critical residues involved in proton 

transfer are represented. (e) The side view (looking from the inside of the 𝑐-ring) of the binding 

site at the 𝑎-𝑐 interface. Beside the 𝑎Arg210 (blue) and 𝑐Asp61 (red), the two terminal residues of 

the inlet (𝑎Asn214) and outlet (𝑎Ser206) half-channels are represented in lime color. All the images 

are rendered using the molecular visualization program, VMD [137]. ims – mitochondrial inner-

membrane space, matrix – mitochondrial matrix, 𝑐𝑝 – protonated 𝑐-subunit, 𝑐𝑑 – deprotonated 𝑐-

subunit.  

 

The inlet half-channel, terminated at 𝑎Asn214, connects the proton-rich inner-

membrane space to the proton binding region in the middle of the hydrophobic membrane 

bilayer. The outlet half-channel starts at 𝑎Ser206 connecting the proton binding region to 

the mitochondrial matrix. Fillingame et al. [10, 55, 118, 119, 122, 133, 138, 139] proposed 

a mechanism where a proton travels from the inner-membrane space via the inlet half-
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channel and protonates the 𝑐Asp61 binding site. The protonation of 𝑐Asp61 before leaving 

the 𝑎-𝑐 interface is needed to avoid energetically unfavorable exposure of a negatively 

charged residue to the hydrophobic membrane environment. The rotation of the 𝑐12-ring, 

which is induced by the proton electrochemical gradient, will bring 𝑐Asp61 close to the 𝑎-

subunit again after nearly a full revolution. This will cause the release of a proton, which 

then travels to the mitochondrial matrix via the outlet half-channel. Also, significant 

rotation of the outer TMH of a 𝑐-subunit around its axis is needed in order to bring the 

𝑐Asp61 to the 𝑎-𝑐 interface where it will be protonated or it will release the proton; the 

side chain of 𝑐Asp61 is brought to either proton half-channel (Figure 1.6a).  

After 𝑐Asp61 is deprotonated, it will form a stable hydrogen-bond with 𝑎Ser206, the 

terminal residue of the outlet half-channel. Another stable hydrogen-bond will be formed 

between still-protonated 𝑐Asp61 and 𝑎Asn214 (the terminal residue of the inlet half-

channel) while 𝑎Arg210 is forming transient hydrogen-bonds with 𝑐Asp61 on both 

𝑐TMH2 exposed to the 𝑎-𝑐 interface. This situation is represented in Figure 1.6b. At this 

point, the positively charged 𝑎Arg210 will prevent protons from moving from one binding 

site to the other.  

To summarize, the rotation of the 𝑐-ring is induced by cooperative interaction of two 

neighboring 𝑐-subunits with 𝑎TMH4. The 𝑐Asp61 of one of these two is always 

deprotonated. The rotation of the two 𝑐-subunits exposed to the 𝑎TMH4 brings the binding 

sites in contact with 𝑎Arg210 and with the terminal residues of the proton half-channels 

(𝑎Ser206 and 𝑎Asn214). Furthermore, the direction of the 𝑐-ring rotation is controlled by 

the proton-motive force, and it will only continue rotating when one of the binding sites 
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exposed to the 𝑎-𝑐 interface is protonated. Although we know details about 

protonation/deprotonation of the 𝑐-subunits and terminal residues for half-channels, 

detailed explanations of proton pathways are somewhat unclear. The main focus of this 

study is to shed some light on proton mediation along the half-channels. Combining the 

hydrogen-bonding network with structural communication between residues within the 𝑐-

subunits will elucidate the details about proton translocation.  

 

 

Figure 1.6 The protonation/deprotonation at the proton binding site. (a) Concerted rotation of the 

𝑐-subunit outer helix and the 𝑐-ring in a lipid bilayer. The 𝑐2𝐿 helix has been forced to rotate 

clockwise by 180°. Shown in the instance when the salt bridge is transferred between two 

neighboring 𝑐-subunits, i.e., when the conformation 𝑐𝐴𝑠𝑝61⊝ − 𝑎𝐴𝑟𝑔210 − 𝑐𝐴𝑠𝑝61⊝ has been 

momentarily assumed. The view is from the inner-membrane space down to the mitochondrial 

matrix. (b) Hydrogen-bond network formed between the binding sites (𝑐Asp61) and the terminal 

residues of the inlet (𝑎Asn214) and outlet (𝑎Ser206) half-channels. The critical residue 𝑎Arg210 

forms transient hydrogen-bonds with both binding sites. The bottom is the inner-membrane space 

side, while the top is the matrix side. (Reprinted from Biophysical Journal, 2004 with kind 

permission from Elsevier) [10] 
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1.4 Mitochondrial Genetic Diseases 

 

1.4.1 Mitochondrial Mutations  

 

Human mitochondrial DNA is a circular DNA [140] that contains 37 genes where only 

13 of them encode polypeptides. All 13 genes are components of the electron transport 

chain or ATP synthase (22 encode the transfer RNAs, tRNA, and other two ribosomal 

RNA). The electron transport chain complexes contain approximately 70 nuclear-encoded 

peptides imported into the mitochondrion by specific import pathways [15]. Two of the 

mitochondrial ATP synthase subunits are encoded by the mitochondrial human genome, 

Su6m, and A6Lm (cf. Table 1.1). Subunit Su6m corresponds to the 𝑎-subunit where the A6Lm 

subunit is the additional subunit present in human and yeast mitochondria. The genes 

encoding these two subunits are the mtAtp6 and mtAtp8 genes [15, 16, 70]. Figure 1.7 

represents the architecture of the mitochondrial genome and the electron transport chain.  

A single cell contains hundreds of mitochondria, and each mitochondria multiple 

copies of mitochondrial DNA (on average two to ten). The cells comprising the organs 

with high metabolic activity contain a high number of mitochondria. As a consequence, 

the severity of mutation in mtDNA differ between organs. Mitochondrial genetic diseases 

are maternally inherited. The majority of the mutations associated with the mitochondrial 

diseases are the mutations in the mtAtp6 gene. Since this is the gene that encodes the 𝑎-

subunit, it only reflects the importance of the 𝑎-subunit in proton translocation.  



23 

 

Figure 1.7 Architecture of the mitochondrial genome and respiratory chain. (A) Schematic 

representation of the 16,569 bp human mitochondrial genome (NC_012920), with the protein-

coding genes colored according to the complexes to which they contribute subunits, two ribosomal 

RNAs, 22 tRNAs and non-coding D-loop in white. (B) Montage depicting the structural 

information currently available for the five complexes that together contribute to the mitochondrial 

oxidative phosphorylation machinery. Each complex (to scale) is embedded in a cartoon 

representation of the lipid bilayer with the mitochondrial (m)-encoded subunits colored 

corresponding to the genome diagram. The nuclear (n)-encoded subunits are shown in grey. 

(Reprinted from PLOS ONE, 2013, Open Access license) [141] 

 

Disease-causing mutations in the genes encoded in the mtDNA were first identified in 

1990 [142]. In Table 1.2 below, the primary mitochondrial DNA-related diseases are listed. 

A continuously updated list of mitochondrial diseases is reported on www.mitomap.org. 

 

 

http://www.mitomap.org/
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Table 1.2 Selected list of the primary mitochondrial DNA-related diseases 

Disease Locus Allele nt change AA change 

LHON mtND1 G3460A G-A R340H 

LHON mtND4 G11778A G-A A52T 

LHON mtND6 T14484C T-C M64V 

LS mtND3 T10158C T-C S34P 

LS mtND4 C11777A C-A R340S 

LS mtND5 T12706C T-C F124L 

MELAS mtND5 A13514G A-G D393G 

MELAS mtTL1* A342G A-G * 

MERRF mtTK** A8344G A-G ** 

MERRF mtTK** T8356C T-C ** 

NARP/MILS mtAtp6 T8993C T-C L156P 

NARP/MILS mtAtp6 T8993G T-G L156R 

AD mtND2 G5460A G-A A331T 

 

AD – Alzheimer disease; LHON – Leber Hereditary Optic Neuropathy; LS – Leigh Syndrome; 

MELAS – Mitochondrial  Encephalomyopathy, Lactic Acidosis, and Stroke-Like Episodes; 

MERRF – Myoclonic Epilepsy and Ragged Red Fiber Disease; MILS – Maternally Inherited Leigh 

Syndrome; NARP – Neurogenic Muscle Weakness, Ataxia, and Retinitis Pigmentosa; * mutation 

in tRNALeu (UUR); ** mutation in tRNALys; A – Adenine;C – Cytosine; G – Guanine; T – Thymine; 

G3460A – replacing Guanine at allele 3460 with Adenine; R340H – replacing the Arginine at the 

position 340 with Histidine; nt change – nucleotide change; AA change – amino acid change;  

A – Alanine; D – Aspartate; F – Phenylalanine; G – Glycine; H – Histidine; L – Leucine;  

M – Methionine; P – Proline; R – Arginine; S – Serine; T – Threonine; V – Valine.  

 

To date, 36 disease or phenotype-causing mutations are reported. This number includes 

only mutations in the mtAtp6 gene (cf. www.mitomap.org). From the literature, we know 

that most of the mutations in the human subunit 𝑎 are associated with diseases [26, 28, 29, 

142-181]. Table 1.3 lists the confirmed mutations (two or more independent laboratories 

have published reports on the pathogenicity of a specific mutation) in the mtAtp6 gene 

with related diseases. Residues 𝑎Leu156, 𝑎Leu217, and 𝑎Leu220 (leucine at positions 156, 

217, and 220 for human numbering) are characteristic since their position is at the location 

http://www.mitomap.org/
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of the outlet half-channel. The question is how these mutations will affect the existence of 

the outlet half-channel. The corresponding residues for the E. coli model are 𝑎Leu207, 

𝑎Leu259, and 𝑎Val262 (valine at a position 262). The 𝑎Leu207 and 𝑎Leu259 are highly 

conserved residues located at 𝑎THN4 and 𝑎THN5 while 𝑎Val262 is adjacent to the 𝑎THN5 

and binds the highly conserved 𝑎Ile261 (isoleucine) and 𝑎Tyr263 (tyrosine) which are 

thought to be implicated in the proton translocation. The position of 𝑎Leu207 is only three 

residues away from the highly conserved 𝑎Arg210 and one residue away from the terminal 

residue of the outlet half-channel. In this study, we will focus on mutations of the 𝑎Leu207 

residue and investigate how this specific point mutation is affecting the outlet half-channel 

and consequently, the production of ATP.  

Table 1.3 Up-to-date list of the confirmed mtAtp6 gene disease-causing mutations, as of July 2019 

Disease Allele nt change AA change 

BSN/Leigh Syndrome T8851C T-C W109R 

MLASA/IgG nephropathy  G8969A G-A S148N 

NARP/Leigh Disease/MILS T8993C T-C L156P 

NARP/Leigh Disease/MILS T8993G T-G L156R 

Ataxia syndromes T9035C T-C L170P 

FBSN/Leigh Disease T9176C T-C L217P 

Leigh Disease/Spastic Paraplegia T9176G T-G L217R 

Leigh Disease/Ataxia/NARP-like 

syndromes 
T9185C T-C L220P 

 

 BSN – Bilateral striatal necrosis; NARP – Neurogenic  muscle weakness, Ataxia, and Retinitis 

Pigmentosa; alternate phenotype at this locus is reported as Leigh Disease; MELAS – 

Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes; MILS – Maternally 

Inherited Leigh Syndrome; A – Adenine;C – Cytosine; G – Guanine; T – Thymine; G8851A – 

replacing Guanine at allele 8851 with Adenine; W109R – replacing the Tryptophan at the position 

109 with Arginine; nt change – nucleotide change; AA change – amino acid change; L – Leucine;  

N – Asparagine; P – Proline; R – Arginine; S – Serine; W – Alanine;  
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1.4.2 Bioenergetics of Mitochondrial Diseases Associated with mtDNA Mutations 

 

Mitochondrial DNA mutations cause diseases associated with defects in oxidative 

phosphorylation, which is the primary energy-producing system in cells. The production 

of ATP is catalyzed in the mitochondrial respiratory chain (comprised of four large protein 

complexes I – IV) and the ATP synthase. Complexes I – IV are parts of the electron 

transport chain, and the ATP synthase harnesses the energy generated by the electron 

transport chain. All five complexes together comprise nearly 90 different subunits, and 13 

of them are encoded by mtDNA. To understand the underlying pathophysiology of any 

mtDNA mutation, one should examine multiple aspects of bioenergetics [182]. This test 

involves the analysis of checkpoints in energy metabolism (the end point of glycolysis, the 

final step of oxidative phosphorylation – production of ATP, and overall respiratory chain 

function – rates of oxygen consumption). In this section, we will discuss the bioenergetics 

for some of the mutations listed in Tables 1.2 and 1.3. A large number of mutations 

affecting human mtDNA are linked with disorders involving tissues that are characterized 

by a high-energy demand, including the central nervous system, skeletal, and cardiac 

muscles.  

LHON (Leber Hereditary Optic Neuropathy) is an inherited form of central vision loss 

[183, 184]. The three most frequent mutations causing this disease are G3460A/ND1, 

G11778A/ND4, and T14484C/ND6. Biochemical investigations revealed that 

G3460A/ND1 mutation has a consistent reduction of 60-80% in complex I electron transfer 

activity [185-187], while the other two mutations had normal or slightly reduced activities 
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[188, 189]. The reduced activity of complex I leads to impaired electron flow, which will 

cause decreased respiratory activity. Furthermore, proton pumping through complex I is 

defective and affects energy conservation. Finally, an increase in reactive oxygen species 

(ROS) generation will occur as a consequence of disrupted electron transport.  

The Neurogenic muscle weakness, Ataxia, and Retinitis Pigmentosa syndrome 

(NARP) and the maternally inherited Leigh syndrome (MILS) are rare genetic disorders 

caused by abnormalities affecting mitochondrial energy production. NARP is characterized 

by a disease affecting the nerves outside of the central nervous system (peripheral 

neuropathy), a diminished ability to coordinate voluntary movements (ataxia), an eye 

condition known as retinitis pigmentosa (RP), and a variety of additional abnormalities. 

MILS is a more severe mitochondrial disorder that often becomes apparent during infancy 

or childhood and is characterized by brain disease, elevated levels of lactic acid in the body, 

seizures, heart disease, respiratory abnormalities, and developmental delays. NARP and 

MILS are both caused by the mutations in the mtAtp6 gene, more specifically at the base 

pair 8993 (cf. Table 1.3) [142, 190].  

The two mutations are associated with mitochondrial dysfunction and cause severe 

syndromes in energy deficiency. The T8993G mutant decreases the ability of ATP synthase 

to extract energy from proton translocation to only 5% of its full capacity. On the other 

hand, the T8993C mutant will slow down the synthesis of ATP by less than 25% and proton 

translocation by 30% [26, 27, 191]. It is safe to state that mutations in the mtAtp6 gene will 

cause diseases associated with energy deficiency. Additionally, it is important to stress that 

severity of the given disease will depend on the mutation load (percentage of the mutant 
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mtDNA), the nucleotide change (e.g., T8993G point mutation will replace conserved 

Leucine with positively charged Arginine at the outlet half-channel), and the position of 

the mutated residue within the 𝑎-subunit. The mutations along the proposed inlet and outlet 

half-channels within the ATP synthase are expected to affect the proton translocation and 

production of ATP tremendously. In this study, the main focus will be on the T8993G and 

T8993C mutations and their effect on proton translocation.  

 

1.4.3 Maternally Inherited Leigh Syndrome 

 

MILS and NARP syndrome are mitochondrial conditions transmitted from the mother 

to the children. The specific mutations in the mitochondrial mtAtp6 gene, T8993G, and 

T8993C mutations, cause both MILS and NARP. When the mutation load, the percentage 

of mutant mtDNA within cells, is typically in a range between 75% and 90%, individuals 

are classified as having NARP syndrome [192]. In the case of MILS, the mutation load is 

higher than 90% [193]. When the mutation load is below 60%, patients carrying the 

mutation on base pair 8993 will remain asymptomatic [194]. Within the same family one 

individual may have NARP syndrome while another individual is diagnosed with MILS.  

MILS is a fatal neurodegenerative disease with early childhood onset and is often 

apparent during the first three months to one year of life (onset can occur at any time from 

birth through adulthood). Later onset of this disease is often associated with a slower 

progression of symptoms. Many cases of MILS are first observed following a viral 

infection. The specific symptoms and severity can vary significantly from one individual 
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to the next. Generally, Leigh syndrome is a progressive neurodegenerative disorder. If the 

onset of the disease is during the first year of life, the initial signs may be weak sucking 

ability and loss of head control. Additional symptoms can include an intense loss of 

appetite, recurring vomiting, and possible seizure activity. Infants affected by Leigh 

syndrome will have delays in reaching developmental milestones. Affected children will 

experience the inability of an organ system to compensate for illness or deficiency (e.g., 

loss of functions that require the coordination of mental and muscular activities). If the 

onset of the disorder is later during childhood, ataxia (affected children appear clumsy or 

unsteady) or difficulty articulating words will be the initial signs. Additionally, affected 

children will lose previously acquired intellectual skills, and intellectual disability will 

occur. 

The symptoms that characterize the progressive neurological deterioration associated 

with MILS are: generalized muscle weakness; lack of muscle tone; tremors, seizures, 

infantile spasms; movement disorders such as rapid involuntary jerky movements; the stiff 

movement of the legs, and dystonia (involuntary muscle contractions that force the body 

into abnormal, painful movements, and positions). 

Individuals with MILS will develop a range of respiratory abnormalities, including the 

temporary cessation of spontaneous breathing, difficulty in breathing, abnormally rapid 

breathing, and irregular breathing patterns. Some infants will additionally experience 

difficulty swallowing. Visual problems will include abnormally rapid eye movements, 

sluggish pupils, crossed eyes, paralysis of specific eye muscles, deterioration of the nerves 

of the eyes, and visual diminishing leading to blindness. MILS may also affect the heart. 
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Children with this disorder will have abnormal enlargement of the heart and overgrowth of 

the membrane that divides the chambers of the heart. In some cases of MILS, complications 

can develop by three years of age. 

Previously in this section, we stated that the specific mutations in the mitochondrial 

mtAtp6 gene, T8993G, and T8993C, will result in NARP and MILS syndromes. The two 

mutations are on a base pair 8993 in mtDNA. The 𝑇 → 𝐺 point mutation changes Leucine 

at a position 156 with Arginine in the 𝑎-subunit, while the 𝑇 → 𝐶 mutation changes 

Leucine with Proline. These two mutations act differently on proton translocation through 

the ATP synthase [26]. Leucine at the position 156, 𝑎Leu156, (human numbering, E. coli 

analog is 𝑎Leu207) is a conserved residue of the 𝑎-subunit, and mutation in this residue 

causes an energy-deficient phenotype NARP in humans. 𝑎Leu156 occupies a critical 

position three residues away from the functionally essential 𝑎Arg159 (E. coli analog is 

𝑎Arg210) and one residue away from the 𝑎Ala155 (E. coli analog is 𝑎Ser206), which is a 

terminal residue of the outlet half-channel. 𝑎Leu156 is not directly involved in proton 

translocation, but the position of this residue is essential for subunit function [142, 195]. 

Figure 1.8 illustrates the position of the mutated residue relative to the functionally 

essential Arginine at a position 159 (human numbering). Since 𝑎Leu156 is positioned on a 

helix turn directly above (looking from the mitochondrial inner-membrane space) the 

𝑎Arg159, it could influence the proton translocation [196], or the torque generation [10, 

57] through the 𝑎-𝑐 interaction. Human ATP synthase carrying the Leu156Arg mutation is 

severely defective in the synthesis of ATP, but unlike the E. coli homolog, it is still fully 

assembled and sensitive to saturating oligomycin [27, 180, 195, 197-199].  
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Figure 1.8 Ribbon models of the transmembrane 𝛼-helices of wild type and mutant human 𝑎-

subunits (ATPase 6) of ATP synthase.  The 𝑎-subunit membrane domain spans the lipid bilayer 

and, according to the E. coli model, consists of four 𝛼-helices. The essential Arg159 and Leu156 

are shown with space-filling spheres in red and yellow, respectively, whereas the mutant amino 

acid is either red (Arg) or ochre (Pro). The green arrow indicates the position where helix III is 

interrupted in Leu156Arg mutant cells. (a and a’) View perpendicular to the cell membrane, in two 

orientations at right angles to each other. (b) View in the plane of the membrane from the 

mitochondrial matrix. (Reprinted from BBA-Bioenergetics, 2008 with kind permission from 

Elsevier) [26] 
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The severity of the Leu156Arg mutation at  position 159 may be explained by replacing 

leucine with positively charged arginine. Leucine is a nonpolar, essential amino acid that 

is hydrophobic and generally buried in folded proteins, whereas arginine is a polar 

positively charged essential amino acid that maintains overall charge balance of the protein. 

The second mutation at this position (position 156 within 𝑎-subunit), Leu156Pro, has been 

reported and associated with much lower impairment of ATP synthesis than the Leu156Arg 

[29, 180]. Clinically this mutation exhibited less severe symptoms [26]. The main reason 

behind the lower severity of this mutation lies behind the characteristics of proline. It is an 

nonpolar imino acid (contains both, imine = 𝑁𝐻, and carboxyl, 𝐶𝑂𝑂𝐻, functional groups) 

that when in a peptide bond, cannot donate the hydrogen-bond (amino acids contain amine 

= 𝑁𝐻2, and carboxyl, 𝐶𝑂𝑂𝐻, functional groups) to stabilize an 𝛼-helix or 𝛽-sheet. The 𝛼-

helix containing proline will have a slight bend due to a very restricted phi/psi (backbone) 

torsional space, and it cannot accommodate the angles needed for alpha-helix or beta-

strand. 

Experimental studies have shown that the synthesis of ATP in cells carrying the 

Leu156Pro mutation is slowed by less than 25% [174, 180]. This impairment in the 

efficiency of ATP synthase corresponds closely with the 30% decrease in proton 

translocation rate. In the Leu156Arg mutation, the rate of ATP synthesis declines severely 

to only 5% of its standard rate [174, 180]. This observation indicates that the severe 

reduction in the rate of ATP synthesis is not only due to the decrease in proton pumping 

but rather in a decreased ability of ATP synthase to extract energy from proton 

translocation [192].  
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For this dissertation, the main focus is the study of the proton translocation 

mechanisms, more precisely the half-channel formation, utilizing the Molecular Dynamics 

(MD) calculations. Furthermore, the details on how specific mtDNA mutations will affect 

the half-channels will be investigated. Aside from the wild-type FO portion of the ATP 

synthase, we will also complete the detailed calculations on the Leu156Arg mutation 

(T8993G). The model used for this work is the E. coli structure of the membrane-bound 

portion of the FO. Figures 1.9 and 1.10 represent the primary amino acid sequence 

alignment of the 𝑐-subunit and 𝑎-subunit, respectively. Comparing the amino acid 

sequence between E. coli and human, it is clear that the structure of E. coli is a suitable 

candidate for MD calculations.  

 

 

Figure 1.9 Amino acid sequence alignment of 𝑐-subunit. The 𝑐-subunits of selected species were 

aligned according to their cytoplasmic loop region (loop exposed to the mitochondrial matrix) 

(bold). Residues structurally proven to be involved in ion coordination are shown in dark red and 

blue. The conserved ion-binding glutamate/aspartate is highlighted in red for all species. (Reprinted 

from PLOS Biology, 2010, Open Access license) [200] 
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Figure 1.10 Primary sequence alignment of 𝑎-subunit. The partial primary sequence alignment of 

𝑎-subunit from E. coli, yeast, and human. The residues predicted to form transmembrane helices 

3-5 are underlined and labeled. The highly conserved and essential R210 (E. coli numbering – 

Arginine at position 210) is shaded blue. The residues shaded red are mutated in the discussed 

human diseases. The residues shaded gold are identified as important for proton movement. 

(Reprinted from Microbial Cell, 2015, Open Access license) [70] 

 

1.4.3.1 MILS Statistics, Diagnosis, and Treatment 

 

NARP syndrome and MILS affect both male and female children in equal numbers. 

NARP is estimated to occur in 1 in 12000 births, while Leigh disease, in general, is 

estimated to affect 1 in 36000-40000 newborns (cf. https://rarediseases.org/). 

Experimentally, it is estimated that 30% of Leigh disease patients have MILS. In the United 

States, mitochondrial disorders are estimated to occur in 1 in 4000 births. Most of the time, 

those disorders are unrecognized, which leads to the difficulty to determine the exact 

frequency of mitochondrial disorders in the general population. In specific populations, 

https://rarediseases.org/
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MILS and Leigh syndrome are more common. For example, 1 in 2000 newborns is affected 

by Leigh syndrome in the Saguenay Lac-Saint-Jean region of Quebec, while on the Faroe 

Islands 1 in 1700 babies is affected (cf. https://ghr.nlm.nih.gov). 

The diagnosis of mitochondrial disorders is difficult if one is not explicitly looking for 

it. Some of the cases of NARP and MILS can be confirmed through molecular genetic 

testing. The mtDNA mutations related to these disorders can be detected in white blood 

cells, but other tissue samples may be required, such as skin, skeletal muscle, hair follicles, 

or urinary sediment.  

To date, there are no proven treatment regimens for Leigh syndrome and MILS. Most 

of the time, the treatment recommendations are based upon extensive experimental studies. 

Due to the complexity of this particular disease, the treatment may require the coordinated 

efforts of a team of specialists.  

Remembering that MILS is a fatal disease affecting children, one would agree that it is 

imperative to understand mechanisms of proton translocation through the membrane-

bound part of the ATP synthase. Once a detailed, clear picture of proton translocation and 

energy production is painted, we can focus on possible treatment mechanisms. In this 

dissertation, we will attempt to elucidate proton pathways and get closer to that ‘clear 

picture.’ 

 

  

https://ghr.nlm.nih.gov/


36 

Chapter 2 Theory and Background 

 

2.1 Molecular Motors 

 

The molecular devices are classified into two groups – enzymes (biological catalysts) 

and molecular machines. Molecular machines include one-shot machines (e.g., osmotic 

machine) and cyclic machines. Cyclic machines are furthermore classified into 

 Motors – transduce free energy into directional motion, 

 Pumps – transduce free energy to create concentration gradients, and 

 Synthases – transduce free energy to drive a chemical reaction and then 

synthesize products.  

According to the Merriam-Webster dictionary, ‘a motor is a rotating machine that 

transforms any given form of energy into mechanical energy’ (https://www.merriam-

webster.com). Biological molecular motors are protein complexes that convert chemical 

energy directly into mechanical work, thereby ensuring suitable energy storage, force 

production, and directional motion on both microscopic and macroscopic scales. These 

biological machines are the basis of life. Within cells, there are hundreds of different types 

of molecular motors; each of them is specialized for a particular function.  

The wide range of functions, including chemical synthesis, organelle transport from 

one cell part to another, muscle contraction, protein folding, chromosomal segregation 

during the cell division, or the maintenance of a potential across the membrane all involve 

https://www.merriam-webster.com/
https://www.merriam-webster.com/


37 

directional movement and transport of chemical species. Additionally, cells must often 

move and orient in response to external chemical gradients and other signals.  

The machine-like devices, molecular motors, help the cells overcome the randomizing 

effect of Brownian motion and carry out the directional processes mentioned above. 

Because of their dimension, these devices are unlike the macroscopic engines. Macroscopic 

motors, as well as their surroundings, are made of a large number of small molecules. 

Although these molecules move according to Newton’s laws, on time scales relevant for 

the operation of macroscopic motors, information on their deterministic trajectories is lost, 

and their behavior can be described statistically. The most likely configurations of the 

system are very similar to each other, and on macroscopic scales, differences between these 

configurations, i.e., thermodynamic fluctuations, are negligible. As a result, the collective 

behavior of a large number of molecules that the macroscopic motor and its surrounding 

are made of can be described through thermodynamic properties and laws of 

thermodynamics. The number of molecules in a microscopic motor is still significant, but 

microscopic motors are so small that they are subjected to sizeable thermodynamic 

fluctuations due to the significant number of small parts that must operate at energies 

marginally higher than the thermal bath. These fluctuations are an essential component of 

the molecular motor and must be taken into account. Although the forces generated by 

molecular motors are minimal on a macroscopic scale, they are substantial on a 

microscopic level (on the order of picoNewtons).  

Table 2.1 lists some of the known biomolecular motors, including their functions and 

energy sources. It is likely that many more molecular motors exist and that all of the 
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functions of the ones known so far are not yet recognized. The malfunction of specific 

molecular motors can be a source of disease [201]. Detailed understanding of how 

biomolecular motors function and their role in the machinery of the cell may provide the 

guide for the treatment of certain diseases. The complexity and effectiveness of these 

motors as part of the cellular network are beyond impressive. 

Table 2.1 Examples of some of the known biomolecular motors 

Motor Occurrence Function Source of energy 

ATP synthase 

Membranes of 

mitochondria, 

chloroplast, and bacteria 

Synthesis of ATP and 

proton pump 

PMF and ATP 

hydrolysis 

DNA and RNA 

polymerase 

Prokaryotic and 

eukaryotic cells 

Catalyze DNA and RNA 

synthesis 

ATP hydrolysis, 

nucleotide 

phosphorylation 

DNA helicase 
Prokaryotic and 

eukaryotic cells 

Unwind double-stranded 

DNA 
ATP hydrolysis 

GroEL Bacterial cell 
Unfolding and refolding 

misfolded proteins 
ATP hydrolysis 

Myosin V and 

VI 
Eukaryotic cells Intracellular cargo transfer ATP hydrolysis 

Myosin II Muscle cells Muscle contraction ATP hydrolysis 

Dynein Eukaryotic cells Intracellular cargo transfer ATP hydrolysis 

Kinesin Eukaryotic cells Intracellular cargo transfer ATP hydrolysis 

Bacterial 

flagellar motor 
Bacterial cell membrane Bacterial motion Ion gradient 

 

PMF – proton motive force. 
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2.2 The Physics of Molecular Motors 

 

The basic physics principle that governs the operation of molecular motors is not quite 

as simple as it seems. Molecular motors generate mechanical forces using intermolecular 

binding energy to capture favorable Brownian motions. They achieve this in two ways: (1) 

bias against unfavorable Brownian motions by a sequence of small free-energy drops, 

making the backward steps slightly less likely than the forward ones; or (2) rectify a long 

run of favorable thermal fluctuations via a significant free-energy drop, making backward 

steps extremely unlikely in comparison to forward steps [19]. The latter is generally called 

a Brownian ratchet and the former a power stroke. These two mechanisms are two extreme 

cases of using random thermal fluctuations to drive a load. The mechanism that is 

intermediate between these two is more likely to be observed within the cell.  

Some of the biological motors operate cyclically where the steps of the mechanical 

cycle are coupled to the state of a chemical cycle that generates energy that fuels the 

movement. Cyclic biological motors undergo the number of steps that correspond to 

changes in conformation and chemical states and eventually reset to their initial 

conformation. The chemical steps providing fuel for cyclic motors typically involve 

catalytic turnover of a high-energy molecule (cf. Table 2.1). The one-shot motors 

(enzymes) release previously stored elastic energy and then are disassembled.  

Since molecular motors are small, the Brownian motion dominates their operation. As 

a consequence, thermal fluctuations are an essential component of the molecular 

mechanisms related to the operation of molecular motors. To describe the way molecular 
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motors work, one needs to define the bath and system variables [202]. Bath variables 

represent the extra degrees of freedom in the molecular motor and surrounding molecules 

in solution when in the cell environment. Most of these fluctuate rapidly enough on the 

experimental time scale to be approximately at equilibrium. System variables define an n-

dimensional space in which the molecular motor moves. Each point in that space 

characterizes a unique configuration of the motor with a corresponding free energy value 

(the potential of mean force). This potential of mean force defines the potential energy 

surface spanning an n-dimensional state space in which the motor moves. The potential 

energy surface arises primarily from three sources: (1) interactions within the molecular 

motor, including the interactions with the track along which the motor moves (if one is 

present), (2) interactions with the motor molecules and molecules that serve as fuel (source 

of chemical energy), and (3) interactions of all of the above with the solvent environment. 

Knowing that a molecular motor must have a source of chemical energy, at least one of the 

variables will be called the chemical variable (measures the progress of chemical reaction) 

or reaction coordinate. The rest of the variables are called the mechanical variables. Finally, 

at least one of the mechanical variables must describe the progress of the molecular motor 

along the track it takes (if one is present) or, in a case of rotary molecular motors, the angle 

of rotation along its rotating axis.  

Figure 2.1a represents the potential energy surface of the most straightforward case 

when the molecular motor is described by only one chemical and one mechanical variable. 

Since the motor is microscopic, its motion is not given as a deterministic trajectory 

defined by the energy surface, but it is better described by the Smoluchowski equation 

as the diffusion of the system along the potential energy surface. 
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Figure 2.1 Potential energy surface for a molecular motor.  (a) Minimal potential energy surface 

for a molecular motor. The surface is periodic in both the reaction coordinate and position 

coordinate, reflecting the cyclic nature of both enzymatic turnovers and motor cycles. The surface 

has three local minima (labeled A, B, C) connected by low-energy passes and is tilted along the 

chemical axis, representing the driving force for the motor, i.e., the free energy of the reaction. An 

externally applied load force would appear as a tilt of the surface along the position coordinate. 

The long through in the center couples the chemical energy to mechanical motion. The system point 

moves by random walk over this surface. (b) Correspondence between the potential energy surface 

and the kinetic mechanism of the motor. The regions around the local minima represent 

intermediate species. Diffusion between minima is equivalent to chemical transitions, which can 

be described by kinetic rate constants. Reprinted with permission from [202]. Copyright 2001 

American Chemical Society. 

 

The Smoluchowski equation for the probability distribution 𝜔(𝑥1, 𝑥2, 𝑡), where 𝑥1 and 

𝑥2 represent chemical and mechanical coordinates respectively, is given by 

Equation 2.1 

𝜕𝜔

𝜕𝑡
+ [∑(−

𝑘𝐵𝑇

𝛾𝑖

𝜕2

𝜕𝑥𝑖
2 + 

1

𝛾𝑖

𝜕

𝜕𝑥𝑖
𝑓𝑖)

2

𝑖=1

] = 0 

where 𝑖 is the number of system variables (one mechanical and one chemical), 𝑓𝑖 represent 

the external mechanical forces acting on the 𝑖𝑡ℎ component of the space state due to the 

potential and external forces (excludes the stochastic force), the 𝛾𝑖 are friction coefficients, 

𝑘𝐵 – the Boltzmann constant, and T represents the temperature of the system [202].  
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The standard kinetic view is represented in Figure 2.1b. Minima in the energy surface, 

around which a system tends to fluctuate for long periods, are recognized as intermediate 

states (A, B, C). Kinetic rate constants give the statistical rate at which the transition 

between minima will occur. The external forces acting on the spatial positions of the 

molecular motor, probability densities, and diffusion currents are determining factors for 

the kinetic rate constants. It is important to note that all the mechanical motions in this 

approximation are thermally excited transitions and the kinetic rate constants have the form 

𝑒𝑥𝑝(−𝑓𝐿 𝑘𝐵𝑇⁄ ). Here 𝐿 is the mechanical transition distance.  

In the discrete case, the Smoluchowski equation becomes a set of first-order or pseudo-

first-order equations governing the populations of the discrete states. The set of these 

equations can be written in the form  

Equation 2.2 

𝜕𝜌

𝜕𝑡
= 𝑲𝜌 , 

where 𝜌 =  (𝜌1, 𝜌2, … , 𝜌𝑛) represents the vector of populations, one for each discrete state, 

and 𝑲 is a matrix of rate constants or step transition probabilities defined as  

𝑲 = 

(

 
 
 
 

𝑘11 𝑘12 ⋯ 𝑘1𝑛

𝑘21 𝑘22

⋮ ⋮ ⋱

𝑘𝑛1 𝑘𝑛2 ⋯ 𝑘𝑛𝑛)

 
 
 
 

  . 

The continuous description of a molecular motor is given by the Smoluchowski equation 

(Equation 2.1), while the kinetic equation (Equation 2.2) provides a fully discrete 
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description. Both of these equations govern all Markov processes (the future processes 

depend only on the current state instead of on the processes that occurred in the past) [202]. 

A ‘mixed’ description, in which the chemistry is discrete, but the mechanics are continuous 

is also probable. The best example for ‘mixed’ description is the FO rotary motor model 

presented in the next section. All three approaches outlined represent the reliable basic 

methods to describe molecular motors.  

The two general mechanisms by which the chemical energy can be converted into 

mechanical motion are identified as the power stroke and the Brownian ratchet. The FO 

motor is a perfect example of a motor that includes both a power stroke and a Brownian 

ratchet within the motor mechanism. The molecular motors that resemble the macroscopic 

engine involve power stroke mechanism, where the free energy supplied by the, e.g., proton 

influx or ATP molecules, is directly coupled to the force and/or torque generation. The 

power stroke is a large, rapid structural change in a protein that can be used to do 

mechanical work. In a Brownian ratchet, the chemical fuel is used in a way that forward 

fluctuations on the load are selected rather than the application of the direct mechanical 

force. 
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2.2.1 The Fo Motor 

 

The FO portion of the ATP synthase is referred to as a Brownian ratchet with a power 

stroke. It draws the energy from the chemical energy stored in a transmembrane proton 

motive force. The energy released in the process of transferring electrons laterally via the 

ETC is used to translocate protons across the mitochondrial inner membrane into the inner-

membrane space generating the transmembrane electrochemical gradient, ∆𝜇𝐻+. This 

electrochemical gradient is used to power the ATP synthase by providing the energy 

reservoir that the motor will convert into a rotary torque. The electrochemical gradient is 

defined by [203, 204] 

Equation 2.3 

∆𝜇𝐻+ = −𝐹∆𝜓 + 2.3 𝑅𝑇∆𝑝𝐻 , 

where  

Equation 2.4 

𝑅𝑇 = 
𝑘𝐵𝑇

𝑒
 . 

∆𝑝𝐻 is the difference between inner-membrane space and mitochondrial matrix 𝑝𝐻values. 

Note that in respiring mitochondria, this value is less than 0. ∆𝜓 represents the 

transmembrane electrochemical potential, and it is usually positive. 𝐹 is the Faraday 

constant while 𝑅 and 𝑇 are the universal gas constant and temperature, respectively. 𝑘𝐵 is 

the Boltzmann constant and 𝑒 is the charge of the electron.  

Using the electrochemical gradient, Mitchell defined the term protonmotive force (pmf 

or ∆𝑝, in units of voltage) [40] which it has the form  
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Equation 2.5 

∆𝑝 (𝑚𝑉) =  −
∆𝜇𝐻+

𝐹
 . 

Protonmotive force defined in this way facilitates the comparison with redox potential 

differences in the ETC complexes where the proton gradient is generated and emphasizes 

that we are dealing with a potential driving a proton circuit [40]. At a standard temperature 

of 25°C, Equation 2.5 has the final form 

Equation 2.6 

∆𝑝 (𝑚𝑉) = ∆𝜓 − 59∆𝑝𝐻 . 

The first term in Equation 2.6 is an electrical term, while the last term is chemical. The 

inner-membrane space represents the acidic reservoir, the protons are being concentrated 

in between the outer and inner mitochondrial membranes, and the mitochondrial matrix is 

the basic reservoir.  

Protons flow from the acidic region down to the basic reservoir through the rotor-stator 

interface. The rotor, 𝑐-ring, carries twelve negatively charged proton binding sites equally 

spaced around its periphery. The ion binding sites, 𝑐Asp61, are positioned in a hydrophobic 

region of a lipid bilayer at the middle of the 𝑐-subunits comprising the rotor. In this 

configuration, the sites outside of the rotor-stator interface are in equilibrium with the 

acidic reservoir. The stator, 𝑎-subunit, is responsible for a hydrophobic seal that prevents 

protons from leaking across the inner mitochondrial membrane. An aqueous inlet half-

channel allows protons to access and bind to the binding site on 𝑐-ring. Positively charged 

𝑎Arg210, positioned below the inlet half-channel and right across from 𝑐Asp61, repels 

protons and forces them to bind to the binding site. In this way, it prevents the protons from 
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leaking from inlet half-channel to the mitochondrial matrix. After a proton binds to 

𝑐Asp61, it neutralizes it so that the rotor can rotate through the hydrophobic region of the 

lipid bilayer. After the nearly full revolution, the neutralized 𝑐Asp61 is exposed to the low 

proton concentration at the outlet half-channel, and the proton will easily dissociate. The 

critical question one can ask is how the electrochemical gradient is converted to a rotary 

torque at the 𝑎-𝑐 interface. The structure of the 𝑎-𝑐 complex allows only one 𝑐-subunit at 

the 𝑎-𝑐 interface, and during the proton translocation, only one reaction take place at atime, 

either proton binding or proton dissociation. The torque produced at the 𝑎-𝑐 interface drives 

the rotary motion of the 𝑐-ring. This torque originates from three interactions: [202] 

 The Coulomb interaction between 𝑐-ring and 𝑎-subunit 𝜙𝑄(𝜃, 𝑠), (depends on 

the 𝑐-ring occupancy, 𝑠 = (0,1) where 0 – unoccupied and 1 – occupied). 

 The dielectric barrier, 𝜙∆𝜀(𝜃, 𝑠), that prevents rotation of empty sites and 

exposure of the negatively charged residue to the highly hydrophobic region of 

the lipid bilayer. The height of the hydrophobic barrier is approximately 45𝑘𝐵𝑇. 

 The membrane potential, 𝜙𝑀(𝜃, 𝑠), that tilts the Coulomb interaction potential.  

Taking all of these into account, one can write the equation for torque in terms of a 

potential function, Φ, as follows 

Equation 2.7 

𝜏𝑀(𝜃, 𝑠) =  −
∂Φ(𝜃, 𝑠)

𝜕𝜃
=  −

𝜕

𝜕𝜃
(𝜙𝑄(𝜃, 𝑠) + 𝜙∆𝜀(𝜃, 𝑠) + 𝜙𝑀(𝜃, 𝑠)). 

From here the Langevin equation governing the rotational motion of the 𝑐-ring is given by 
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Equation 2.8 

𝜉
𝑑𝜃

𝑑𝑡
=  𝜏𝑀(𝜃, 𝑠) − 𝜏𝐿(𝜃) + 𝜏𝐵(𝜃),           𝑠 = (0,1) 

where 𝜉 is the frictional drag, 𝜏𝑀 is the motor torque, 𝜏𝐿 is the load torque, and 𝜏𝐵 is the 

Brownian torque [202]. Without the membrane potential, the motion of the rotor would be 

driven only by its diffusion (pure Brownian ratchet). When a significant membrane 

potential is present, the FO takes on a hybrid quality with characteristics of both a Brownian 

ratchet and a power stroke [1]. The main assumption behind this theory is that membrane 

potential spans the half-channels in the direction perpendicular to rotor motion [17]. 

Finally, the FO motor could be driven in reverse to function as an ion pump.  

 

2.2.2 Stochastic Model of Fo Function 

 

Schulten’s group combined mathematical modeling with all-atom MD simulations of 

the E. coli FO in the lipid-solvent environment (its native environment) [10]. The stochastic 

model proposed by this group is directly related to the atomistic structure and dynamics of 

the FO portion of ATP synthase. Even though this model is based on the 𝑐-ring comprised 

of 10 subunits, the same principle can apply to our model (12 subunits comprising the 𝑐-

ring). The geometry of the model is defined in Figure 2.2. 
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Figure 2.2 Stochastic model for FO (view from the cytoplasm – mitochondrial matrix).  Four 𝑐-
subunits and the 𝑎-subunit are shown. The 𝑐-ring is fixed, and the 𝑎-subunit can move in either 

direction (angle 𝜃𝚊). This is equivalent to the more natural choice of a fixed 𝑎-subunit and a moving 

𝑐-ring. The second transmembrane helix (𝑐2) of each 𝑐-subunit can rotate independently (described 

by angles 𝜃1, 𝜃2, 𝜃3, and 𝜃4), thereby moving the key 𝑐Asp61 residues, which are the proton 

binding sites. The 𝑐1 helices do not rotate. Similarly, only the fourth helix of the 𝑎-subunit (𝑎4) 

can rotate (angle 𝜃𝑅) moving the 𝑎Arg210 residue; helices 𝑎2, 𝑎3, and 𝑎5 do not rotate. Proton 

transfer occurs between the terminal residue of the inlet half-channel (𝑎Asn214) and the 𝑐Asp61 

binding site on the helix 𝑐2𝑅, and between the terminal residue of the outlet half-channel (𝑎Ser206) 

and the 𝑎Asp61 binding site on the 𝑐2𝐿. Motions are confined to the plane of the figure. The system 

is fully described by helix orientations 𝜃1, 𝜃2, 𝜃3, and 𝜃4 (𝑐-subunits), 𝜃𝑅 (𝑎4), rotor angle 𝜃𝚊, and 

protonation state for two aspartates (𝑐Asp61) on helices 𝑐2𝐿 and 𝑐2𝑅. (Reprinted from Biophysical 

Journal, 2004 with kind permission from Elsevier)[10] 
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When 𝑎4 is at equal distance from the two 𝑐2 helices, 𝜃𝚊 = 0. The protonation or 

deprotonation will occur only when the proton binding site (𝑐Asp61 ) is in close proximity 

to the terminal residue of either the inlet or outlet half-channel. Once 𝑐Asp61 approaches 

the terminal residue of the inlet half-channel (𝑎Asn214), it will get protonated, whereas 

when it approaches 𝑎Ser2016 (the terminal residue of the outlet half-channel), it will get 

deprotonated. The periodicity of the system is assumed by 

Equation 2.9 

𝑓 (𝜃𝚊  ±
2𝜋

10
) = 𝑓(𝜃𝚊) , 

where 𝑓 is any function dependent on 𝜃𝚊, and, in the case of 12 𝑐-subunits, the left-hand 

side term becomes 𝑓(𝜃𝚊  ± 2𝜋 12⁄ ).  

The system of Langevin equations below represents the equations of motion for this 

part of the protein complex,  

Equation 2.10 

𝜉𝑖
𝑑𝜃𝑖
𝑑𝑡
= −

𝜕Ψ(𝜃𝚊, 𝜃𝑅 , 𝜃1, 𝜃2, 𝜃3, 𝜃4)

𝜕𝜃𝑖
+ 𝜂𝑖(𝑡),          𝑖 = 𝑎, 𝑅, 1, … , 4.  

The fluctuation-dissipation theorem relates 𝜉𝑖 (friction coefficients) to the 𝜂𝑖 (average 

magnitudes of the corresponding random forces) in the following way 

Equation 2.11 

〈𝜂𝑖(𝑡)𝜂𝑗(𝑡′)〉 = 2𝜉𝑖𝑘𝐵𝑇𝛿𝑖𝑗𝛿(𝑡 − 𝑡
′). 

The friction coefficients, 𝜉𝑖, in Equation 2.10 determine the time scale for the rotary motion 

of the 𝑐-ring and 𝑐-subunits. Additionally, the potential function, Ψ, is comprised of the 

following potential energy terms: 
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 nonbonded interactions between the proton binding sites and 𝑎Arg210, 𝑈𝑁𝐵, 

Equation 2.12 

𝑈𝑁𝐵 = 𝑈𝐸𝐿(�⃗� 61𝐿 − �⃗� 210) + 𝑈𝐸𝐿(�⃗� 61𝑅 − �⃗� 210) + 𝑈𝐸𝐿(�⃗� 61𝐿 − �⃗� 61𝑅)

+ 𝑈𝑅𝐸𝑃(�⃗� 61𝐿 − �⃗� 210) + 𝑈𝑅𝐸𝑃(�⃗� 61𝑅 − �⃗� 210) + 𝑈𝑅𝐸𝑃(�⃗� 61𝐿 − �⃗� 61𝑅) 

 hydrophobic interaction of the proton binding sites and the lipid bilayer, 𝑈𝐻, 

Equation 2.13 

𝑈𝐻 = 𝐻(|�⃗� 61𝐿 − �⃗� 𝑎4|) +  𝐻(|�⃗� 61𝑅 − �⃗� 𝑎4|) 

 the proton-motive force that acts on the individual helices, 𝑈𝑃𝑀𝐹, 

Equation 2.14 

𝑈𝑃𝑀𝐹 = ∑𝑊𝑐2(𝜃𝑖) + 𝑊𝑎4(𝜃𝑅)

4

𝑖=1

 

 and the torque, 𝜏, generated by F1 that acts on 𝜃𝚊 (FO works against this load torque, 

and as a result, the ATP is synthesized). 

Equation 2.15 

Ψ = 𝑈𝑁𝐵 + 𝑈𝐻 + 𝑈𝑃𝑀𝐹 − 𝜏𝜃𝚊 , 

where, �⃗� 61𝐿, �⃗� 61𝑅, and �⃗� 210 designate the positions of the critical residues on the helices 

hosting them, while �⃗� 𝑎4 represents the position of the 𝑎4 helix. 𝑊𝑐2 and 𝑊𝑎4 represent the 

proton-motive force for 𝑐2 and 𝑎4, respectively (the proton-motive force for each helix 

depends only on the orientation of that particular helix).  

Finally, we have to define 𝑈𝐸𝐿(𝑟 ), 𝑈𝑅𝐸𝑃(𝑟 ), and 𝐻(|𝑟 |). 𝑈𝐸𝐿(𝑟 ) represents the screened 

electrostatic potential explaining the interaction between charged residues, 𝑈𝑅𝐸𝑃(𝑟 ) – the 

repulsive part of the Lennard-Jones potential (prevents the residues from getting too close 
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one to another), 𝐻(|𝑟 |) – smooth step function allowing the precise definition of range, 𝑑, 

and magnitude, 𝑆, of the interaction. The range and magnitude definitions are in place to 

prevent protons from binding to the binding sites which are away from the 𝑎-𝑐 interface. 

Equation 2.16 

𝑈𝐸𝐿(𝑟 ) =  
𝑒2

4𝜋휀0휀

𝑞1𝑞2
|𝑟 |

𝑒𝑥𝑝(−𝜆|𝑟 |), 

where 𝑞1 and 𝑞2 – charges of the residues; 휀 – dielectric constant of the protein 

environment; 1 𝜆⁄  – Debye screening length.  

Equation 2.17 

𝑈𝑅𝐸𝑃(𝑟 ) =  휀𝑣𝑑𝑊 (
𝑅𝑚𝑖𝑛
|𝑟 |

)
12

. 

Values for parameters 𝑅𝑚𝑖𝑛 and 휀𝑣𝑑𝑊 in Equation 2.17 are based on the CHARRM 

(Chemistry at Harvard Molecular Mechanics) force field [205] and 𝑅𝑚𝑖𝑛 is the size of the 

particle which represents the residue.  

Equation 2.18 

𝐻(|𝑟 |) =  −𝑞
1

2
∆𝐺𝐻[𝑡𝑎𝑛ℎ(𝑆(|𝑟 | − 𝑑)) + 1], 

where ∆𝐺𝐻 specifies the free energy penalty (dielectric barrier) discussed in the previous 

section. If the deprotonated aspartate is exposed to the hydrophobic region of a lipid 

membrane, it will cause a free energy penalty of ~45𝑘𝐵𝑇.  

Note: Equations 2.9 through 2.18 are reprinted from Biophysical Journal, 2004 with kind 

permission from Elsevier [10]. 
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The model described above directly relates the atomistic structure and dynamics of the 

FO to the stochastic model. All geometrical parameters are determined after the analysis of 

the MD simulation of FO.  

Based on this model, the two 𝑐-subunits are exposed to the 𝑎-subunit at the same time 

(two 𝑐Asp61 residues participate in proton transfer at a time). One of the 𝑐Asp61 residues 

is in contact with the inlet half-channel (protonation of 𝑐Asp61), while the second one is 

in contact with the outlet half-channel (a proton dissociates to the mitochondrial matrix). 

To relate this to Figure 2.2, the binding site at 𝑐2𝑅 is exposed to the inlet half-channel, 

connecting 𝑎Asn214 and the mitochondrial inner-membrane space, and, at the same time, 

𝑐2𝐿 is exposed to the 𝑎Ser206, which is connected with the mitochondrial matrix by the 

outlet half-channel. The primary function of positively charged 𝑎Arg210, which is located 

between 𝑎Ser206 and 𝑎Asn214, is to act as a gate and prevent the direct proton transfer 

between the inlet and outlet half-channel. It is in the perfect position to lead the protons to 

and from the proton binding sites. It is clear from here that any point mutation on residues 

in close vicinity of three critical residues on 𝑎-subunit (𝑎Ser206, 𝑎Asn214, and 𝑎Arg210) 

will disrupt the proton transfer patterns.  

Finally, Figure 2.3 represents the sequence of events proposed by this model. The 

detailed explanation of events during protonation/deprotonation of 𝑐Asp61 are given, but 

we still have to investigate the proton pathways to and from the proton binding sites.  
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Figure 2.3 Schematic representation of the sequence of events suggested by Schulten et al.  These 

events, labeled a-f occur during the rotation of 𝑐-ring by a 2𝜋 10⁄  degrees in the synthesis direction, 

viewed from the mitochondrial matrix (the exact same events will occur in a case of 12 𝑐-ring 

helices). (a) In the starting configuration, two residues 𝑐Asp61 are deprotonated and form a 

bidentate salt bridge with 𝑎Arg210, 𝑐𝐴𝑠𝑝61⊝ − 𝑎𝐴𝑟𝑔210 − 𝑐𝐴𝑠𝑝61⊝.(b) A proton is transferred 

from the terminal residue of the inlet half-channel, 𝑎Asn214, to 𝑐Asp61 on the helix 𝑐2𝑅.  

(c) Subunit 𝑎 rotates clockwise with respect to the 𝑐-ring in concert with a clockwise rotation of 

the helix 𝑐2𝐿. When subunit 𝑎 approaches helix 𝑐2𝐿′, 𝑐Asp61 on that helix rotates by 180°. The 

latter rotation may proceed in either clockwise or counterclockwise direction. (d) The concerted 

rotation of subunit 𝑎 and helix 𝑐2𝐿 are completed: 𝑐Asp61 on the helix 𝑐2𝐿′ has rotated by 180° 

toward subunit 𝑎. (e) A proton is transferred to the terminal residue of the outlet half-channel, 

𝑎Ser206. (f) The system returns to the starting conformation (a), but with the 𝑐-ring advanced by 

an angle 2𝜋 10⁄ . We note that the processes depicted are of stochastic nature, and, hence, do not 

necessarily obey the strict sequence shown. (Reprinted from Biophysical Journal, 2004 with kind 

permission from Elsevier) [10] 
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2.3 Aqueous Proton Access Pathways in Fo Motor 

 

Over the past decade, the scientific community has investigated the physical 

mechanism of ATP synthase, with a primary focus on either MD calculations and 

mathematical models, or purely experimental work. Fillingame et al. performed extensive 

experimental investigations on the topography and function of 𝑎-subunit [55, 76, 118, 119, 

121, 122, 127, 132, 133, 138, 139, 206].  

To date, the complete three-dimensional structure of subunit 𝑎 does not exist, but rather 

only fragmentary information is available. From the literature, we know that five 

transmembrane helices are spanning the membrane in the case of E. coli. The four helices 

(𝑎TMH2, 𝑎TMH3, 𝑎TMH4, and 𝑎TMH5) pack tightly in a four-helix bundle on the 

periphery of the 𝑐-ring and host the critical residues involved in proton transfer and 

consequently the synthesis of ATP. The critical residues involved in proton transfer are 

𝑎Arg210 (regulates the proton flow from the inlet half-channel to the proton binding site 

and from the proton binding site to the outlet half-channel), 𝑎Asn216 (the terminal residue 

of the inlet half-channel), and 𝑎Ser206 (the terminal residue of the outlet half-channel). All 

three are part of the 𝑎TMH4 that is directly exposed to the 𝑐TMH2, which hosts the proton 

binding site 𝑐Asp61. The presence of the polar residues within the 𝑎-subunit suggests the 

possible position of the two half-channels involved in proton translocation.  

Rastogi and Girvin [57] reported via NMR spectroscopy (nuclear magnetic resonance), 

a solution structure of 𝑎𝑐12 complex, the same model we used in this study. They reported 

a set of polar residues within the 𝑎-subunit – the list includes 𝑎Gln252, 𝑎Asn214, 𝑎Asn148, 
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𝑎Asp119, 𝑎His245, 𝑎Glu219, 𝑎Ser144, and 𝑎Asn238 (Gln – glutamine; His – histidine; 

Glu – glutamate). All listed residues are positioned between the critical 𝑎Arg210 and the 

mitochondrial inner-membrane space. Since the inner-membrane space represents the basic 

reservoir, one can argue that these residues are involved in proton transfer via the inlet half-

channel. The list of the polar residues between 𝑎Arg210 and the mitochondrial matrix is 

reported as well and includes 𝑎Ser206, 𝑎Lys203, and 𝑎Ser 159 (Lys-lysine). Additionally, 

in this same region (oriented towards the 𝑎-subunit), 𝑐-subunits host the following polar 

residues, 𝑐Gln52 and 𝑐Thr51 (threonine) on one subunit, and 𝑐Arg50 on another 𝑐-subunit. 

The position of listed residues indicates that they may be involved in proton transfer via 

the outlet half-channel.  

Fillingame and his group created cysteine carrying strains of the 𝑎-subunit by mutating 

the polar residues (previously identified as well as neighboring ones) [119, 120, 133]. 

Cysteine was substituted in a continuous stretch of residues at position 206 through 224 on 

𝑎TMH4. N-ethyl-maleimide (NEM) and 𝐴𝑔+ were used as probes of aqueous accessibility 

of cysteine substituted 𝑎TMH4 mutants. NEM reacts with the ionized thiol group, and 

residues reactive to NEM are assumed to reside in a polar aqueous accessible environment. 

The thiol group (𝑅 − 𝑆𝐻) is a side chain in cysteine. 𝐴𝑔+ is believed to react with the thiol 

group as a Lewis acid (it can accept a pair of electrons) and form a covalent bond. 𝐴𝑔+ has 

an ionic radius resembling the ionic radius of the 𝐻3𝑂
+ and 𝑁𝑎+, making it an ideal probe 

for proton or sodium access channels.  

The experimental results show that 𝑎Ser206, 𝑎Arg210, and 𝑎Asn214 are highly 

reactive to NEM, while the 𝐴𝑔+ sensitive cysteine substitutions are also found in 𝑎TMHs 
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2, 3, and 5. Aside from 𝑎Ser206 and 𝑎Asn214, 𝑎Met215 (methionine) and 𝑎Gly218 

(glycine) exhibited a high sensitivity to the 𝐴𝑔+ probe. Considerably less sensitive residues 

to the 𝐴𝑔+ probe include 𝑎Tyr216, 𝑎Ala217, 𝑎Glu219, 𝑎Leu220, and the continuous 

stretch of residues extending from position 214 through 220. Figure 2.4 lists all residues 

within the 𝑎-subunit that are sensitive to the 𝐴𝑔+ probe. 

 

 

Figure 2.4 The experimental results with locations of the 𝐴𝑔+ sensitive cysteine substitutions. The 

most sensitive residues are highlighted in red (>85% inhibition) and some of the more moderate 

sensitive residues are highlighted in orange (66-85% inhibition). The predicted topology of 𝑎-

subunit (E. coli) transmembrane helices 1-5 are shown in boxes within the lipid bilayer. (Reprinted 

from BBA-Bioenergetics, 2014 with kind permission from Elsevier) [207] 

 

The most 𝐴𝑔+ sensitive residues constitute an 𝐴𝑔+ accessible pocket within the 𝑎-

subunit bridging the space between 𝑎TMH4 and 𝑎TMH5. This aqueous pocket, referred to 

as the ‘Fillingame pocket’, is located close to the inner-membrane space. Utilizing MD, we 

examined if indeed this aqueous pocket exists.  
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2.3.1 Role of Subunit 𝑎 in Proton Translocation 

 

Detailed experimental and theoretical studies agree on the importance of the 𝑎-subunit 

within the FO portion of the ATP synthase. As we previously discussed, it is positioned on 

the periphery of the 𝑐-ring and represents the stator, while the 𝑐-ring is the rotor of the FO 

motor. The three residues to play a critical role in proton transfer are hosted in 

transmembrane helix four of the 𝑎-subunit. Two of them are terminal residues of the inlet 

and outlet half-channels, 𝑎Asn214 and 𝑎Ser206, respectively. The third one is the 

conserved arginine at position 210 that acts as a gate regulating the transfer of protons to 

and from the proton binding sites on the 𝑐-ring. It is safe to state that, not only that the 𝑎-

subunit is providing the pathways for protons to take while being translocated from the 

inner-membrane space to the mitochondrial matrix, but it also prevents protons from 

traveling through the membrane without protonating the critical residues on the 𝑐-ring.  

In the previous three sections of this dissertation, we provided a detailed analysis of the 

𝑎-subunit’s function. The polar residues comprising the 𝑎-subunit are suggested to play a 

crucial role in proton transfer and half-channel formation. The experimental results from 

the Fillingame group identify the amino acids within the stator comprising the aqueous 

paths that protons may take during translocation (cf. Figure 2.5). To date, we know the 

detailed mechanisms of protonation/deprotonation of the 𝑐Asp61 residues, but how the 

protons span the length of the half-channels is still somewhat unclear.  

 



58 

 

Figure 2.5 3D graphical representation of polar residues within the  𝑎-subunit that reported 

sensitivity to 𝐴𝑔+ and NEM. The 𝑐-subunit is represented in cyan while the 𝑎-subunit is in 

magenta. Critical 𝑎Arg210 (blue) and terminal residues of the inlet (𝑎Asn214) and outlet (𝑎Ser206) 

half-channels (green) are represented in CPK style. These residues are sensitive to both the 𝐴𝑔+ 

and NEM probes. Additional residues sensitive to the 𝐴𝑔+ probe are represented in yellow color 

using Licorice style rendering (same as CPK but sphere radius the same as a bond). (a) Zoomed in 

(view from the center of the 𝑐-ring) on residues close to the inlet half-channel. Labeled residues are 

believed to create an aqueous pocket that spans 𝑎TMHs 4 and 5. 𝑎Met215 is located behind 

𝑎Asn214. (b) Close view of 𝐴𝑔+ sensitive residues in the outlet half-channel (view from the center 

of the 𝑐-ring). 
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2.3.2 Role of the Water in Proton Transfer 

 

The proton translocation within the FO requires protons to be moved over the distance 

of the inner mitochondrial membrane thickness. In order for this process to happen, the 

proton will have to take many elementary transfer steps, and the path it takes must 

structurally support this transfer. Based on experimental results, the polar residues involved 

in the structure of 𝑎-subunit, together with water, help facilitate this transfer. The proton is 

generally considered to be present in water as hydronium, 𝐻3𝑂
+, with size and solvent 

characteristics similar to the sodium ion. It exhibits the diffusive properties similar to the 

sodium ion with a diffusion coefficient in the range between the coefficients for sodium 

ion and water, 𝐷𝑁𝑎 = 1.33 × 10
−5 𝑐𝑚2𝑠−1 and 𝐷𝐻2𝑂 = 2.3 × 10

−5 𝑐𝑚2𝑠−1 [208].  

 

Figure 2.6 Grotthuss mechanism. Step-wise transfer of protons in bulk water. (Reprinted from BBA-

Bioenergetics, 2016 with kind permission from Elsevier) [208] 
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The Grotthuss mechanism (structural diffusion) explains the rapid transfer of protons 

between 𝐻3𝑂
+ and water, which transfers protonic charge without diffusive movement of 

𝐻+ or oxygen atom (cf. Figure 2.6). This process is fast and efficient, and is responsible 

for approximately 85% of the apparent ionic motility of protons in water. Additionally, this 

mechanism is only clear at an atomic level [209-214]. Based on this mechanism, the proton 

transfer in bulk water occurs in a step-wise manner, and it is an incoherent process.  

Inside the low dielectric environment of the protein, a proton will travel a long distance, 

which requires reorganization of charge involving substantial electrostatic and 

reorganization cost at each step. The additional desolvation penalty (also primarily 

electrostatic) exists if the proton originates in the bulk phase. In this structured medium 

(solvated protein in a lipid membrane), the proton wires are an appropriate way of proton 

transfer (Figure 2.7). Proton translocation within the low dielectric medium of a protein 

must overcome the electrostatic cost of bringing the charge into the lower dielectric 

medium. Covalent association of the proton with carrier groups and the hydrogen-bonding 

between them will substantially diminish this electrostatic barrier.  

 

Figure 2.7 Proton wire. Step-wise transfer of protons inside the protein environment utilizing the 

hydrogen-bond chain. (Reprinted from BBA-Bioenergetics, 2016 with kind permission from 

Elsevier) [208] 
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The rate of the proton wire transfer can be as fast as the structural diffusion in bulk 

water with transfer times of one picosecond between sites. The polar residues comprising 

the subunit 𝑎 satisfy the structural requirement for proton transfer, and aqueous half-

channels confined within the area of these residues provide the proton solvation medium. 

The speed of proton transfer depends on the proximity to the point of hydrogen-bond 

formation.  

 

2.4 Hydrogen – Bond Network Formation 

 

A hydrogen-bond is an attractive electrostatic (Coulombic) interaction between a 

hydrogen atom, which is a part of a molecule, and an atom (or group of atoms) in the same 

or a different molecule. In other words, when a partially positively charged hydrogen atom 

attached to a highly electronegative atom (nitrogen, oxygen, chlorine, or fluorine) is near 

another electronegative atom, the hydrogen-bond is created. The hydrogen-bond between 

two groups 𝑋𝐻 and 𝑌 is usually denoted by 𝑋 − 𝐻 ⋯𝑌. It is a type of dipole-dipole 

interaction and can occur between different parts of the same molecule (intramolecular) or 

between different molecules (intermolecular). Besides being reasonably strong, hydrogen-

bonds are also somewhat directional, and this makes them appear like weak covalent bonds.  

The length of the hydrogen-bond (in 𝑋 − 𝐻 ⋯𝑌, the distance between 𝑋 and 𝑌) ranges 

from 2.7 to 3.3 Å, with 3.0 Å being the most common value for protein and water hydrogen-

bonds [215]. The energy of a hydrogen-bond is somewhat stronger than a van der Waals 

interaction (~1 𝑘𝐽/𝑚𝑜𝑙) and weaker than fully covalent or ionic bonds (~500 𝑘𝐽/𝑚𝑜𝑙). 
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The strengths of most of the hydrogen-bonds range between 10 and 40 𝑘𝐽/𝑚𝑜𝑙, and they 

tend to follow a 1 𝑟2⁄  distance dependence [216]. Furthermore, the additional important 

determining factor for the strength of the bond is the angle the bond forms (the 𝑋 − 𝐻 ⋯𝑌 

angle). The bond is stronger if closer to its correct geometry. 

Hydrogen-bonds occur in inorganic molecules (e.g., water) and organic molecules 

(e.g., proteins and DNA) as well as in a nonpolar environment. Consequently, hydrogen-

bonds are particularly crucial in macromolecular and biological assemblies (proteins, 

DNA). Hydrogen-bonds in biological systems are almost always weak, with bond energies 

below 20 𝑘𝐽/𝑚𝑜𝑙. They are highly significant in terms of contribution to the stability of 

the protein. Most of the time, hydrogen-bonds within the protein occur in networks with 

water mediating. Water can be both an acceptor and a donor of hydrogen-bonds. These 

networks are essential in transporting protons within the proton-powered molecular 

motors. The hydrogen-bonding network formed between water and polar amino acids will 

allow the protons to transfer via a proton wire. Additionally, the network created between 

water molecules will allow the protons to transfer via the structural diffusion mechanism.  

We believe that proton translocation within the FO uses a combination of these two 

mechanisms utilizing the hydrogen-bonding network. The main reason behind this claim 

is that cavities are filled with water within the 𝑎-subunit.  
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2.5 Protein Structure Network – Elastic Network Model 

 

The structural communication in biomacromolecules is investigated by borrowing 

concepts and methods from graph theory. This graph-based approach is defined as a protein 

structure network (PSN); it computes network features and shortest communication 

pathways on an ensemble of structures derived from the MD simulations. The concept of 

PSN has been explored with more care recently since it provides insights into the global 

properties of protein structure [217, 218]. The protein structures are represented as a 

network of interactions between residues within the protein and were proven to be 

extremely useful in studying the protein folding and prediction of functionally important 

residues in biomolecules. Therefore, PSN contributes to resolving the issue of 

intramolecular and intermolecular communications.  

PSN is constructed based on the work of Vishveshwara et al. [219, 220], where each 

amino acid residue is represented as a node. Edges connect the nodes based on the strength 

of non-covalent interactions between amino acids. Two nodes, 𝑖 and 𝑗, are connected by an 

edge and the strength of interaction (𝐼𝑖𝑗) between them is evaluated as a percentage given 

by 

Equation 2.19 

𝐼𝑖𝑗 = 
𝑛𝑖𝑗

√𝑁𝑖𝑁𝑗
100, 

where 𝐼𝑖𝑗 is the percentage interaction between residues 𝑖 and 𝑗; 𝑛𝑖𝑗 – number of atom-atom 

pairs between the side chains of residues 𝑖 and 𝑗 within a distance cutoff (default value is 
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4.50 Å); 𝑁𝑖 and 𝑁𝑗 are normalization factors for residues 𝑖 and 𝑗. The normalization factors 

account for the differences in the size of the amino acid side chains and their inclination to 

make the maximum amount of contacts with other amino acids within the protein structure.  

The recently developed elastic network model (ENM), in combination with PSN, 

provides unique insights into the structural and dynamics of complex biological systems, 

and prediction of functional motions of the system. ENM gives the coarse-grained 

representation of protein structure. If one is interested in investigating the collective 

dynamics of complex systems, ENM should be combined with normal mode analysis 

(ENM-NMA). The NMA technique is also coarse-grained and additionally describes the 

vibrational dynamics of protein complexes around an energy minimum [221, 222]. The 

protein structure is described by a reduced subset of atoms (usually 𝐶𝛼 atoms), whose 

coordinates can be derived either from structure determinations (crystallography, NMR) or 

from MD simulations. The interactions between particle pairs are given by a single term 

Hookean harmonic potential [223]. Therefore, the simple Hamiltonian describes the total 

energy of the system in the following way 

Equation 2.20 

𝐸 =  ∑𝑘𝑖𝑗(𝑑𝑖 − 𝑑𝑖𝑗
0 )2

𝑖≠𝑗

 , 

where 𝑑𝑖 and 𝑑𝑖𝑗
0  are instantaneous and equilibrium distances between 𝐶𝛼 atoms 𝑖 and 𝑗, 

respectively, and 𝑘𝑖𝑗 is a force constant.  

As an extension of the PSN analysis, one can calculate the shortest non-covalently 

connected path between two residues of interest in a single structure or a trajectory. The 
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path is calculated by combining PSN interconnectivity and residue correlated motions, as 

described by Gosh and Vishveshwara [224]. The search for the shortest path for each frame 

of the MD trajectory between pairs of nodes relies on Dijkstra’s algorithm [225]. By 

dividing the number of frames containing the selected path by the total number of frames 

in the MD trajectory, one can calculate the frequency of each communication path. The 

frequency of each communication path helps the selection of the most meaningful ones. 

Seeber et al. developed Wordom [221, 222], a user-friendly program aimed at fast 

manipulation and analysis of individual molecular structures and molecular conformation 

ensembles utilizing the mixed PSN-ENM approach. A recent study demonstrated the 

advantages of this mixed PSN-ENM approach on a domain in its free state and together 

with a C-terminal peptide illustrating salient communication features within each system 

[226]. The benefits of this high-speed approach are well suited for high throughput 

investigation of the structural communication pathways including allosterism (change in 

the affinity for binding of a ligand or substrate that is instigated by the binding of another 

ligand away from the active site), in large biomolecular systems in different functional 

states [227].  
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Chapter 3 Computational Methods 

 

3.1 Molecular Dynamics  

 

Computational simulations are carried out in order to understand the properties of 

assemblies of molecules (structure and microscopic interactions). They serve as a 

complement to conventional experimental procedures. The two leading families of 

simulation techniques are molecular dynamics (MD) and Monte Carlo (MC). Moreover, a 

range of hybrid techniques, which combine features from both MD and MC, exists. 

Molecular dynamics provides a method to understand the static and dynamic properties of 

the molecular system and is one of the essential tools for modeling proteins, nucleic acids, 

and their complexes. It provides insight into the stability of a protein, folding of proteins, 

enzyme reactions, small and large scale conformational changes, and ion transport in 

biological systems. Additionally, MD is used for drug design, and determination and 

construction of three-dimensional structures of proteins. Most importantly, it allows one to 

gain insight into molecular mechanisms that are difficult or currently impossible to study 

experimentally.  

MD simulates physical movements of atoms within the protein structure, using 

simplified models, and provides the individual trajectories. Numerical solutions of the 

classical equations of motion (Newton’s equations) for a system of interacting particles 

determine the trajectory, and molecular mechanics force fields define the potential energy 

and forces between atoms.  
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There is a need to simulate large systems on the time scales relevant to those of natural 

processes, but they become more and more computationally expensive at longer timescales. 

For example, the size of the system and longer simulation timescales can require hundreds 

of CPU years. At this time, the typical length of an MD simulation is on the order of 

hundreds of nanoseconds and sometimes reaches microseconds. For a reference, Table 3.1 

lists the timescales and associated ranges of biomolecular motions. The MD simulations 

presented in this dissertation were performed using the Nanoscale Molecular Dynamics 

(NAMD) program [228].  

Table 3.1 Timescales and amplitudes of biomolecular motions 

Timescale Amplitude Description 

10−15 − 10−12 s 0.001 – 0.1 Å 

Local Motions 

 Atomic fluctuations (bond stretching, angle 

bending, dihedral motion) 

 Sidechain motions 

 Loop motions 

10−12 − 10−9 s 0.01 – 10 Å 

Rigid Body Motions 

 Helix motions 

 Water relaxation 

 Collective subunit and domain motions (hinge 

bending, twisting) 

10−9 − 10−6 s 1 – 100 Å 

Large Scale Motions 

 Folding in small peptides 

 Helix-coil transitions 

 Dissociation/association 

 Ion transport 

10−6 − 10−1 s 10 – 100 Å 

Very Large Scale Motions 

 Folding and unfolding 

 Ribosome synthesis 
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 3.1.1 Theory of Molecular Dynamics Simulations 

 

In this section, we will outline the concepts of classical MD simulations. During the 

molecular dynamics simulation, the atoms of a protein structure move according to the 

Newtonian equations of motion 

Equation 3.1 

𝑚𝛼�̈�𝛼⃗⃗  ⃗(𝑡) =  −
𝜕

𝑟 𝛼
𝑈𝑡𝑜𝑡𝑎𝑙[𝑟 1(𝑡), 𝑟 2(𝑡),… , 𝑟 𝑁(𝑡)],      𝛼 = 1, 2…𝑁, 

where 𝑚𝛼 is the mass of the atom 𝛼 with a position 𝑟 𝛼. 𝑈𝑡𝑜𝑡𝑎𝑙 is the potential energy that 

depends on atomic positions and, thereby, couples the motion of atoms [228]. This 

potential energy is represented through the MD force field function and parameters, and it 

is the most crucial part of the simulation. It must realistically represent the interaction 

between each atom, and be in the form of a simple mathematical function that is quickly 

calculated. However, the evaluation of the forces, 𝑈𝑡𝑜𝑡𝑎𝑙[𝑟 1(𝑡), 𝑟 2(𝑡),… , 𝑟 𝑁(𝑡)], is 

extremely time-consuming. To speed up calculations, NAMD uses scalable spatial 

parallelism, a fast multipole algorithm, along with multiple time steps.  

One can use spatial decomposition to divide the simulation space into rectangular 

regions called patches. The dimensions of a patch must be greater than the cutoff radius for 

nonbonded interactions. This way, the need for communication between non-adjacent 

patches is eliminated. Each patch is responsible for updating the coordinates of the atoms 

contained in that space. During the computation, a cluster of adjacent patches is assigned 

to each processor, and the amount of interprocessor communication is reduced.  
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At a long length scale, the effect of a charged particle (long-range electrostatics) is 

pooled with other charges and represented by a multipole expansion. Furthermore, this 

effect is expressed as a Taylor expansion [229]. The sequence of impulses is used to 

approximate the forces by partitioning the potential energy in the following way 

Equation 3.2 

𝑈𝑡𝑜𝑡𝑎𝑙[𝑟 1(𝑡), 𝑟 2(𝑡), … , 𝑟 𝑁(𝑡)] =  𝑈
𝑓𝑎𝑠𝑡 + 𝑈𝑠𝑙𝑜𝑤  , 

and Equation 3.1 becomes 

Equation 3.3 

𝑚𝛼�̈�𝛼⃗⃗  ⃗(𝑡) =  ∑𝛿𝑡 𝜹(𝑡 − 𝑛𝛿𝑡) (−
𝜕

𝑟 𝛼
𝑈𝑓𝑎𝑠𝑡)

𝑛

+ ∑Δ𝑡 𝜹(𝑡 − 𝑛∆𝑡) (−
𝜕

𝑟 𝛼
𝑈𝑠𝑙𝑜𝑤)

𝑛

 . 

This algorithm allows the more numerous slow long-range interactions to be computed less 

frequently [230].  

 

3.1.2 NAMD and Molecular Dynamics Simulations 

 

NAMD was designed for simulating large biomolecules and alongside with its sister 

molecular graphics program, VMD (visual molecular dynamics) [137], delivers an easy-

to-use tool for calculating and visualizing molecular all-atom trajectories. The force field 

used by this program incorporates local interaction terms consisting of bonded interactions 

between two, three, and four atoms and pairwise interactions (electrostatic and van der 

Waals forces). The electrostatic force evaluation is quite computationally complex, but the 
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incorporation of particle mesh Ewald (PME) allows to take the full electrostatic 

interactions into account beyond the pairwise electrostatic cutoff.  

The velocity Verlet integration method [231] advances the velocities and positions of 

atoms in time to reduce the computational cost. Additionally, a multiple time step scheme 

is employed to reduce the cost of evaluation of long-range electrostatic forces [232-234]. 

Local interactions are calculated at each time step, while the longer range ones are 

computed less often. The quickly varying short-range portion of the electrostatic 

interaction can be separated from a slowly varying long-range component using a smooth 

splitting function. One can perform calculations including only bonded interactions every 

step by employing an intermediate timestep for a short-range nonbonded interaction.  

The input and output files for NAMD are almost identical to those used by, e.g., 

CHARMM or AMBER [228]. Input includes coordinate and structure files, as well as 

energy parameter files. The output provides a binary trajectory file that can be visualized 

in VMD when loaded into the protein structure file.  

To date, NAMD simulations may be carried out using the following options:  

 Constant energy dynamics,  

 Constant temperature dynamics via 

 velocity rescaling, 

 velocity reassignment, 

 Langevin dynamics, 

 Periodic boundary conditions, 

 Constant pressure dynamics via 
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 Berendsen pressure coupling, 

 Nosé-Hoover Langevin piston,  

 Energy minimization,  

 Fixed atoms,  

 Rigid waters,  

 Rigid bonds to hydrogen,  

 Harmonic restraints,  

 Spherical or cylindrical boundary restrains. 

In the following section, we will give details about some of the listed dynamic parameters.  

 

3.1.3 Force Fields and Standard Dynamics Parameters 

 

For an all-atom MD simulation, we assume that every atom experiences a force that is 

specified by a model force field. The force field accounts for the interaction of that 

particular atom with the rest of the system and evaluating it is the most computationally 

demanding part of MD. The force is the negative gradient of the potential energy function  

Equation 3.4 

𝐹 (𝑟 ) =  −∇𝑈𝑡𝑜𝑡𝑎𝑙(𝑟 ). 

𝑈𝑡𝑜𝑡𝑎𝑙 sums over a large number of bonded and nonbonded terms. The bonded potential 

includes 2-, 3-, and 4-body interactions between covalently bonded atoms, while the 

nonbonded potential includes all-atom pair interactions (it usually excludes pairs of atoms 

already included in the bonded part)  
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Equation 3.5 

𝑈𝑡𝑜𝑡𝑎𝑙(𝑟 ) =  ∑𝑈𝑏𝑜𝑛𝑑𝑒𝑑(𝑟 ) + ∑𝑈𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑(𝑟 ). 

The following equation gives the interactions between covalently bonded atoms 

Equation 3.6 

𝑈𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑈𝑏𝑜𝑛𝑑 + 𝑈𝑎𝑛𝑔𝑙𝑒 + 𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 ; 

moreover, each part in Equation 3.6 describes the stretching, bending, and torsional bonded 

interaction.  

Equation 3.7 

𝑈𝑏𝑜𝑛𝑑 = ∑ 𝑘𝑖
𝑏𝑜𝑛𝑑(𝑟𝑖 − 𝑟0𝑖)

2

𝑏𝑜𝑛𝑑𝑠 𝑖

, 

Equation 3.8 

𝑈𝑎𝑛𝑔𝑙𝑒 = ∑ 𝑘𝑖
𝑎𝑛𝑔𝑙𝑒(𝜃𝑖 − 𝜃0𝑖)

2

𝑎𝑛𝑔𝑙𝑒𝑠 𝑖

, 

Equation 3.9 

𝑈𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 = ∑ 𝑘𝑖
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙[1+ cos(𝑛𝑖𝜙𝑖 − 𝛾𝑖)]

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 𝑖

 ,      𝑛𝑖 ≠ 0, 

where: 

 𝑏𝑜𝑛𝑑𝑠 count of each covalent bond in the system; 

 𝑎𝑛𝑔𝑙𝑒𝑠 represent the angles between each pair of covalent bonds sharing a single 

atom at the vertex, and  

 𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 represents the atom pairs separated by precisely three covalent bonds 

where the central bond is subject to the torsion angle 𝜙 (cf. Figure 3.1). 
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Figure 3.1 Internal coordinates for bonded interactions. 𝑟 governs bond stretching; 𝜃 represents the 

bond angle term; 𝜙 gives the dihedral angle; the small out-of-plane angle 𝛼 is governed by the so-

called ‘improper’ dihedral angle 𝜑. (Reprinted from Journal of Computational Chemistry, 2005 

with kind permission from Wiley) [228] 

 

The following equation represents the interactions between nonbonded atom pairs 

Equation 3.10 

𝑈𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑈𝑣𝑑𝑊 + 𝑈𝐶𝑜𝑢𝑙𝑜𝑚𝑏,  

where 𝑈𝑣𝑑𝑊 corresponds to the van der Waal’s forces approximated by a Lennard-Jones 

6-12 potential  

Equation 3.11 

𝑈𝑣𝑑𝑊 = ∑∑4휀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

 ]

𝑖>𝑗𝑖

 . 

The Lennard-Jones potential involves the weak dipole attraction between distant atoms and 

strong repulsion as the atoms come close one to another. It approaches zero rapidly as 𝑟𝑖𝑗 

increases. Furthermore,  
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Equation 3.12 

𝑈𝐶𝑜𝑢𝑙𝑜𝑚𝑏 = ∑∑
𝑞𝑖𝑞𝑗

4𝜋휀0𝑟𝑖𝑗
𝑖>𝑗𝑖

  

represents the electrostatic, Coulomb, interactions.  

Van der Waal’s and Coulomb interactions exist between every nonbonded pair of atoms, 

and computing the long-range interaction precisely is unachievable since the space extends 

infinitely. In NAMD, the van der Waal’s and electrostatic interactions are spatially 

truncated at a cutoff distance (specified by user); the particle mesh Ewald (PME) method 

is employed to account for long-range electrostatic interactions for simulation using 

periodic boundary conditions, and an analytical correction is used to account for truncated 

van der Waals interactions.  

For a spatially limited system with periodic boundary conditions, Ewald summation 

accounts for the long-range electrostatic interactions [235]. The result of the summation 

depends on the order of Ewald summation; it is specified in the following way: sum over 

each periodic box first, and then sum over spheres of boxes of increasingly larger radii 

[232, 236-240]. NAMD uses smooth PME as a fast numerical method for full electrostatic 

computations. This feature of NAMD is used to compute the transmembrane electrostatic 

potentials from first principles averaged over an MD trajectory [241]. Besides, it replaces 

the previously used empirical potentials (e.g., those derived from Poisson-Boltzmann 

theory).  

Biological systems (e.g., a solvated protein within the lipid bilayer) are chaotic and 

often require millions of time steps. The goal of biomolecular simulations is a proper 
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sampling of phase space. For constant energy simulation (NVE ensemble), NAMD utilizes 

the Verlet method [231]. The position and velocity at the next time step (𝑟𝑛+1, 𝑣𝑛+1) are 

obtained from the current time step (𝑟𝑛, 𝑣𝑛), assuming that the force, 𝐹𝑛, at that step is 

already computed. The following equations provide an order of computation using the 

velocity-Verlet method: 

Equation 3.13 

𝑣
𝑛+
1
2
= 𝑣𝑛 + 

𝐹𝑛
𝑀

∆𝑡

2
 , 

𝑟𝑛+1 = 𝑟𝑛 + 𝑣𝑛+1
2
 ∆𝑡 , 

𝐹𝑛+1 =  𝐹(𝑟𝑛) , 

𝑣𝑛+1 = 𝑣𝑛+1
2
+ 
𝐹𝑛+1
𝑀

∆𝑡

2
 , 

where 𝑀 is the mass. To conserve energy in the NVE ensemble, it is suggested to use 1𝑓𝑠 

to 3 𝑓𝑠 time steps. Usually, for NVT and NPT ensemble simulations, the time steps range 

from 2𝑓𝑠 to 6𝑓𝑠 for rigid bonds and 1𝑓𝑠 to 4𝑓𝑠 without rigid bonds [228]. The Langevin 

equation is used to generate the Boltzmann distribution for canonical (NVT) ensemble 

simulations, whereas for the NPT ensemble, constant pressure is simulated using a 

modified Nosé-Hoover method (Langevin dynamics is used to control fluctuations in 

barostat). This method is called the Nosé-Hoover Langevin piston [242]. 

In this section, we outlined the essential features of MD (and NAMD). We utilized these 

while simulating our protein system. 
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Chapter 4 Methods 

 

4.1 Molecular Dynamics Simulation Setup 

 

In this dissertation, we utilized NAMD to simulate half-channel formation in the membrane 

bound part (FO) of ATP synthase. The starting coordinates of the 𝑎𝑐12-complex are 

reported in PDB by Rastogi and Girvin with the code 1c17.pdb [57]. The structure of one 

𝑐-subunit was determined using triple resonance NMR experiments at the temperature of 

300𝐾 and pH values 5 and 8 [56]. The 1c17.pdb is a model whose coordinates are 

calculated by NMR structure determination methods only using published biochemical 

data as constraints. The initial structure is deprotonated with one of the 𝑐-subunits at the 

𝑎𝑐-interface spatially positioned to accept the proton. We used the PSF generator (protein 

structure file generator) in VMD [137] to mutate the residue 𝑐Asp61 to its protonated form. 

According to the literature, one 𝑐-subunit is deprotonated while the rest of them are 

protonated (𝑐Asp61 is neutralized to avoid exposure of charged particle to the hydrophobic 

membrane enviroment). Due to its spatial orientation, the 𝑐-subunit on the position L is the 

one whose 𝑐Asp61 is deprotonated (Figure 4.1). Visualizing the new, protonated, structure 

in VMD, we confirmed that indeed, oxygens on the side chains were protonated as shown 

in Figure 4.1. One of the possible problems during the protonation of the proton binding 

sites is that an improper definition of the dihedral angles for the protonated ASP can occur. 

In our case, during the first 100 𝑝𝑠 of energy minimization, the hydrogen swings back to 
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the carbon and creates new covalent bonds with both oxygens as well as with the 𝐶𝛾. This 

problem is fixed by regenerating the dihedrals on the protonated form of ASP. 

 

 

Figure 4.1 𝑎𝑐12 complex. (A) The new cartoon representation of the 𝑎𝑐12 complex (side view). (B) 

The view from the mitochondrial inner-membrane space. Deprotonated (position L) and protonated 

(the remainder of the 𝑐-subunits) 𝑐Asp61 are in CPK representation.  

 

The 𝑎𝑐12 complex is placed in a 160 × 120 × 54  Å3 1-Palmitoyl-2-oleoyl-sn-glycero-

3-phosphoethanolamine (POPE) membrane. The POPE membrane patch was built using 

the membrane builder extension in VMD. The polar headgroups of this lipid create viscous 

membranes, and this type of membrane is found in most of the biological membranes. The 

protein is aligned with the membrane, and overlapping lipid and water molecules within 

0.6 Å and 0.3 Å, respectively, were removed. The lipid-protein system was then solvated 

by adding 2 × 30 Å of the TIP3P water patches on the planes of the membrane. During the 
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solvation of the system, water will be placed inside the lipid membrane and around the 

protein. The water molecules located in the membrane region must be removed. Finally, 

the protein-membrane-water system (Figure 4.2) is neutralized by adding sodium chloride 

in a concentration of 150 𝑚𝑀/𝐿. The total size of the system was 196,939 atoms, and the 

simulation cell dimensions were set to 158 × 120 × 118 Å3. 

Aside from the wild-type FO, we studied the two mutations, T8993C and T8993C. 

These two mutations correspond to replacing leucine at position 207 with proline and 

arginine, respectively. We used VMD to create mutated copies of the 𝑎𝑐12 complex; we 

will refer to these two as L207P (T8993C mutation) and L207R (T8993G mutation). Both 

mutants were prepared for simulation in precisely the same way as the wild-type. The size 

of the each, L207R, and L207P mutant systems were 197,267, and 196,978 atoms, 

respectively. The same cell dimensions as for the 𝑎𝑐12-complex was used.  

The all-atom MD simulations were performed using NAMD according to the described 

simulation protocol (details in the following section).  

 

Figure 4.2. The final simulation system, including 𝑎𝑐12-complex, POPE membrane, water, and 

ions.  
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4.2 Simulation Protocol 

 

All MD simulations were carried out in NAMD (version 2.10) with the CHARMM 

parameter file. Since we have put our system together by hand, it has many unnatural 

atomic positions. Before we were ready to run the system with full dynamics, we will 

performed a series of minimization and equilibration processes to bring the system to a 

more natural-like configuration.  

 

4.2.1 Melting of Lipid Tails 

 

Since we are using the membrane patch that had not been equilibrated, first we had to 

perform a simulation in which everything (water, ions, protein, lipid headgroups) except 

lipid tails are fixed. This process is known as melting lipid tails, and in this way, we induce 

the appropriate disorder of a fluid-like bilayer. The system is minimized for 10000 steps 

and gradually heated to 300 𝐾 with increments of 10 𝐾 and frequency of 10000-time steps. 

The time step we used throughout MD simulations is two femtoseconds. During the gradual 

heating process, while increasing temperature by ten Kelvin, we let the system equilibrate 

for 20 picoseconds between each increment. After reaching the desired temperature, the 

system is equilibrated for five nanoseconds in the canonical ensemble (NVT). The 

canonical ensemble is one in which the number of particles, volume, and temperature are 

conserved. The temperature was controlled by rescaling the velocities. The frequency of 

trajectory recording is two picoseconds.  
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4.2.2 Minimization and Equilibration with Protein Constrained 

 

After the lipid tails relaxed to the more natural configuration (they will look 

disordered), minimization and equilibration with harmonic restraint only on protein are 

performed in the NPT ensemble. The minimization process guides the system to the nearest 

local minimum in the configuration space. Minimization is followed by equilibration with 

protein constrained to permit the environment to relax further. We want lipids to pack well 

around protein to achieve close to natural configuration. Minimization and equilibration 

differ from each other by the nature in which the MD force field is utilized. Energy 

minimization involves searching for a local minimum (the place in which the molecule is 

relaxed), by systematically varying the positions of atoms and calculating the energy. 

Equilibration involves MD whereby Newtonian equations of motion are solved for each 

atom in the system to dictate its trajectory. Judging how well, for example, velocities and 

pressure are distributed in the system throughout simulation time, we can deduce if the 

equilibration is successful. During this step of computation, the system is minimized and 

then equilibrated for another five nanoseconds.  

The NPT ensemble is an isothermal-isobaric ensemble where the number of particles, 

temperature, and pressure are constant. For this type of simulation, aside from thermostat 

(Langevin), a barostat is needed. We used the Nosé-Hoover Langevin piston (Langevin 

dynamics to control fluctuations in the barostat). For the lipid bilayer, pressure control 

occurs under constant membrane area or constant surface tension. This step will produce 

conditions in which lipids are well packed around protein.  
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The harmonic restraint on the protein is achieved by setting the spring constant, 𝑘, to 

1 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙⁄ Å2⁄ . Using the equipartition function and a given spring constant, one can 

estimate how much will atoms move around their constrained positions. In our case, each 

atom will move approximately 0.77Å.  

 

4.2.3 Equilibration with Protein Released  

 

The constraints on the protein were released, and the system was again equilibrated for 

another five nanoseconds in the NPT ensemble. During previous steps, and in this step of 

equilibration, we let the area fluctuation in the 𝑥 − 𝑦 plane to permit packing of lipids 

against the protein. Each time we changed something in the system (protein restrained or 

released), the system is first minimized and then equilibrated.  

 

4.2.4 Production Runs 

 

Finally, production runs for 300 nanoseconds were computed in NpAT ensemble 

(pressure control occurs under constant membrane area). After a good packing of lipids 

against protein is observed, we kept the area in 𝑥 − 𝑦 plane constant. The effective area of 

the lipid in the system is computed as a checkmark for constant membrane area. This is 

achieved by computing the area of the protein and subtracting it from the area of the 

simulation cell throughout MD simulation.  
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Throughout the simulations, the particle mesh Ewald method [243] was used to treat 

long-range electrostatic interactions. The bond lengths involving bonds to hydrogen atoms 

were constrained with the SHAKE algorithm for hydrogen atoms [244]. The time step for 

all MD simulations was two femtoseconds, with a local interaction distance common to 

both electrostatic and van der Waals calculations cutoff of 12 Å. The temperature was 

controlled using the Langevin dynamics parameters with a damping coefficient of 5/𝑝𝑠, 

and the Langevin temperature set to 300𝐾. The Nosé-Hoover Langevin piston pressure 

control [245, 246] was used to control fluctuations in the barostat with a Langevin piston 

decay of 100 fs. All three proteins (wild type, L207R and L207P mutants) were simulated 

in three replicas using random numbers as seed for generating velocities, and average 

trajectories were analyzed. The trajectories were recorded every two picoseconds.  

 

4.3 Analysis Protocol 

 

The snapshots of the MD trajectory were recorded every two picoseconds. VMD with 

scripts developed in-house was used for the analysis of all trajectories. In the analysis of 

hydrogen-bonds, a hydrogen-bond was defined using the following geometric criteron, a 

donor (D) – acceptor (A) distance of ≤ 3.0 Å and the angle 𝐷 − 𝐻⋯𝐴 less than 20 degrees 

(a perfect hydrogen-bond occurs at an angle of zero degrees). The protein network path 

analysis was done using the Wordom program [221, 222]. Wordom combines the PSN and 

dynamic cross-correlation method in a search for all shortest non-covalent communication 

pathways within the protein structure. The communication pathways are obtained by first, 
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calculating the extent of the correlation for amino acid – amino acid displacement along 

the trajectory, and then clustering. Molecular images were prepared using VMD. 

 

4.4 Initial Analysis 

 

One of the fastest initial analysis tools to check if the system is equilibrated is the root 

mean square deviation (RMSD). RMSD is a numerical measure of the distance between 

two structures (two snapshots of MD trajectory); it is defined as 

Equation 4.1 

𝑅𝑀𝑆𝐷𝛼(𝑡𝑗) =  √
∑ (𝑟𝛼⃗⃗  ⃗(𝑡𝑗) − 〈𝑟𝛼⃗⃗  ⃗〉)

2
 

𝑁𝛼
𝛼=1  

𝑁𝛼
 , 

where  

Equation 4.2 

〈𝑟𝛼⃗⃗  ⃗〉 =  
1

𝑁𝑡
∑ 𝑟𝛼⃗⃗  ⃗(𝑡𝑗) 

𝑁𝑡

𝑗=1
 . 

𝑁𝛼 is the number of atoms whose positions are compared, and 𝑁𝑡 is the number of time 

steps over which atomic positions are being compared. 𝑟𝛼⃗⃗  ⃗(𝑡𝑗) is the position of atom 𝛼 at 

time 𝑡𝑗, 〈𝑟𝛼⃗⃗  ⃗〉 is the average value of the position of atom 𝛼 to which the position 𝑟𝛼⃗⃗  ⃗(𝑡𝑗) is 

being compared. The production phase of each simulation should be monitored by 

checking the system temperature and making sure it remains constant through the period 

of the MD simulation.
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Chapter 5 Results  

 

This chapter is organized in the following way. First, the results for each model are 

analyzed, and then they will be compared.  

 

5.1 Wild Type 𝒂𝒄𝟏𝟐 Complex 

 

The solvated protein/membrane systems were each simulated using NAMD for 300 

nanoseconds. The all-atom MD simulations were performed on the Opuntia cluster at the 

Center for Advanced Computing and Data Science (CACDS) at the University of Houston.  

‘Opuntia contains 1,860 cores within 80 HP Proliant SL 230 compute blades (nodes), and 

4 HP Proliant SL 250 Nvidia K40 GPGPU blades, 1 HP Proliant DL 380 login node. The 

system is also equipped with three large memory nodes – 1 HP Proliant DL 580 with 1 TB 

of main memory and 2 HP DL 560 each with 512 GB of main memory. Each compute node 

has 64 GB of memory, and the login/development node has 64 GB. The system storage 

includes a ~600 TB shared file system, and 85 TB of local compute-node disk space (~1 

TB/node). Opuntia also provides access to eight nodes containing two NVIDIA GPU’s, 

giving users access to high-throughput computing and remote visualization capabilities 

respectively. A 56 Gb/s Ethernet Mellanox switch fabric interconnects the nodes (I/O and 

compute). The cluster currently runs Rocks 6.1.1 and Red Hat Enterprise Linux 6.9.’ 

(source https://www.uh.edu/cacds/resources/hpc/opuntia)  

https://www.uh.edu/cacds/resources/hpc/opuntia
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During the production runs, we used a two femtoseconds time step, and trajectories 

were recorded with a frequency of two picoseconds. As a consequence, each set of 

trajectories contained 150,000 frames (snapshots). The results were visualized in VMD, 

and the most representative member of all snapshots is shown in Figure 5.1.  

 

 

Figure 5.1 Wild-type 𝑎𝑐12 after 300 nanoseconds MD simulation. (a) The representation of water 

accumulation within the 𝑎-subunit and 𝑎𝑐-interface after MD simulation. Only the 𝑎-subunit and 

two of the 𝑐-subunits at the interface with the 𝑎-subunit are represented in order to simplify the 

figure. Water is shown in Surf representation and within 12 Å from the 𝑎-subunit. (b) The zoom in 

at the proton binding site. Critical residues directly involved in proton transfer are represented in 

CPK, and in addition, the residues identified by Fillingame and Steed [207] are shown in yellow 

licorice.  

 

Since our system contains close to 200,000 atoms, we chose only to render molecular 

images depicting the 𝑎-subunit and the two 𝑐-subunits facing the subunit 𝑎. In this way, 

we will be able to render more detailed images. Additionally, this part of the protein plays 

a crucial role in proton transfer via the half-channels within the 𝑎-subunit. The 𝑎-subunit 

hosts the terminal residues of the inlet (𝑎Asn214) and outlet (𝑎Ser206) half-channels, as 

well as 𝑎Arg210, which plays an essential role in directing the protons to the outlet and 
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from inlet half-channel during the protonation and deprotonation of 𝑐Asp61. During the 

MD simulation, water accumulated within the 𝑎-subunit, submerging most of the residues 

experimentally identified by Fillingame’s group as the ones positioned along the aqueous 

channels [55]. 

We believe that water spanning the distance between the inner-membrane space and 

terminal residue of inlet half-channel depicts one of the possible positions of the half-

channel along which protons will move to the proton binding site. All of the polar residues 

that Fillingame and colleagues identified as sensitive to the 𝐴𝑔+ probe in close proximity 

of mitochondrial matrix (𝑎Ser199, 𝑎Ser202, 𝑎Lys203, and 𝑎Tyr263) are solvated. We 

believe that these amino acids indeed participate, together with water, in proton mediation 

to the mitochondrial matrix after it has been dissociated from the 𝑐Asp61.  

Further, it is necessary to investigate the movement of the water molecules during the 

MD simulation period. We first investigated if the water molecules are moving from the 

upper side of the lipid bilayer to the lower side via the region that is considered to represent 

the proton binding site. The results showed that none of the water molecules traverse the 

inlet and outlet half-channels via the proton binding site. While visualizing trajectories of 

water around the 𝑎-subunit, we note one distinct pathway most of them take (cf. Figure 

5.2). The black arrow is in the general direction of water movement and the proposed 

position of the inlet half-channel. Zooming into the proton binding region (Figure 5.2b), 

we note that some of the waters stay there for all 300 nanoseconds without moving across 

the lines in the plane of 𝑎Asn214 and 𝑎Ser206. In Figure 5.2, we showed trajectories of 

some of the water molecules to keep the rendering image as clear as possible.  
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Figure 5.2 Water trajectories within ac-interface for wild type 𝑎𝑐12complex. (a) Some of the water 

molecules’ trajectories within the proximity to the proposed inlet and outlet half-channels are 

represented. The black arrow indicates the possible position of the inlet half-channel. (b) View at 

the proton binding site. Black horizontal lines are in the plane of the terminal residue of the inlet 

half-channel (top line), outlet half-channel (bottom line), and in the plane of 𝑎Arg210 (middle line).  

 

Protein cavities are an excellent place for water molecules to nest in, but sometimes 

they will spend some time in one region and move to another. This may be due to the 

diffusive movement of water within the protein. To investigate how long water is nested 

within the particular areas of the 𝑎-subunit, we extracted the list of all of the waters that 

are within 3.2 Å of the particular residue, identified the residues and calculated the time 

they spend in contact. 𝑎Ser206 and 𝑎Arg210, the two residues directly involved in proton 

transfer (as reported by Schulten’s group [10]), are in contact with a water molecule for 

239 and 210 nanoseconds, respectively. Additionally,  𝑎Tyr216 (184 𝑛𝑠), 𝑎Ala217 

(179 𝑛𝑠), 𝑎Glu219 (152 𝑛𝑠), and 𝑎Leu220 (187𝑛𝑠) all participate in a hydrogen-bond or 

are in contact with water. The total simulation time is 300 𝑛𝑠. It is important here to note 
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that all of the residues mentioned are reported to be sensitive to the NEM and 𝐴𝑔+ probes 

as was experimentally confirmed before. This result furthermore supports our hypothesis 

that water mediates and promotes the proton transfer from the mitochondrial inner-

membrane space and proton binding site, as well as from the binding site to the 

mitochondrial matrix. Moreover, we calculated how much time these residues are in a 

stable hydrogen-bond (results presented in Table 5.1). Namely, the time in contact 

represents the total time a water molecule spends within 3.2 Å from the residue.  

Table 5.1 Contact and hydrogen-bond times 

Residue In contact with water (ns) Time in hydrogen-bond (ns) 

𝑎Arg210 210 (70%) 0 

𝑎Ser206 239 (80%) 0 

𝑎Tyr216 184 (61%) 33 

𝑎Ala217 179 (60%) 90 

𝑎Glu219 152 (51%) 0 

𝑎Leu220 187 (62%) 0 

 

The time of contact with water includes the time of how long they are in hydrogen-bond and the 

time water is in contact with residue but not in hydrogen-bond. Note: Reported times are for one 

water in contact with given residue.  

 

Aside from creating hydrogen-bonds with protein residues, the hydrogen-bonding 

between water molecules occurs and thus creates the hydrogen-bond network, which we 

believe is utilized to promote proton transport. Further, we investigated hydrogen-bonds 

along the 𝑎-subunit; results are reported in Table 5.2. The hydrogen-bonds between 

residues and water were investigated utilizing the HBonds Plugin in VMD with the 

following parameters, a 𝐷 − 𝐴 distance 3.0 Å and the angle 𝐷 − 𝐻⋯𝐴 less cutoff 20 

degrees. 
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Table 5.2 Polar residues along the a-subunit involved in hydrogen-bonds with water molecules 

Residue Time (ns) Spatial position 

𝑎Met215 84 (28%) 

inlet half-channel 

𝑎Ala217 87 (29%) 

𝑎Tyr216 234 (78%) 

𝑎Leu220 111 (37%) 

𝑎Gln252 93 (31%) 

𝑎Ser202 96 (32%) 

outlet half-channel 
𝑎Lys203 300 (100%) 

𝑎Tyr263 270 (90%) 

𝑎Ser199 300 (100%) 

 

All of the residues listed are experimentally proven to be sensitive to the 𝐴𝑔+ probe.  

 

Our results are in agreement with experimental results reported by Fillingame’s group [55, 

119, 120, 133, 138, 139]. This furthermore supports our hypothesis that water is involved 

in proton transfer along the half-channels.  

Now when we know which amino acids are communicating with water, we need to 

identify which amino acids are communicating between themselves. We utilized the 

Wordom package to identify the protein structure network paths over the 300 𝑛𝑠 

trajectories. The program searches for the shortest non-covalent communication paths 

along the trajectory and gives the best representative from each communication cluster. 

The results of the residue-residue communication network are represented in Figure 5.3. 

There is a clear indication for the existence of the inlet half-channel involving 𝑎TMH4 and 

𝑎TMH 4 and the water-filled area in between them. As we expected, the path is not directly 

down from the inner-membrane space to the proton binding site; instead, it seems 

somewhat similar to a random walk.  
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Figure 5.3 Amino acid - amino acid communication paths for wild type 𝑎𝑐12 complex. (a) Side 

view of 𝑎𝑐-interface. Communication paths along the (b) presumed inlet half-channel, (c) at the 

proton binding site, and (c) presumed outlet half-channel. 
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We note not only that residues within the 𝑎-subunit are part of the communication 

network, but some of the residues on the c-subunits (parallel to the 𝑎 subunit) are as well. 

The two 𝑐-subunits represented in Figure 5.3 and involved in the protein structure network 

are the subunits that are being protonated or deprotonated at the same time during the 

proton transfer. Along the inlet half-channel, we can follow the communication network 

paths and propose a global path protons are most likely to take. As we expected at the 

proton binding site, the following communication takes place 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝐴𝑠𝑝61 and 

𝑎𝐴𝑠𝑛214 ⇒ 𝑐𝑀𝑒𝑡65. Here we propose that the inlet half-channel involves the following 

amino acids: 𝑎𝐼𝑙𝑒223 ⇒ 𝑎𝐻𝑖𝑠245 ⇒ 𝑎𝐿𝑒𝑢220 ⇒ 𝑐𝑇𝑦𝑟73 ⇒ 𝑎𝑇𝑦𝑟216 ⇒ 𝑐𝐿𝑒𝑢70 ⇒

𝑐𝑀𝑒𝑡65 ⇒ 𝑎𝐴𝑠𝑛215. Methionine and tyrosine are part of this communication path even 

though they are amphipathic (they are both hydrophilic and hydrophobic) amino acids, but 

because of their location at the surface of the 𝑐-helix, they are classified as polar. Isoleucine 

and leucine are buried within the protein but at the location of the aqueous pool. The 

proximity of water to these residues creating hydrogen-bonding network promotes proton 

transfer. One can argue that proton transfer along the half-channels is the combination of 

structured diffusion and wire hopping. Additionally, we propose the outlet hall-channel 

along the following residues 𝑐𝐴𝑠𝑝61 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝑀𝑒𝑡57 ⇒ 𝑐𝑃ℎ𝑒53 ⇒

𝑎𝑃ℎ𝑒54 ⇒ 𝑎𝐿𝑦𝑠203. Again, water accumulated along this path will assist in proton 

translocation along this half-channel. To summarize, protons from the mitochondrial inner-

membrane space take the proposed path along the inlet half-channel to the binding sites. 

At the binding site, a detailed sequence of events is outlined by Schulten’s group [10]. 

After completing almost a full revolution, it dissociates from the 𝑐Asp61 and takes the 

outlet half-channel path to the mitochondrial matrix.  



92 

5.2 T8993C Mutant 

 

The T8993C is the mutation in mtDNA on gene Atp6. This mutation causes the 

replacement of leucine at position 207 with proline on the 𝑎-subunit. From the reported 

experimental work [26, 27, 192, 247, 248], we know that this particular mutation will affect 

the synthesis of ATP in a way that it will slow down to less than 25%. Additionally, it will 

slow down the proton translocation by 30%. This particular mutation is reported to be 

involved with MILS. Further, in the text, we will refer to this mutant as L207P.  

 

 

Figure 5.4 The L207P mutant after 300 nanoseconds MD simulation. (a) The representation of 

water accumulation within the 𝑎-subunit and 𝑎𝑐-interface after MD simulation. Only the 𝑎-subunit 

and two of the 𝑐-subunits at the interface with the 𝑎-subunit are represented in order to simplify the 

figure. Water is shown in Surf representation and within 12 Å from the 𝑎-subunit. (b) The zoom in 

at the proton binding site. Critical residues directly involved in proton transfer are represented in 

CPK, and in addition, the residues identified by Fillingame and Steed [207] are shown in yellow 

licorice.  
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After analyzing and visualizing the trajectories produced by the 300 nanosecond all-

atom production runs, we selected the most populated trajectory frame representative and 

visualized it in VMD (Figure 5.4). We note water accumulation in between the two 𝑐-

subunits; for the proper working FO, water in this region was absent. Further investigation 

into the source of these water molecules revealed that most of it nested in that region during 

the equilibration phase of the MD simulation. Additionally, we investigated whether some 

of these waters will cross the lines bounding the proton binding site. The lines bounding 

the proton binding site are in the horizontal plane comprised of 𝑎Asn214 and 𝑎Ser206.  

 

Figure 5.5 Water trajectories within ac-interface for the L207P mutant. (a) Some of the water 

molecules’ trajectories within the proximity to the proposed inlet and outlet half-channels are 

represented. (b) View at the proton binding site. Black horizontal lines are in the plane of the 

terminal residue of the inlet half-channel (top line), outlet half-channel (bottom line), and in the 

plane of 𝑎Arg210 (middle line).  
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A total of 30 water molecules moved to span the distance between the horizontal planes 

centered on 𝑎Arg210, 𝑎Asn214, and 𝑎Ser206. The trajectories for some of these events are 

represented in Figure 5.5. Once these crossing events occur, water is merely residing there. 

Analyzing the contacts between this water and amino acids nearby, we determined that 

𝑐Asp61 on both 𝑐-subunits are in contact with water for 243 𝑛𝑠 and 161 𝑛𝑠 (81% and 

53%), respectively. The residue that is longest in contact is the one at the position to get 

protonated (visible in Figure 5.5 and represented in red CPK). Additionally, 𝑎Arg210 is in 

constant contact with water during the entire simulation time, and 𝑐Gly69 is solvated for 

67% of the simulation time. All of the three residues hosted by the 𝑐-subunit are involved 

in hydrogen-bonds for about 30% of the simulation time. During the same time, 𝑎Arg210 

is in a hydrogen-bond with water as well.  

Table 5.3 The L207P mutant hydrogen-bonds with water molecules 

Residue Time (ns) Spatial position 

𝑎Met215 75 (25%) 

inlet half-channel 

𝑎Ala217 96 (32%) 

𝑎Tyr216 120 (40%) 

𝑎Leu220 0 

𝑎Gln252 132 (44%) 

𝑎Ser202 234 (78%) 

outlet half-channel 
𝑎Lys203 300 (100%) 

𝑎Tyr263 258 (86%) 

𝑎Ser199 300 (100%) 

 

All of the residues listed are experimentally proven to be sensitive to the 𝐴𝑔+ probe.  

 

In an attempt to identify the positions of the half-channels, we first analyzed the 

hydrogen-bonding network along the polar residues within the 𝑎-subunit. The results 
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observed are reported in Table 5.3. Comparing the hydrogen-bonding with the wild-type, 

we note that the residues identified to participate in the proton transfer along the inlet half-

channel spend less or no time in stable hydrogen-bonds. At the same time, the residues 

along the outlet half-channel are not affected even though the mutation is at position 207 

(one residue away from the terminal residue of the half-channel).  

Referring to Figure 5.4, one can speculate that the proton pathway is changed and 

consequently, the position of the inlet half-channel. Based on water accumulation, one can 

claim that instead of taking the ‘standard’ route in between the TMH of the 𝑎-subunit, the 

Grotthuss mechanism will promote transport along the 𝑎𝑐-interface to the proton binding 

site on the 𝑐-subunit. Further investigation of the PSN paths is required in order to 

determine the possible routes of proton translocation.  

The Wordom results are shown in Figure 5.6. Interestingly, all of the communication 

between residues is happening at the active binding site and around the area of the outlet 

half-channel. Zooming in to the area above the proton binding site (Figure 5.6b), two 

possible communication paths are observed: 

1. 𝑐𝑃𝑟𝑜64 ⇒ 𝑎𝐴𝑠𝑛214 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝐴𝑠𝑝61 

2. 𝑎𝐿𝑒𝑢211 ⇒ 𝑎𝐺𝑙𝑛252 ⇒ 𝑎𝐴𝑠𝑛214 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝐴𝑠𝑝61 

All of the 𝑎-subunit members of either communication path experimentally showed 

sensitivity to the 𝐴𝑔+ probe and are solvated through the simulation run. Here we 

hypothesize that the protons are transported from the inner-membrane space to either 

𝑐Pro64 or 𝑎Gln252 via the Grotthuss mechanism and after that via the combination of 

Grotthuss and proton wire mechanism.  
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Figure 5.6 The L207P mutant amino acid - amino acid communication paths. (a) Side view of 𝑎𝑐-
interface. Communication paths along the (b) presumed inlet half-channel, (c) at the proton binding 

site, and (c) presumed outlet half-channel. 

 

  



97 

At the proton binding site, the communication path looks as expected 𝑎𝐴𝑠𝑛214 ⇒

 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝐴𝑠𝑝61. Interestingly, the communication path 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝑀𝑒𝑡57 ⇒

𝑎𝐿𝑒𝑢209 ⇒ 𝑐𝑃ℎ𝑒54 ⇒ 𝑎𝑃𝑟𝑜207 ⇒ 𝑎𝑇𝑦𝑟263 may suggest an alternative route in which 

the protons are transported along the pathway without protonating 𝑐Asp61. This may 

account for the 30% proton transfer decrease reported experimentally [26].  

 

5.3 T8993G Mutant 

 

The T8993G mutation occurs on the mtAtp6 gene and results in replacing the leucine 

at position 207 with positively charged arginine (we will refer to this mutant as L207R). 

The presence of another positively charged amino acid only three residues away from the 

critical 𝑎Arg210 is expected to affect the proton translocation through the half-channels. 

Previously, it has been experimentally determined that the ability of the ATP synthase to 

extract the energy from the proton translocation decreases to only five percent of its full 

capacity [26]. This mutation, when the mutation load is 90% and higher, causes MILS 

[193, 249].  

The MD simulations revealed two possible water paths within the vicinity of the proton 

binding region (cf. Figure 5.7). One branch of the water path spans between 𝑎Asn214 and 

𝑎Ser206, including the 𝑐Asp61. Another branch is observed to span the distance between 

𝑎Asn214 and 𝑎Ser206 along the cavity in between TMHs of subunit 𝑎. Further 

investigation of the effect of this accumulated water has on the residues involved in proton 
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transfer was carried out utilizing the PSN path calculations and hydrogen-bonding network 

formation. 

 

 

Figure 5.7 The L207R mutant after 300 nanoseconds MD simulation. (a) The representation of 

water accumulation within the 𝑎-subunit and 𝑎𝑐-interface after MD simulation. Only the 𝑎-subunit 

and two of the 𝑐-subunits at the interface with the 𝑎-subunit are represented in order to simplify the 

figure. Water is shown in Surf representation and within 12 Å from the 𝑎-subunit. (b) The zoom in 

at the proton binding site. Critical residues directly involved in proton transfer are represented in 

CPK, and in addition, the residues identified by Fillingame and Steed [207] are shown in yellow 

licorice.  

 

Visualizing the trajectory of some of the water molecules in the proton binding region 

(the region bounded by 𝑎Asn214, 𝑎Arg210, 𝑎Ser206, and two 𝑐Asp61 residues on the 𝑐-

ring), we note that most of them are crossing the planes created by the critical 𝑎Arg 210 

and terminal residues of the inlet and outlet half-channels (Figure 5.8). To keep images 

informative enough but not extremely busy, we represented trajectories for only some of 

the waters in this region. As we expected, water crossed the boundaries.  
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Figure 5.8 Water trajectories within the ac-interface for the L207R mutant. (a) Some of the water 

molecules’ trajectories within the proximity to the proposed inlet and outlet half-channels are 

represented. (b) View at the proton binding site. Black horizontal lines are in the plane of the 

terminal residue of the inlet half-channel (top line), outlet half-channel (bottom line), and in the 

plane of 𝑎Arg210 (middle line).  

 

Further analysis of the contact between water and the protein revealed that 𝑎Arg210, 

𝑎Arg207, 𝑎Gln252, 𝑎Ile255, and both 𝑐Asp61 are in contact with water for the majority 

of the simulation time (>70%). The hydrogen-bond analysis revealed the results reported 

in Table 5.4. The time in hydrogen-bond for the residues identified as the leading indicators 

of the position of half-channels is considerably reduced. This indicates breakage in the 

hydrogen-bonding network and consequently altered paths that the protons will take. 

Merely through an examination of Figure 5.7, one can argue that proton pathways are 

altered in both the inlet and outlet half-channels. Further investigation involving the PSN 

pathways provided some insight into this. 
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Table 5.4 The L207R mutant hydrogen-bonds with water molecules. 

Residue Time (ns) Spatial position 

𝑎Met215 108 (36%) 

inlet half-channel 

𝑎Ala217 0 

𝑎Tyr216 15 (5%) 

𝑎Leu220 0 

𝑎Gln252 144 (48%) 

𝑎Ser202 36 (12%) 

outlet half-channel 
𝑎Lys203 21 (7%) 

𝑎Tyr263 111 (37%) 

𝑎Ser199 111 (37%) 

 

All of the residues listed are experimentally proven to be sensitive to the 𝐴𝑔+ probe.  

 

The PSN pathway calculations (Figure 5.9) revealed one short path along the possible 

position of the inlet half-channel 𝑎𝐴𝑠𝑝146 ⇒ 𝑐𝑇𝑦𝑟73 ⇒ 𝑎𝑇𝑦𝑟216. Additionally, there 

is a cluster of communications centered around 𝑎Arg210 involving 𝑐Asp61, 𝑎Asn214, 

𝑎Arg207, 𝑎Gln252, and 𝑎Phe256 (Figure 5.9c). All members of this cluster are the 

residues previously identified as sensitive to the 𝐴𝑔+ probe. This cluster may be involved 

in a water-mediated proton transfer via the 𝑎𝐴𝑠𝑛214 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑎𝐴𝑟𝑔207 ⇒

𝑎𝐿𝑒𝑢259 path away from the proton binding site.  

The central motivating assumption for this work was that that half-channels are ‘water 

wires’ that translocate protons via hydrogen-bond networks, and that channels can be 

adversely affected by specific mitochondrial mutations. We believe that the results 

presented here support our hypothesis.  
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Figure 5.9 The L207R mutant amino acid - amino acid communication paths. (a) Side view of 𝑎𝑐-
interface. Communication paths along the (b) presumed inlet half-channel, (c) at the proton binding 

site, and (c) presumed outlet half-channel. 
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5.4 Conclusions and Future Directions 

 

The two mutations presented in this work, T8993C and T8993G, are known to cause 

(when the mutation load is higher than 90%) a devastating disease (MILS) that affects 

newborns and reduces their life span to a couple of years. The two mutations are located in 

the mtAtp6 gene responsible for encoding the 𝑎-subunit of the ATP synthase. The 

mutations are manifested in replacing leucine (L) at position 207 with proline (P), T8993C, 

or arginine (R), 8993G. L207R is severely defective in ATP synthesis while L207P has a 

much less severe impairment.  

Because of this, there is a compelling need for a detailed understanding of the proton 

transport mechanism in the FO portion of the ATP synthase. Over the past couple of 

decades, researchers investigated ATP synthase both experimentally and theoretically, and 

provided much insight into the mechanisms at which this molecular machine operates. The 

accumulation of protons in the mitochondrial inner membrane creates an electrochemical 

gradient, which is used to power the ATP synthase in the direction of synthesizing the ATP. 

Proton transfer across the inner-membrane powers the rotational motion of FO which is 

transmitted via the gamma-shaft to the F1 part of the ATP synthase.  

To date, we know that protons are transferred via the inlet half-channel to the proton 

binding site on the 𝑐-ring causing its rotation away from the 𝑎𝑐-interface. After a nearly 

full revolution, the proton dissociates and via the outlet half-channel is transferred to the 

mitochondrial matrix. From previously published work [10], we know the exact sequence 

of events happening during the protonation and deprotonation of 𝑐-subunits, but we did not 
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have enough knowledge about exact proton paths before protonation and after the 

dissociation from the proton binding site. Extensive experimental studies by the Fillingame 

group revealed the polar amino acids within the 𝑎-subunit (the ‘Fillingame pocket’) 

sensitive to the 𝐴𝑔+and NEM probes [55, 76, 118, 119, 122, 138, 139, 206]. The group 

additionally observed water accumulation in this region. 

In this study, we utilized MD simulations, and by combining the hydrogen-bonding 

network with the protein structure network pathways, we were able to depict the possible 

pathways along which water mediates the proton transfer. Furthermore, we studied the 

water channel formation and revealed how T8993C and T8993G mutations affected the 

proton translocating channels.  

The results revealed that water accumulated within the ‘Fillingame pocket’ and 

furthermore possible positions of the half-channels (Figure 5.10). During the 300𝑛𝑠 of the 

production MD simulations, the average number of water molecules in the ‘Fillingame 

pocket’ remained constant, with approximately 20 molecules present at all times. The 

investigation of the hydrogen-bonding network and PSN paths revealed possible positions 

of the inlet and outlet half-channels. The wild-type inlet half channel is proposed in the 

following direction:  

𝑎𝐼𝑙𝑒223 ⇒ 𝑎𝐻𝑖𝑠245 ⇒ 𝑎𝐿𝑒𝑢220 ⇒ 𝑐𝑇𝑦𝑟73 ⇒ 𝑎𝑇𝑦𝑟216 ⇒ 𝑐𝐿𝑒𝑢70 ⇒ 𝑐𝑀𝑒𝑡65 

⇒ 𝑎𝐴𝑠𝑛215 , 

while the outlet half-channel takes place along the 𝑐𝐴𝑠𝑝61 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝑀𝑒𝑡57 ⇒

𝑐𝑃ℎ𝑒53 ⇒ 𝑎𝑃ℎ𝑒54 ⇒ 𝑎𝐿𝑦𝑠203 pathway.  
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Figure 5.10 The wild-type, L207P, and L207R mutant after 300 nanoseconds MD simulation. The 

representation of water accumulation within the 𝑎-subunit and 𝑎𝑐-interface after MD simulation. 

Only the 𝑎-subunit and two of the 𝑐-subunits at the interface with the 𝑎-subunit are represented in 

order to simplify the figure. Water is shown in Surf representation and within 12 Å from the 𝑎-

subunit. Critical residues directly involved in proton transfer are represented in CPK, and in 

addition, the residues identified by Fillingame and Steed [207] are shown in yellow licorice.  

 

The two paths are in agreement with Fillingame’s experimental findings. We propose 

that the water accumulation in the vicinity of these two paths promotes the proton transfer 

via a hydrogen-bonding network. Additionally, we believe that protons are translocated by 

utilizing both mechanisms previously explained, structural diffusion and proton wire.  

As expected, the two mutations affected the hydrogen-bonding network and PSN paths. 

We report the sequence of amino acids participating in the formation of half-channels for 

the L207P and L207R mutants. 

For L207P: 

Inlet half-channel ⟨

𝑐𝑃𝑟𝑜64 ⇒ 𝑎𝐴𝑠𝑛214 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝐴𝑠𝑝61

𝑎𝐿𝑒𝑢211 ⇒ 𝑎𝐺𝑙𝑛252 ⇒ 𝑎𝐴𝑠𝑛214 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝐴𝑠𝑝61
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Outlet: 𝑎𝐴𝑟𝑔210 ⇒ 𝑐𝑀𝑒𝑡57 ⇒ 𝑎𝐿𝑒𝑢209 ⇒ 𝑐𝑃ℎ𝑒54 ⇒ 𝑎𝑃𝑟𝑜207 ⇒ 𝑎𝑇𝑦𝑟263 

And for L207R: 

Inlet: 𝑎𝐴𝑠𝑝146 ⇒ 𝑐𝑇𝑦𝑟73 ⇒ 𝑎𝑇𝑦𝑟216 

Outlet: 𝑎𝐴𝑠𝑛214 ⇒ 𝑎𝐴𝑟𝑔210 ⇒ 𝑎𝐴𝑟𝑔207 ⇒ 𝑎𝐿𝑒𝑢259 

In conclusion, this study has revealed, for the first time, key differences between 

normal and mutation-impaired pathways for proton translocation in the FO portion of the 

ATP synthase. Our results reveal the role of water in creating hydrogen bond networks that 

enable proton transport: (1) via the input half-channel toward the amino acid residues that 

enable proton binding to the c-ring; and (2) via the exit half-channel, from the c-ring toward 

the matrix. In addition, for the L207P and L207R mutations studied, we have discovered a 

protonic ‘short circuit’ created by spurious water molecules influenced by the altered 

electrostatic properties of the mutant amino acids. This short circuit largely bypasses the 

c-ring and, especially for the L207R mutant, prevents the protons from properly binding to 

the c-ring. 

Our work thus highlights the role of water as a mediating factor during proton 

translocation, and how this process can become impaired by mutations and thereby hinder 

ATP production. It is quite extraordinary how a simple point mutation, in which one amino 

acid is replaced by another, can have devastating consequences on someone’s life. This 

study reveals a clear and compelling mechanism on how and why this happens. Future 

studies will include: (1) a detailed analysis of the actual proton transfer process; (2) a 

mechanistic study of normal and mutated ATP synthase rotation; and/or (3) a study of 
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whether certain compensating mutations or small molecules can improve ATP production 

in the mutated enzyme complexes. Combined with experimental studies, our findings may 

ultimately help guide the development of targeted drug and gene therapies.
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