Chapter 0

General introduction

General introduction

Genetic and biochemical studies by our group have shown that the C5 hydroxylation is performed by the Coq6 enzyme, 10 and that this enzyme is likely to be an FAD dependent monooxygenase. 11 In this work, we present a further structure-function characterization of Coq6. Our group has isolated and purified Coq6 for biochemical study, but its structure has not yet been solved experimentally. Here, we establish the structure-function characterization on the basis of molecular modeling, site-directed mutagenesis, in vivo activity assays, and in vitro studies.

This structure-function characterization seeks to answer several specific questions:

1.

What is the atomic-resolution structure of Coq6? 2.

How does Coq6 bind its cofactor? 3.

How does Coq6 bind its substrate?

The structural basis of this work is the creation of a homology model of the Coq6 enzyme. This model will then be used in the formulation of specific structure-function hypotheses which can be tested by functional in vivo assays of site-directed mutants informed by the homology model. The molecular modeling is performed by the author under the guidance of Caroline Mellot-Draznieks (Ph.D) at the Collège de France. The in vitro study of Coq6 was performed by Lucie Gonzalez (a Ph.D candidate) and Murielle Lombard (Ph.D), also at the Collège. The in vivo study of Coq6 was performed by Fabien Pierrel (Ph.D) at the University of Grenoble.

Modeling strategy

The modeling strategy consists of four main parts. First, we will create a panel of homology models of the Coq6 enzyme using several template coordinate sources and construction methods. Second, we will analyze the model structures for substrate binding regions and study their behavior over the course of molecular dynamics simulations. Third, we will dock substrate models into the substrate binding regions identified on the panel of homology models. This docking will be used as an in silico functional assay to identify a single substrate binding region and formulate structure-function hypotheses for it. This step will also be used to select a single model to retain for the next step. Fourth, we will use the selected model and the predicted enzyme-substrate interactions to rationally design mutants to test the structure-function hypotheses formulated in step three. Finally, the rationally designed mutations will be experimentally tested in a in vivo assay in S. cerevisiae.

Document structure

In this work we will describe these steps in more detail.

Chapter 1 will give detailed background information on known information on the ubiquinone biosynthesis system.

Chapter 2 will describe the computational strategy and methods we will use from a theoretical perspective. We will first translate the three main questions of the present study into general molecular
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General introduction

The present work is dedicated to the development of a molecular model of Coq6 in S. cerevisiae, an enzyme necessary for the biosynthesis of ubiquinone, a ubiquitous molecule in organisms that is essential for aerobic cellular metabolism.

Ubiquinone is a small molecule essential for electron and proton transfer among the protein complexes of the respiratory chain, which is responsible for generating the majority of cellular energy in oxygenic environments. These protein complexes are embedded in the inner mitochondrial membrane, and therefore ubiquinone has two distinct physico-chemical functional requirements: the ability to change redox state and lipid solubility. The redox ability to transfer electrons and protons is mediated by a fully substituted quinone ring, and lipid solubility is conferred by a polyprenyl tail.

The production of this essential molecule is effected by a dedicated aerobic ubiquinone biosynthesis pathway composed of over a dozen proteins 1 2 3 4 as characterized in the model organism S. cerevisiae.

There is evidence that these proteins work together in an obligate multi-protein complex, called the CoQ synthome 5 to transform a six-carbon ring (derived from chorismate, tyrosine, or 4-hydroxybenzoate 6 ) into the fully substituted quinone ring of ubiquinone. The biosynthesis pathway as described in S. cerevisiae is resumed in However, the functional and structural interdependence 7 of the yeast Coq proteins makes the attribution of specific biosynthetic intermediates to specific enzymes difficult. Single Coq gene knockouts accumulate only early pathway intermediates, 8 and the precise ordering of reactions in the pathway is still ambiguous. One substitution, the addition of a methoxy group at the C5 ring position is partially understood as being catalyzed in two steps: a C5-hydroxylation followed by an O-methylation. 9 modeling tasks. These tasks are then further translated into specific techniques of molecular modeling. We will then compose these techniques into a larger strategy for modeling Coq6. Given the low sequence identity of Coq6 to the possible templates, the general goal of the strategy is to generate and test several possible models of Coq6 before simulating their interaction with a model substrate.

Chapter 3 will describe the application of the strategy developed in Chapter 2. We will first describe the construction of a set of Coq6 homology models using three independent methods. We will then test their structural stability using molecular dynamics.

Chapter 4 will describe the selection of Coq6 models based on attempts at docking a model substrate into the Coq6 active site. First, we will analyze our homology models to identify the active site and any possible substrate binding sites to derive geometric descriptors with which we will analyze the molecular dynamics trajectories created in Chapter 3.

Chapter 5 will describe the in silico testing of the substrate access channel in a yeast Coq6 mutant modeled from human clinical literature. We will further test the putative substrate access channel by using our homology model to rationally design additional mutations to block the channel. Finally, these predictions will be tested by in vivo activity assays.

Finally, in Chapter 6 we will present the conclusions of the current work and perspectives on the application of molecular modeling to the study of Coq6 and the entire Q biosynthesis pathway.

Chapter 1 Introduction to ubiquinone biosynthesis

General introduction to ubiquinone and its role in cellular metabolism

The present work is dedicated to the development of a molecular model of Coq6 in S. cerevisiae, an enzyme necessary for the biosynthesis of ubiquinone, a ubiquitous molecule in organisms essential for aerobic cellular metabolism. After a preliminary presentation of the structure of ubiquinone, this chapter will introduce four key areas of background knowledge necessary to the development of the Coq6 molecular model. These are:

 Structures and functions of ubiquinone  The ubiquinone biosynthesis pathway  Current state of knowledge of Coq6  The general structure of Q biosynthesis monooxygenases

We will first describe the structure and functions of ubiquinone. We will then review the existing knowledge of the ubiquinone biosynthesis pathway in our eukaryotic model organism S. cerevisiae. In order to introduce structural and functional nomenclature for the description of Coq6, we will review the known structure-function data for a related and extensively characterized enzyme, parahydroxybenzoate hydroxylase (PHBH). Coq6 is predicted to use the same global fold and the same cofactor (flavin adenine dinucleotide, FAD) to perform the same reaction (nucleophilic hydroxylation) on a similar (para-hydroxybenzoate, pHB) substrate. We will conclude with a description and a discussion of known literature data for Coq6 and the formulation of specific questions to be addressed in this work.

What is ubiquinone?

Ubiquinone is a small molecule present in almost all cell membranes, 1 although it is found in highest concentrations in mitochondria. 2 Ubiquinone is a member of a more general family of molecules, the isoprenoid quinones, so named because they consist of a quinone moiety substituted with varying functional groups, one of which is an isoprenoid tail whose length varies between species. In S. cerevisiae it is six isoprene units long, whereas it is eight units long in E. coli and ten units long in H. sapiens. The isoprenoid tails give members of this family solubility in lipid membranes, which is important for their localization and function within the cell. The quinone moiety can be modified by different substituents which modulate the redox potentials of the compound to match their functional biochemical requirements, typically electron transfer in respiratory chains. 3 Classification according to the quinone moiety generates two main families: naphthoquinones (which have an additional aromatic ring fused onto the quinone ring at the C5 and C6 positions) and benzoquinones (which have discrete functional groups on the quinone ring). These structural features are summarized in Figure 1.1. Different types of quinones have different redox potentials, making each one suited for a specific set of biochemical reactions, sometimes under different redox conditions in different environments. 

Structure of ubiquinone

Ubiquinone is a member of the benzoquinones, and it is the main electron transfer quinone of eukaryotes. Ubiquinone consists of a fully substituted quinone ring bearing a polyprenyl tail. The quinone ring bears two redox active hydroxyl groups, enabling ubiquinone to exist in three redox states: fully oxidized (as ubiquinone, hereafter referred to as Q), partially reduced (as semiubiquinone, hereafter referred to as QH), and fully reduced (as ubiquinol, hereafter referred to as QH2). The polyprenyl tail confers lipid solubility, localizing the molecule to membranes. These two general physico-chemical properties enable Q to perform several essential functions in cellular metabolism. It can act as a lipid soluble electron transfer reagent in the electron transport chain, an anti-oxidant for membrane lipids, proteins, and DNA, and as a structural membrane lipid. These structures are resumed in Figure 1.2 below.

FIG 1.2:

Ubiquinone in its various redox states. The isoprenyl tail is indicated in parentheses. Oxidation and reduction occur at the two phenolic oxygens.

Functions of ubiquinone 1.3.1 A lipid soluble redox agent in the electron transport chain

Q is perhaps best known for its essential role as an electron transfer reagent in the mitochondrial electron transport chain, where it is required to transfer electrons from Complex I and Complex II to Complex III. 4 These protein complexes are embedded in the inner mitochondrial membrane (IMM) as shown in Figure 1.3. Q's quinone ring is responsible for electron and proton transfer and the lipid tail makes the molecule strongly hydrophobic, localizing it inside the membrane. These properties make Q both essential to cellular function and difficult to transport through aqueous compartments, and it is poorly absorbed from the gastro-intestinal tract. 5 Therefore, all cells have an endogenous capacity to biosynthesize Q. It is not surprising that the site of highest Q utilization, the mitochondria, is also a major site of Q biosynthesis. Generally, the higher the metabolic requirements of a given cell type, the more Q it contains. There are two reasons for this: Q is required to generate adenosine triphosphate (ATP) by aerobic electron transfer, and it is also required to neutralize the reactive oxygen species (ROS) which are by-products of the same process. ROS can damage the electron transport chain and other cellular components through uncontrolled oxidation. The biochemical goal of deriving cellular energy from ingested food through aerobic respiration is the transformation of redox potential from a variety of chemically diverse food molecules (carbohydrates, lipids, and proteins) into a single common energy transfer molecule: adenosine triphosphate (ATP). This transfer of redox potential is accomplished through the biochemical manipulation of some of the most generic constituents of matter: the proton and the electron.

This occurs in three main phases. In the first phase, food molecules of varying types are transformed into acetate for processing in the citric acid cycle, which produces a small set of more generic reduced carbon metabolites, namely NADH and succinate. In the second phase, the reductive potential of these specific molecules (NADH and succinate) is then converted into an even more generic physical form: a concentration gradient across a membrane. The redox potential of many individual NADH and succinate molecules is converted into a single common proton gradient on a supra-molecular scale: the intermembrane space of the mitochondria. This gradient is formed and maintained by active proton transfer from the mitochondrial matrix to the inter-membrane space through the action of the electron transport chain. In the third phase, the energy stored in this concentration gradient is used for the synthesis of a specific redox transfer molecule, ATP.

The electron transport chain is a system of several separate multi-protein complexes that has evolved to use electron transfer among proteins within the inner mitochondrial membrane (IMM) to drive proton transfer across the inner mitochondrial membrane. Electrons are passed from NADH and succinate to species (small molecule redox agents like Q, or macromolecular redox agents like cytochrome C) having progressively higher oxidation potentials, with the free energy released used to translocate protons. This strongly implies the need for an electron and proton transfer reagent that can be localized within the inner mitochondrial membrane, and biochemistry has evolved to use and synthesize a specific molecule for this role: ubiquinone (Q). Here we will briefly summarize the role of Q as a lipid-soluble redox agent in the electron transport chain.

The electron transport chain is composed of four large protein complexes, named Complexes I-IV. Each complex has a different role, but they work together to use the reductive potential of specific metabolites (NADH and succinate) to translocate protons across the IMM.

Complex I takes electrons and protons from NADH to reduce Q to QH2 and concomitantly translocate four protons from the matrix to the intermembrane space. Complex II takes electrons and protons from succinate to reduce Q to QH2, but does not translocate protons. Together, Complexes I and II use Q as an electron and proton acceptor to create a "pool" of reduced QH2 in the IMM, carrying the protons and electrons abstracted from food.

Complex III uses this pool of reduced QH2 for two purposes. Protons are abstracted from QH2 (regenerating Q) and translocated to the inter-membrane space (contributing to the proton gradient), while the electrons are transferred to another electron acceptor of higher oxidation potential, cytochrome C, to be passed on to Complex IV.

Complex IV will oxidize cytochrome C and use these electrons to drive one last proton translocation event. Four electrons from four cytochrome C moieties are transferred to a final acceptor: molecular oxygen. These four electrons must be paired with four protons, which are taken from the mitochondrial matrix, and molecular oxygen is finally reduced to water.

Ubiquinone is therefore essential for the proton translocation events catalyzed by Complexes I and III, without which the mitochondrial proton gradient could not be established and aerobic respiration could not occur.

An antioxidant for membrane lipids, proteins, and DNA

The ability to support multiple oxidation states, including the QH radical, enables this small molecule to act as a more general anti-oxidant, preventing peroxidation of membrane lipids, DNA, and proteins. This is an important function because Q is present in high quantities in cellular compartments with elevated redox activity, such as mitochondria and lysosomes, 7 as well as compartments which may require careful control of redox events, such as protein maturation in the Golgi vesicles. 5 The inner mitochondrial membrane is an important source of ROS, primarily the superoxide anion, produced from the incomplete one-electron reduction of dioxygen and other unintended electron "leaks" from the electron transfer chain. Generation of ROS can be harmful to the cell because of their ability to initiate radical chain reactions, increasing the stoichiometry of damage far beyond the initial quantity of ROS produced. About 0.1-2% of the electrons processed by the electron transfer chain are lost to incomplete reduction of dioxygen, yielding ROS. Proximal targets of these ROS are the protein complexes of the electron transfer chain themselves, some of which contain iron-sulfur clusters.

Oxidation of these proteins and their Fe-S clusters can release free iron into the cell, which is a potent source of the hydroxyl radical, which can initiate oxidation of lipids, proteins and DNA.

Q and QH can react with the superoxide anion to form hydrogen peroxide, which can then be detoxified by the action of catalase to yield water and oxygen. 8 By preventing the initiation steps of biomolecular peroxidation, Q can greatly reduce the negative effects of ROS on the cell. In summary, Q participates in generating radical species as well as in neutralizing them; the control of this behavior depends on subcellular localization as well as the molecular environment and the presence of other redox active species.

A structural membrane lipid

Ubiquinone's isoprenyl tail also gives this molecule a non-redox role as a structural membrane lipid (similar to dolichol and cholesterol) where it appears to increase the stability of E. coli cell membranes in high-salt conditions 9 and reduce membrane permeability to protons and sodium. 10 The length of this polyprenyl chain varies among organisms, from six isoprene units in S. cerevisiae, to eight in E. coli, to ten in humans. Experimental evidence indicates that ubiquinones with tails of six or more isoprene units occupy a position between the membrane leaflets, 11 and that a tail of eight or more isoprene units may significantly enhance membrane stability. 12 Neutron scattering experiments indicate that Q with six or more isoprene units assumes two main conformations in lipid bilayers. 13 In one, the polyprenyl tail and head occupy a position in between the lipid leaflets. In the other, the isoprenyl tail occupies largely the same position but the aromatic head is situated near the polar headgroups of the membrane lipids. This orientation places the bulk of the isoprenyl chain's surface area perpendicular to the membrane normal, which could make it an effective physical barrier to the uncontrolled permeation of protons and ions. This orientation is depicted schematically below in 

The ubiquinone biosynthesis pathway in S. cerevisiae 2.1 Overview

The Q biosynthesis pathway in S. cerevisiae is composed of at least twelve proteins: Coq1-9, 14 15 Arh1, Yah1, 16 and Coq11. 17 There is evidence that these proteins work together in an obligate multi-protein complex, called the CoQ synthome 18 to transform a six-carbon ring (derived from chorismate or tyrosine, both of which lead to 4-hydroxybenzoate 19 ) into the fully substituted quinone ring of ubiquinone. However, the attribution of enzymes to biosynthesis intermediates is still incomplete, and new genes involved in Q biosynthesis are still being discovered. The biosynthesis pathway as currently described in S. cerevisiae is resumed in the Figure 1.5 below. 18 Coq1 is responsible for the synthesis of the polyprenyl tail. Coq2-7 are responsible for modifying and adding substituents to the eventual quinone ring. Coq6, which is the focus of this thesis, is responsible for the hydroxylation of the aromatic ring at the C5 position. 20 Coq8 contains a kinase domain which may regulate synthome assembly through protein phosphorylation as well as two flanking domains which may serve as protein-protein interaction surfaces for synthome assembly. Coq9 is likely to be involved in deaminating substrates bearing an amino group at position C4. Coq11 is likely to be a chaperone, perhaps assisting in the transport of Q biosynthesis intermediates. 17 Arh1 (an adrenodoxin reductase) and Yah1 (an adrenodoxin homolog) are implicated as part of an electron transfer system supplying reducing equivalents to the biosynthesis enzymes. 20 In S. cerevisiae the quinone ring is derived from either tyrosine or chorismate. 21 Both of these precursors are processed to yield the common product 4-hydroxybenzoate (4-HB), from which the atom numbering of the quinone ring is derived. We will introduce this numbering here (see Figure 1.6) as it will be used frequently in this work.

FIG 1.5

The Q biosynthesis pathway from S. cerevisiae, adapted from "Coenzyme Q supplementation or over-expression of the yeast Coq8 putative kinase stabilizes multi-subunit Coq polypeptide complexes in yeast coq null mutants" (Biochimica and Biophysica Acta 2014). 18 The C5 carbon is highlighted in red. However, the exact attribution of biosynthetic intermediates to each monooxygenase and methyltransferase cannot be completed 22 purely through in vivo studies because of the functional (and presumably structural) interdependence of these enzymes in the CoQ synthome. Additionally, at least one enzyme of this pathway, Coq2, displays substrate promiscuity 23 , meaning there may not be a single unique order of pathway reactions. This aspect of Q biosynthesis still awaits more complete in vivo and in vitro characterization of each enzyme and its role in the pathway.

The structural relationship between the Coq proteins is the subject of active research. This work usually combines sub-cellular fractionation, gel purification, affinity purification, and mass spectrometry to determine protein-protein contacts in the protein complex. 24 This protein interaction data is the basis of evolving models of the CoQ synthome, the latest published example 18 of which is presented below in Single gene knockout studies of Coq1-9 typically show accumulation only of the early biosynthesis intermediate 3-hexaprenyl-4-hydroxybenzoic acid (HHB), which requires only the synthesis and attachment of the polyprenyl tail to the aromatic head (in its basal state as derived from chorismate or tyrosine). 25 This indicates that none of the remaining Q biosynthesis proteins are able to function without the presence of the others, implying the requirement of protein-protein interactions to permit individual enzymatic function.

However, the molecular details of this inter-dependency are not clear. Does each enzyme physically require the other proteins for passive structural stability as a pre-condition for enzymatic activity? Are the proteins regulated through other effectors, such as phosphorylation? In such a case, the assembly of the complex would not be strictly necessary for the catalysis on the substrate, but rather for activation of component proteins. Are incomplete Coq synthomes actively degraded by the cell? The answers to these questions have important implications for developing in vitro enzymatic activity assays for individual Coq enzymes.

Individual Coq proteins

In this section we will briefly describe each of the known Q biosynthesis enzymes from S. cerevisiae based on the literature. We will also add descriptions of their predicted structures as inferred from close homologs found through a preliminary structural modeling of the Coq proteins using an automated protein modeling server, Phyre2. 26 A more complete description of the preliminary modeling is presented in Annex 1.

Coq1 is a mitochondrial hexaprenyl pyrophosphate synthase. It is a peripheral membrane protein localized to the matrix face of the inner mitochondrial membrane. It is responsible for catalyzing the synthesis of the hexaprenyl tail from isopentenyl pyrophosphate units, one of the first steps of Q biosynthesis. While the structure of Coq1 has not been determined, the structures of several bacterial homologs have been solved, including geranyl diphosphate synthase from Arabidopsis thaliana (PDB entry 3AQ0). This enzyme, showing 44% sequence identity to Coq1, and reveals an 8 helix bundle crystallized as a dimer. This is consistent with experimental results indicating that dimerization is necessary to elongate the polyprenyl chain to the target length, which varies by species and is determined by the action of Coq1. 27 The naturally observed length variation of the polyprenyl tail among extant model organisms does not seem to be a critical parameter for the function of Q in the respiratory chain, as complementation of S. cerevisiae Coq1 knockouts by orthologs from S. pombe, R. norvegicus, and H. sapiens restores aerobic respiration. 28 This shows that the isoprenyl tail length is not a determining factor in molecular recognition of Q biosynthesis intermediates by the other Coq proteins. 29

Coq2 is a mitochondrial polyprenyl transferase responsible for the condensation of the hexaprenyl tail to the aromatic ring (derived from 4-hydroxybenzoate). The structure of S. cerevisiae Coq2 itself has not been determined, although the structure of a functional homolog from Aeropyrum pernix 30 (21% sequence identity to Coq2) has been solved. This structure, PDB entry 4OD5, reveals a 9 helix bundle with a hydrophobic belt which forms an oligomerization surface in this crystal form. This predicted structural feature makes it likely that this protein is a transmembrane helix bundle 31 , consistent with the localization of one of its substrates, the strongly lipophilic polyprenyl chain synthesized by Coq1. As is likely to be the case for other Q biosynthesis proteins, Coq2 is not strictly sensitive to the length of the polyprenyl chain. 29 32 Coq3 is a SAM (S-adenosyl methionine, an enzymatic cofactor) dependent O-methyltransferase responsible for the methylation of the C5 hydroxyl group added by Coq6 and the C6 hydroxyl group added by Coq7. 33 The structure of Coq3 has not yet been determined, but the structure of the functional homolog from Escherichia coli, UbiG (36% sequence identity to Coq3), has been deposited as PDB entry 4KDC. This structure describes a small globular protein consisting of an eight stranded beta sheet flanked by helix bundles on both outer faces, and is likely to be a soluble protein associated to the matrix face of the IMM, as it co-purifies with Coq4 in digitonin solubilized mitochondrial extracts.

Coq4 is not known to have any enzymatic activity, but its presence is essential for Q biosynthesis.

Experiments indicate it co-purifies with Coq3 34 and is important for maintenance of expression levels of Coq7 and Coq5. 35 The structure of Coq4 has not been solved, although a putative Q biosynthesis homolog from Nostoc punctiforme has (PDB entry 3KB4, 19% sequence ID to Coq4). This structure describes a complex bundle of 10 helices which form dimers using a small hydrophobic patch in the crystal. It is likely to be associated with the matrix face of the IMM.

Coq5 is a SAM dependent C-methyltransferase responsible for the methylation of C2. The structure of Coq5 was recently solved 36 with SAM (PDB entry 4OBW) and without SAM (PDB entry 4OBX). It is composed of a seven stranded beta sheet flanked by helices on both outer faces. This enzyme was crystallized in a tetrameric form consisting of a dimer of dimers. Only one of these dimers shows significant contact through a hydrophobic patch, suggesting that the dimer of dimers may be a crystalinduced oligomerization state. Coq5 co-purifies with Coq4, suggesting it is a peripheral membrane protein on the matrix face of the IMM.

Coq6 is an FAD-dependent monooxygenase responsible for the hydroxylation of C5. Since it is the target of the molecular modeling developed in this work, we will describe it in more detail in Section 2.4 "Coq6: Existing experimental data".

Coq7, also known as Cat5 in many databases and literature sources, is a monooxygenase responsible for the hydroxylation of C6. While the crystal structure of this enzyme has not been resolved, sequence similarity searches consistently find bacterial ferritin-like proteins such as bacterioferritin from Blastochloris viridis (20% sequence identity, PDB entry 4AM4). This structure consists of an elongated four helix bundle with a shallow hydrophobic groove used for dimerization and binding a heme molecule. Despite being a very different fold from Coq6, it is likely that Coq7 is reduced by the same multi-protein electron transfer system of Arh1 and Yah1, described below. Coq7 co-purifies with Coq9 and is associated to the matrix face of the IMM. 37

Coq8 is likely to be a kinase based on sequence analysis which places it in the ABC1 family. Coq9 has been shown to interact with Coq7. 40 It has also been implicated in the deaminase activity of Coq6. Its current function is not known. Its fold is similar to TetR DNA binding transcription protein, but it does not appear to have retained nucleic acid binding features, or catalytic activity. It has been cocrystallized with a lipid, suggesting a possible role as a chaperone which desorbs Q biosynthesis intermediates from the membrane for complete processing by the CoQ synthome. 37

Coq10 encodes a protein with a START-domain, 41 typically used for lipid binding and transport. According to our preliminary bioinformatics analysis it shows 22% sequence identity to the CC1736 protein from Caulobacter crescentus, a structure solved as part of a crystallization campaign of the Northeast Structural Genomics Consortium and deposited as PDB entry 1T17. This structure has a fold consisting of a 7 strand twisted beta sheet flanked by two alpha helices on one side. Assays of Q content in Coq10 null mutants shows nearly normal levels of Q, but phenotypes consistent with a non-functional respiratory chain. This suggests that respiration may require protein-facilitated transport of Q after it has been synthesized.

Coq11 is a new addition to the Coq family, first described in 2015. 17 Previously known only as open reading frame YLR290C, it was discovered to be part of the CoQ synthome through tandem affinity purification. While the exact biochemical function is not known, Coq11 deletion mutants accumulate C1carboxylated Q biosynthesis intermediates bearing the polyprenyl chain on C3 and either a hydroxyl group (if cells were supplemented with 4-hydroxybenzoate) or an amino group (if supplemented with 4aminobenzoate) at the C4 position, as well as drastically reduced quantities of mature ubiquinone. This implies a role in decarboxylation. Since failure to decarboxylate in Coq11 knockouts prevents further modification of the aromatic head, it is likely to be an essential step for downstream processing. That is to say, the other enzymes of the pathway, including Coq6, may not be able to operate on a carboxylated substrate. Our preliminary bioinformatics analysis finds sequence homology to template structures consisting of a Rossmann-fold, often with a reductase function.

Arh1 and Yah1 have been found to be essential for the in vivo activity of Coq6 as the redox system for reducing Coq6. 16 Arh1 and Yah1 are homologous to the better known mammalian mitochondrial electron transfer proteins adrenodoxin reductase (AdxR) and adrenodoxin (Adx), respectively. Arh1 encodes an adrenodoxin reductase which uses electrons from NAD(P)H to reduce its own flavin adenine dinucleotide (FAD) cofactor. Reduced Arh1 then transfers these electrons to Yah1's iron-sulfur cluster. This reduced Yah1 can then reduce the Coq6 FAD cofactor to yield a reactive Coq6 enzyme. When considered alone, the introduction of the Arh1/Yah1 pair as an electron transfer mechanism for Coq6 may seem more complex than the direct binding of NAD(P)H as a reductant observed in other flavoprotein monooxgenases. However, promoter-controlled disruption of Arh1 and Yah1 activity 16 abrogates both C5 hydroxylation (indicating a loss of function of Coq6) and C6 hydroxylation (indicating a loss of function of Coq7), despite the presence of both the Coq6 and Coq7 genes. This suggests that Coq6 and Coq7 depend on the Arh1/Yah1 pair to transfer the reducing equivalents required for ubiquinone biosynthesis. Unlike the ubiquinone biosynthesis pathway of E. coli, which encodes three homologous flavoprotein monooxygenases of the same global fold as Coq6 to perform all of the hydroxylations on the quinone ring, the pathway in S. cervisiae uses an iron-sulfur enzyme, Coq7, to perform the C6 hydroxylation. The difference in global fold and redox cofactor between Coq6 and Coq7 likely makes the direct utilization of NAD(P)H as a common reductant for both enzymes impossible. That is to say, Yah1/Arh1 pair may be the common source of electrons for the essential C5 and C6 hydroxylations of Q biosynthesis.

Known structures of Q biosynthesis proteins

The state of structural knowledge of the Coq proteins listed above is summarized in Coq6 localizes mainly to mitochondria (as revealed by GFP tagging). 43 Subcellular fractionation and membrane destabilization show that mitochondrial Coq6 is found on the matrix side of the inner mitochondrial membrane. 49

Chemical reactivity: hydroxylation and deamination

Coq6 is an FAD dependent monooxygenase responsible for the hydroxylation of C5 of ubiquinone biosynthesis intermediates, as determined through electrochemical analysis of redox active lipids in yeast cells expressing inactive Coq6 point mutants. 20 Coq6 and its eukaryotic and prokaryotic homologs are primarily known to hydroxylate Q biosynthesis intermediates that are hydroxylated at position C4, such as 4-hydroxyphenol. However, recent experiments of our research group demonstrate that S. cerevisiae Coq6 is also capable of processing C4 aminated substrates, effectively deaminating substrates at C4 if necessary and performing a C4 hydroxylation in addition to the nominal C5 hydroxylation. 44 This was principally observed through the S. cerevisiae ability to synthesize Q using 4-aminophenol as the source of Q's aromatic head. The deamination activity seems to be related to the last 11 residues of the protein, since truncation of this region abolishes C4 deamination but preserves C5 hydroxylation. 44 When C5 hydroxylation is abolished, either through genetic knockout or inactivating mutation, the resulting non-respiring phenotype can be rescued by the addition of vanillic acid or 3,4-dihydroxbenzoic acid (shown in Figure 1.9) both of which furnish an aromatic center already hydroxylated at C5. 20 FIG 1.9: A) 3,4-dihydroxybenzoic acid and B) vanillic acid.

Protein-protein interactions

Coq6 has been shown to interact with Coq3 and Coq4 through gel filtration of mitochondrial fractions 24 and it has been shown to depend on the presence of Coq9 in order to effect its C4-deaminase activity. 45 Coq6 is also known to co-immunoprecipitate with Coq4, Coq5, Coq7, and Coq9. 40 Together, these results establish that Coq6 is an integral part of the CoQ synthome.

Clinical relevance of Coq6

The Coq6 enzyme is of clinical relevance for humans. Patients with a primary deficiency in Q biosynthesis, a rare recessive disorder, exhibit a variety of heterogenous symptoms including renal and
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otological dysfunction 43 , mitochondrial dysfunction, encephalomyopathy, ataxia, and cerebellar atrophy. 46 Some cases respond well to oral administration of Q. Several different Coq6 mutations were identified through gene sequencing of clinical cases documenting steroid-resistant nephrotic syndrome with sensorineural deafness. Although the general role of Q in mitochondrial energy production and cell survival are likely to account for some of these deficits, the molecular basis of these dysfunctions are still unclear. In this context, a molecular understanding of Q biosynthesis may allow us to develop new therapies.

One example of this is the study of clinically documented mutant human Coq6 enzymes in the S. cerevisiae model system, which was able to demonstrate reduced Q biosynthesis through in vivo activity assays. 23 Since Coq6 is the C5 monooxygenase, one aspect of the enzyme's product (if not its precise identity) is already known: it will be hydroxylated at position C5. This suggested that providing Q biosynthesis intermediates already hydroxylated at this position could compensate for the inactivity of the mutant enzymes by providing their product. The molecules chosen as Coq6 product analogs were 3,4-dihydroxybenzoic acid and vanillic acid, which are illustrated in Figure 1.9.

Supplementing yeast strains expressing the mutant human Coq6 genes with these compounds helped improve growth. Molecular knowledge of the Q biosynthesis pathway was essential for this work, as prior work had already established that exogenously supplied aromatic centers with non-standard substitutions (namely an amino group at position C4) can be processed into ubiquinone. 16 Presumably, attachment of the polyprenyl tail is not strictly specific to a single Q biosynthesis intermediate. That is to say, the substrate promiscuity of Coq2 allows cells with a defective Coq6 to assimilate the unprenylated Coq6 products into the biosynthesis pathway.

This molecular understanding suggests that dietary supplementation with vanillic acid could be a treatment for primary Q deficiency and that it is likely to be more effective than supplementation with the pathway's finished product, Q10. The molecular reason for this is well understood: Q10 is prenylated and therefore a very hydrophobic molecule, which is a major hindrance to its bio-availability when consumed as a dietary supplement. A biosynthesis intermediate analog without the polyprenyl tail, such as vanillic acid, is much more soluble and therefore much more bioavailable, enabling cells to resume endogenous biosynthesis of their own Q pools. 23

Structures of Q biosynthesis monooxygenases 3.1 Introduction

The Q biosynthesis pathway of yeast contains at least two monooxygenases: Coq6 (responsible for the C5 hydroxylation), Coq7 (responsible for the C6 hydroxylation), and perhaps Coq4 (implicated in the decarboxylation at position C1 as well as possible hydroxylation at this site by our preliminary bioinformatics analysis). In this thesis, we will focus exclusively on Coq6, which builds on the prior experience of our laboratory with the E. coli homolog of this enzyme, UbiI (deposited under PDB code 4K22). 47 The genetic and biochemical studies of our group have shown that the C5 hydroxylation is performed by Coq6, and that this enzyme is likely to be a flavin adenine dinucleotide (FAD) dependent monooxygenase. 20 48 49 In this thesis, we present a further structure-function characterization of Coq6.

Our group has isolated and purified Coq6 for biochemical study (principally through the thesis work of Lucie Gonzalez), but its structure has not been solved experimentally. We thus decided to establish a structure-function characterization on the basis of molecular modeling.

Before proceeding in more detail with the homology-modeled structure of Coq6, the reader will find it helpful to review the state of the art in structure-function characterization of this general class of enzyme, typified by the holotype para-hydroxybenzoate hydroxylase (PHBH). This will allow us to introduce molecular structures and chemical functions we are likely to encounter in our modeling of the Coq6 structure.

The similarity between PHBH and Coq6 was revealed in the preliminary molecular modeling survey of Coq proteins described in the previous section and detailed in Annex 1. According to these results, Coq6 shows 15% sequence identity to PHBH, being ranked in 10 th position in the Phyre2 template list (shown in Annex 1). While it is not the highest ranking result from the Coq6 template search, it is certainly one of the most valuable because of the wealth of experimental data that has been collected on it through enzymatic characterization and crystallization of the wild-type and many mutants with variations in substrates and products.

PHBH: Holotype of Class A flavoprotein monooxygenases

A preliminary structural description of Coq6 can be developed through the analysis of a structurally similar enzyme, PHBH, which will introduce the general structure-function features of the global fold (defined as PHBH-like in SCOP, the Structural Classification Of Proteins 50 ) likely to be conserved in Coq6.

Our sequence-based search for proteins of known structure similar to Coq6 returns PHBH, (with 15% sequence identity to Coq6) which is also one of the most extensively characterized enzymes in biochemistry. The wild-type and many mutants have been studied by detailed in vitro activity assays under many variations of pH, substrate type, cofactor type, and cofactor reduction system. 51 52 53 54 55 56 57 58 59 60 87 The global fold of PHBH is interesting for its ability to execute two chemical reactions within a single active site in a single polypeptide chain, using conformational changes to combine an enzymatic cofactor (FAD), an FAD reductant (NADH in the case of PHBH), molecular oxygen, and the substrate in a coordinated sequence to produce a regioselectively hydroxylated product. We will briefly review the general anatomy of the global fold and the catalytic cycle of PHBH focusing on the specific structurefunction relationships (including FAD movements) likely to be relevant for our study of Coq6.

PHBH: Global fold and FAD

PHBH is composed of a single polypeptide chain whose global fold produces two distinct structural domains with two distinct functions (see Figure 1.10 Panels B, C, D). One domain is mainly composed of a large beta-sheet used to bind the substrate (para-hydroxybenzoate, pHB) as well as to close the active site and exclude bulk solvent, which is an important feature of catalysis. The other domain is mainly composed of a Rossmann-fold and is used to bind FAD in an extended conformation. FAD is the cofactor essential for catalysis in this class of enzymes. The FAD itself is composed of five distinct moieties as illustrated in Figure 1.11 which have specific interactions with the binding pocket important for molecular motion implicated in catalysis. The adenine, ribose, and pyrophosphate moieties are not directly necessary for catalysis. Rather, they provide a common molecular "handle" to allow the stable binding of the cofactor. The pyrophosphate is followed by a ribityl chain, which terminates with the isoalloxazine ring system. The plane of the isoalloxazine ring is approximately perpendicular to a plane defined by the helices of the FAD binding domain. The isoalloxazine ring plane has two faces, named si and re, as illustrated in The ribityl chain and the isoalloxazine in particular are loosely bound in the enzyme's pocket, allowing a "vertical" swinging displacement of the isoalloxazine in the plane defined by its ring system. This motion is implied by two crystal structures of PHBH which capture the isoalloxazine in two distinct positions, named in (PDB structure 1PBE 62 ) and out (PDB structure 1PBB 63 ), as well as an intermediate conformation (PDB structure 1K0I 54 ). The FAD performs catalysis by forming a reactive peroxo-flavin adduct through the addition of molecular oxygen at the C4a carbon. A representative structure of this species is described by PDB structure 2JBV 90 , wherein FAD forms a molecular adduct with oxygen upon Xray illumination of its parent enzyme, choline oxidase. We note that the oxygen is added to the re face of the isoalloxazine, and that the formation of this adduct changes the hybridization of the C4a carbon from sp 2 to sp 3 , disrupting the planarity of the isoalloxazine and making it much bulkier. These points are resumed in the following Figure 1.12. The si face of the ring gives its name to an element of secondary structure common to the global fold: the si loop shown in orange in Figure 1.10. This surface exposed stretch of the polypeptide chain emerges from the first beta-alpha-beta motif of the Rossmann fold. It reaches the surface of the protein and defines part of the si face of the FAD binding pocket before plunging back into a buried position in the protein. This stretch of residues is of variable length among the top templates. In 1PBE it is 12 residues long, whereas in Coq6 it is predicted to be 22 residues long. As it is surface exposed and does not pack against any other secondary structure elements, it is quite mobile and often not resolved in crystal structures. When it is resolved, it is often in an alpha helical conformation, as it is in 1PBE. The re face of the ring can be used to designate the other half of the enzyme, extending from the re face of the FAD binding pocket to the edge of the protein. This half of the global fold is typically composed of a three strand beta sheet running parallel to the long axis of the FAD. The outermost "edge strand" is initiated just after a short stretch of helix, and is a region implicated in binding NADH in some family members. 54 Similar to the si loop, this outermost beta strand is surface exposed, and can be mobile enough to elude resolution by X-ray diffraction in some solved structures.

The PHBH enzyme itself also undergoes motions important for catalysis, transitioning between states known as open and closed. 57 The 1K0I 54 structure (a single point mutant, R220Q) captures the PHBH structure in its open conformation, where the active site is accessible to the bulk solvent, as opposed to structure 1PBE, where it is not. The sequence of conformational transitions for enzyme and cofactor during the catalytic cycle known for PHBH are detailed in the following section. This brief review will highlight some key features of the catalytic cycle and the structural features associated with these functions. In particular, we will focus on the geometry of the cofactor and substrate in the active site, as it will be an essential reference geometry for analyzing our homology models of Coq6.

To resume, the key features of this global fold are:

1. 2 domains: the Rossmann-fold domain adapted for binding FAD, and the sheet domain adapted for binding substrates. 2. The enzyme structure is centered around the FAD, with the isoalloxazine ring held in a "vertical" plane, and its motion largely confined to sliding of the isoalloxazine within this plane. The structural nomenclature of the isoalloxazine ring system's si and re faces can be extended to the enzyme as well. This is a convenient structural convention for further studies since the position of the isoalloxazine also defines the active site. 3. Isolation of the active site from bulk solvent during catalysis to prevent the loss of peroxo-flavin's peroxo group as H2O2.

These features are described in a series of experimentally solved enzyme-ligand complexes, 54 giving us a series of reference structures for modeling the Coq6 enzyme-ligand system. In the following section we will review the catalytic cycle of PHBH to describe the structures associated with each function.

PHBH: Catalytic cycle

The global fold of PHBH is remarkable in its ability to coordinate the binding of four ligands (FAD, the FAD reductant, molecular oxygen, and the substrate) in a sequential manner in a single polypeptide and within a single active site. The identity of the substrate is verified through a specific substrate deprotonation event. This prevents the wasteful consumption of reducing equivalents on incorrect substrates. The enzyme must also isolate the reactive peroxo-FAD adduct from the bulk solvent to prevent the generation of harmful peroxide species. 82 In order to provide the molecular complementarity required for each ligand binding event, this single polypeptide chain undergoes several distinct conformational changes over the course of its catalytic cycle, which we will detail here. The catalytic cycle illustrated in Figure 1.13 can be broken down into 5 steps:

1. Substrate binding Ballou et al (2005). [START_REF] Trott | AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading[END_REF] 1. The cycle begins with the enzyme in its open conformation and the FAD in its in conformation. In this conformation the active site is open to the bulk solvent, allowing entrance of the substrate (pHB) to the active site. This particular enzyme has an interesting adaptation to cellular energy conservation: it will not consume a reducing equivalent (in the form of NADH) to reduce FAD for catalysis unless it has bound the "correct" substrate -para-hydroxybenzoate.

2. The enzyme confirms substrate identity through deprotonation of para-hydroxybenzoate's phenolic hydrogen. This proton is moved from the substrate to the solvent through a proton transfer network consisting of H72, Y385, Y201, and several crystallographic water molecules. [START_REF] Trott | AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading[END_REF] This network of spatially proximal residues enables the enzyme to deprotonate the substrate while isolating it from bulk solvent. Failure to deprotonate the substrate, either through binding an incorrect substrate or mutations disrupting the proton transfer network, impairs catalysis. At this point the enzyme switches to a closed conformation, isolating the active site from the solvent. Deprotonation of the substrate forms a dianionic species, which shifts the FAD to the out conformation.

3. The FAD's out conformation increases the exposure of the isoalloxazine, opening more accessible volume on the re face of the ring system. This accessible volume is likely to be required by the nicotinamide ring of NADH for direct hydride transfer to the isoalloxazine by a direct ring stacking as suggested by the crystal structure of cyclohexanone monooxygenase complexed with FAD and NADPH (PDB entry 3GWD). 83

4. The reduction of FAD is followed by its transition back to the in conformation, where it can form the peroxo-flavin adduct, ready to hydroxylate the substrate.

5. The substrate is hydroxylated, and the enzyme switches to the open conformation for product release.

While the general sequence of events in the PHBH catalytic cycle are likely to be recapitulated in Coq6, some details may well differ. A more particular feature of PHBH, the proton-transfer network essential to substrate deprotonation, was not found to be reproduced in our Coq6 model. However, given that the function of the deprotonation step is to verify the identity of the substrate, we infer that it is probably not essential for Coq6 to employ this mechanism. This is because Coq6 is an obligate member of a specialized protein complex apposed to the inner mitochondrial membrane and is likely to face a much more limited set of possible substrates, making such discrimination unnecessary.

Monooxygenases: Existing computational studies

The wealth of experimentally solved structures of wild-type and mutant PHBH (and other flavoprotein monooxygenases) in complex with many substrate and cofactor variants have produced a large base of experimental atomic coordinates for computational studies. These indicate that an atomic resolution structure of the Coq6 enzyme can help us understand substrate binding and catalysis phenomena at a similar level of detail. Here we will briefly review five examples from the literature of the interplay between modeling and experiment in the characterization and rational design of FPMOs. First, we will see an example of the rational re-design of ligand binding in phenylacetone monooxygenase based on homology models of the enzyme. 85 In the second example we will see molecular dynamics applied to the investigation of the proton transfer network in PHBH. 88 The third example describes accessible volume calculations performed on the PHBH structure. 89 The fourth example describes the combined use of homology modeling, molecular dynamics, and docking to test computed substrate affinity to experimental dissociation constants. 91 Finally, we include an example of quantum mechanical modeling applied to the PHBH system to show the utility of atomic resolution protein structures. 93 94 These examples serve to highlight three types of calculations important for the study of Coq6: computational redesign of ligand binding, molecular dynamics, accessible volumes, and substrate docking. These examples establish a precedent for the modeling strategy and techniques we will apply to Coq6.

Computational redesign of ligand binding based on homology models

PHBH is a type of flavoprotein monooxygenase (FPMO), an important class of enzymes in industrial chemistry, as they allow the stereoselective monooxygenation of substrates. These wild-type enzymes are excellent starting points for modification towards creating enzymes for processing industrial substrates through directed evolution or structure based rational design. Structural knowledge of these enzymes has been used to alter substrate specificity and product stereochemistry through rational designed mutations. 84 An example of this is the rational redesign of the thermostable phenylacetone monooxygenase (PAMO) by Pazmino et al. 85 PAMO's thermostability makes it a good candidate for an industrial biocatalysis enzyme, but it accepts only a small number of mainly aromatic substrates: phenylacetone, benzylacetone, alpha-methylphenylacetone, 4-hydroxyacetophenone, 2-dodecanone, bicyclohept-2-en-6-one, and methyl-4-tolylsulfide. 86 In order to expand the substrate scope treatable by this enzyme, particularly towards aliphatics, the authors turned to a homologous enzyme with greater substrate scope, cyclopentanone monooxygenase (CPMO), but lower stability. The authors identified key residues in the PAMO active site which were not conserved in CPMO, reasoning that these residues in CPMO are the molecular basis for accepting more diverse substrates. These positions in PAMO were mutated to their CPMO counterparts in various combinations and tested for activity, revealing a single point mutation which allowed the binding of a novel substrate.

A key feature of the PAMO work is that the identification of substrate binding residues was done through the comparison of an experimentally solved PAMO structure (determined by crystallography) and a computationally predicted CPMO structure (created by homology modeling). This is an example of the practical utility of an experimentally validated homology model in identifying substrate binding residues and designing mutations. A similar but more detailed strategy for modeling Coq6 enzyme-substrate interactions is developed in Chapter 2 (Computational strategy and methods).

Molecular dynamics studies

Inspection of early PHBH crystal structures identified a network of titratable residues and crystallographic water molecules connecting the active site to the protein surface and bulk solvent: H72, Y385, and Y201. 87 The purpose of this network is to transfer a proton away from the substrate to the solvent while preventing direct contact of the solvent to the active site. This was proposed to be accomplished by proton hopping between the titratable residues in the network. This was corroborated by the reduced reactivities of substrates which cannot be deprotonated and of mutations disrupting the proton transfer network. The direction of the proton flow depends primarily on the orientation of the side-chain of H72. While crystal structures can give us the coordinates of the proton transfer network, they cannot tell us about the dynamic behavior of the residues involved, which is particularly important for determining the rotameric state (and therefore orientation) of H72. Molecular dynamics is a method uniquely capable of exploring these conformational states and transitions at atomic resolution. In the case of PHBH, standard molecular dynamics simulations of PHBH in different titration states enabled investigators 88 to sample conformations accessible from the crystal structure. In the case of this proton transfer network the functionally relevant protein movements are governed primarily by sidechain rotations. Therefore, standard molecular dynamics simulations on relatively short timescales (sub-microsecond) enabled the authors to sample many relevant conformations for the PHBH system and provide structural explanations for the differing enzyme reactivities caused by different substrates and different mutations to the enzyme. This is a good example of MD used to simulate functional behavior in this class of enzymes. Similar calculations will be used in the structural analysis and conformational sampling of Coq6 molecular models, as described in Chapter 3 (Construction of Coq6 homology models and stability screening through molecular dynamics).

Accessible volume calculation

Molecular modeling of PHBH began shortly after the resolution of the 1PHH crystal structure with the Analysis of the active site of the flavoprotein p-Hydroxybenzoate hydroxylase and some ideas with respect to its reaction mechanism by Schreuder et al (1990). 89 In this work, the authors use molecular modeling to explore the possible positions for the distal oxygen of the flavin-dioxygen adduct through rotation of the O-C4a bond. They found three sterically favorable positions, one of which could correspond to a catalytic positioning, and another which could be compatible with reduction by NADPH.

The third position demonstrated an accessible volume on the re face side of isoalloxazine ring. NADPH is likely to appose its hydride bearing nicotinamide ring to the re face of the isoalloxazine. The accessible volume also makes it likely that the dioxygen adduct forms on the re face of the enzyme, since it involves conversion of the planar sp 2 hybridized C4a carbon to a tetrahedral sp 3 hybridized form. This tetrahedral geometry is bulkier than the planar aromatic geometry of the FAD in its resting state, requiring more accessible volume which can only be found on the re face.

This computationally developed hypothesis for the PHBH peroxo-flavin geometry was crystallographically confirmed with the resolution of the choline oxidase structure 2JBV. 90 While not a Class A flavoenzyme like PHBH, choline oxidase also uses a flavin cofactor to perform its reaction. The 2JBV 90 crystallization construct formed an oxygenated adduct on the re side of the flavin C4a atom under X-ray illumination, providing a first structure of a peroxo-flavin species co-crystallized in a protein.

This first peroxo-flavin modeling work on PHBH structure 1PHH dates from 1990 and is a prototypical example of the importance of accessible volume calculations. More modern accessible volume calculations will be used in characterizing the Coq6 active site as described in Chapter 2 (Computational Strategy and Methods) and as applied in Chapter 3 (Developing the hypothesis of a substrate access channel).

Substrate docking

Studying enzyme-substrate interactions through molecular dynamics and substrate docking in FPMOs also has precedent in the 2006 study of Feenstra et al 91 on styrene monooxygenase and a series of possible substrates. The authors first created a homology model of styrene monooxygenase (since it had not been experimentally solved at the time). They then used molecular dynamics to refine their model and perform conformational sampling. Conformations derived from dynamics were then used for substrate docking and binding affinity calculation.

This work is an interesting example of the linking of three modeling techniques (homology modeling, molecular dynamics, and substrate docking) in a concerted strategy for generating structure-function hypotheses for an enzyme in the absence of any crystallographic data. In the current work, we elaborate a similar strategy as described in Chapter 2 (Computational strategy and methods). This includes the application of substrate docking into the Coq6 homology model as described in Chapter 5 (Selection of Coq6 models through molecular dynamics and substrate docking).

QM/MM modeling

Several enzyme-cofactor-substrate complexes have been crystallized for PHBH. However, such complexes are not guaranteed to describe the coordinates of an enzymatically competent system. A good example of this is the PDB entry 1K0J, 54 in which PHBH is co-crystallized with FAD and its reductant NADH. However, the NADH is bound with its adenine ring apposed to the upper edge of the isoalloxazine si face. This conformation is unlikely to be compatible with FAD reduction since the hydride of the reduced NADH is borne on the nicotinamide ring -a position 18 Å away from the isoalloxazine in the 1K0J conformation.

Crystals of the PHBH enzyme-substrate complex (without NADH, as in PDB entry 1PBE) and the enzymeproduct complex (as in PDB entry 1PHH 92 ) are a better representation of a chemically reactive complex, making these coordinates a plausible starting point for simulations of the chemical reaction itself. This can be studied computationally with methods that combine molecular dynamics (to simulate larger scale protein motions) and quantum mechanics (to simulate bond breaking and formation during catalysis) in the PHBH system. 93 94 While we will not develop QM/MM simulations for Coq6 in this work, these simulations on the PHBH system are important because they tell us that geometric features of enzymesubstrate interactions captured in the PHBH crystal structures are competent for catalysis. We will use these geometric features as guides in the docking-based approach of modeling enzyme-substrate interactions for the Coq6 system, as described in Chapter 4 (Selection of Coq6 models through molecular dynamics and substrate docking). The most relevant measurement of molecular geometry in the PHBH system is the distance between the FAD isoalloxazine C4a carbon and the target carbon on the substrate to be hydroxylated: 4.38Å.

Discussion

Challenges of studying the Coq system and the value added of molecular modeling

While continuing work in the field is likely to provide better enzymatic and structural characterization of the pathway enzymes, there are four fundamental challenges that may limit the isolated study of individual Q biosynthesis enzymes. These are: i) enzyme solubility, ii) substrate solubility, iii) the enzymes' redox system, and iv) the functional interdependence of the Coq proteins in the CoQ synthome.

Together, these challenges suggest that creating in vitro constructs for Coq protein crystallization (and activity assays) will be more difficult than for the case of cytosolic proteins that do not form obligate multi-protein complexes. That is to say, the in vivo study of the Coq enzymes, including Coq6, may progress much faster than their experimental coordinates can be acquired. In this context of challenging structural characterization, molecular modeling has significant value added in developing residue-or atomic-resolution structure-function hypotheses. In this section we will briefly describe the four fundamental challenges of the Coq system and how molecular modeling can contribute to addressing them.

Enzyme solubility

The isolation and purification of enzymes for in vitro characterization requires a good control of enzyme solubility, particularly at the high concentrations used for crystallization. However, because Coq proteins form part of a larger protein complex in direct contact with the inner mitochondrial membrane, their surfaces have likely evolved to form specific protein-protein and protein-membrane contacts. That is to say, it is likely that many of the Coq proteins have evolved to not be soluble in aqueous solution, a property which has hindered the structural resolution of both Coq6 and its bacterial homolog UbiI. This makes molecular modeling of the enzymes relevant to improving the experimental enzyme purification process as well as providing predictive molecular models. Molecular modeling of protein surface properties, such as electrostatic and aromatic surfaces, can be used to rationalize and modify the solution behavior observed for these proteins. This contribution is described in greater detail in Chapter 6 (Research perspectives).

Substrate solubility

In vitro characterization of catalysis requires a substrate, and poor aqueous solubility is a property shared by all Q biosynthesis intermediates. This is because attachment of the polyprenyl tail is one of the first steps in the pathway. Therefore, even if it is possible to create a soluble enzyme construct, providing it with an appropriate substrate in an aqueous in vitro assay may prove difficult. This makes molecular modeling of enzyme-substrate interactions a valuable technique which can generate structure-function hypotheses before structural resolution of the enzyme-substrate complexes. Molecular modeling of these interactions can also inform the design of substrate analogs which can strike a balance between solubility and reactivity. This contribution is described in greater detail in Chapter 4 (Selection of models by substrate docking).

Indeed, the poor aqueous solubility of Q biosynthesis intermediates may have been a contributing factor to the evolution of the CoQ synthome as a membrane-associated protein complex, since the attachment of the polyprenyl tail at the beginning of the pathway is likely to make desorption from the membrane energetically unfavorable for all Q biosynthesis intermediates.

Enzyme redox systems

The Coq enzymes require reducing equivalents to perform catalysis on their substrates. While the Q biosynthesis enzymes themselves have been identified, their redox systems are not fully understood. A good example of this is the discovery of the requirement of the Arh1 and Yah1 proteins for Coq6 function. 16 Despite having the sequence motifs and predicted structure of a Class A flavoprotein (whose members generally obtain their reducing equivalents from direct binding of NADH or NADPH), Coq6 cannot reduce its FAD cofactor this way, but must get its electrons from the Arh1/Yah1 electron transfer system.

When enzyme reduction is accomplished through binding of small molecules (such as NADPH), molecular docking is a technique which can describe the enzyme-ligand interaction. When enzyme is reduction is accomplished through a protein-protein interaction we must turn to protein-protein docking. This technique is more difficult to successfully apply to systems without experimentally determined coordinates for the protein partners. This describes the case of Coq6, which seems to require Arh1 and Yah1 for reduction. The protein-protein binding aspect of Coq6 is not treated in the present work.

Enzyme interdependence

Finally, the interdependence of the Coq proteins for stability, activity, and substrate access makes in vitro studies of the pathway more difficult. However, molecular modeling can be to applied design experiments and extract more conclusive in vivo results. Knowledge of the active site residues of each Coq enzyme, accessible through homology modeling, can allow us to formulate an experimental strategy for determining substrate-enzyme attribution through the systematic design and testing of catalytically inactive Coq mutants. This combination can bring detailed structural knowledge and modification of Coq proteins to in vivo studies, where the natural system has already addressed the problems of protein solubility, substrate solubility, and enzyme reduction. This is described further in the Chapter 6 (Discussions and Perspectives).

Conclusion

Questions addressed by the present work A long-term goal of the laboratory (the Laboratory of Chemistry of Biological Processes, or LCPB) is to study and characterize a number of proteins of the Q biosynthesis system and possibly determine the structure of any larger-scale protein complexes they may form. The laboratory's study of this pathway more specifically concerns Coq6, the C5 monooxygenase and seeks to characterize this protein with in vivo studies (conducted at the University of Grenoble), in vitro studies (conducted at the Collège de France), and structural in silico studies, (also conducted at the Collège de France).

In this context, the goal of this thesis is to study Coq6 computationally and establish a structure-function characterization of this enzyme-cofactor-substrate system. The structural characterization seeks to answer three main questions:

1.

What is the atomic-resolution structure of Coq6? 2.

How does Coq6 bind its cofactor? 3.

How does Coq6 bind its substrate?

In this work we develop and analyze atomic resolution molecular models of Coq6 and its ligands. These molecular models are used to develop structure-function hypotheses for Coq6, as well as the rational design of mutations to test them. We will describe this development in a stepwise fashion.

Chapter 2 will describe the computational strategy and methods we will use from a theoretical perspective. We will first translate the three main questions of the present study into general molecular modeling tasks. These tasks are then further translated into specific techniques of molecular modeling. We will then compose these techniques into a larger strategy for modeling Coq6. Given the low sequence identity of Coq6 to the possible templates, the general goal of the strategy is to generate and test several possible models of Coq6 before simulating their interaction with a model substrate.

Chapter 3 will describe the application of the strategy developed in Chapter 2. We will first describe the construction of a set of Coq6 homology models using three independent methods. We will then test their structural stability using molecular dynamics.

Chapter 4 will describe the selection of Coq6 models based on attempts at docking a model substrate into the Coq6 active site. First, we will analyze our homology models to identify the active site and any possible substrate binding sites to derive geometric descriptors with which we will analyze the molecular dynamics trajectories created in Chapter 3.

Chapter 5 will describe the in silico testing of the substrate access channel in a yeast Coq6 mutant modeled from human clinical literature. We will further test the putative substrate access channel by using our homology model to rationally design additional mutations to block the channel. Finally, these predictions will be tested by in vivo activity assays.

Finally, in Chapter 6 we will present the conclusions of the current work and perspectives on the application of molecular modeling to the study of Coq6 and the entire Q biosynthesis pathway.

Introduction

The goal of this thesis on the homology modeling of Coq6 is to establish a structure-function characterization of this enzyme-cofactor-substrate system. This structure-function characterization seeks to answer three main questions defined at the end of Chapter 1 and restated here:

1.

What is the atomic-resolution structure of Coq6? 2.

How does Coq6 bind its cofactor? 3.

How does Coq6 bind its substrate?

These are fundamentally questions of molecular structure, which are best answered in terms of atomic coordinates of the enzyme, its cofactor, and substrate. These coordinates typically come from molecular structures solved through X-ray diffraction or NMR. However, the laboratory's prior experience with the E. coli homolog of Coq6, UbiI, indicated that this particular enzyme-ligand system might prove difficult to purify and crystallize for X-ray diffraction. Therefore, we decided to investigate the structure of Coq6 with molecular modeling in parallel with experimental efforts in order to have an alternative source of atomic coordinates from which to generate structure-function hypotheses.

We will use several methods of molecular modeling to produce and analyze a molecular model of Coq6.

In this chapter we will describe the materials (computing resources) and methods (theories and software implementations) applied to answering these questions. The individual methods will be presented from their theoretical bases, followed by brief notes on their application to Coq6. For several modeling tasks, the relative difficulty of Coq6 as a modeling target will require the use of some alternative methods not normally necessary for easier modeling targets. The challenges related to the homology modeling of Coq6 required the formulation of a larger modeling strategy. We will first describe the strategy in its general form. We will then present the component methods: homology modeling, molecular dynamics, accessible volume calculations, and docking calculations.

Strategy and methods

From questions to techniques

Answering the three main questions of this study typically requires atomic-resolution structures of the Coq6-FAD-substrate molecular complexes. In the absence of an experimental structure of the enzyme, we decided to use molecular modeling to answer these questions. However, because the atomic coordinates in this study will be generated with molecular modeling, there is the possibility of significant uncertainty in the coordinates. Therefore we add a fourth question: can the predicted enzyme-substrate interactions be verified experimentally? This sequence of questions can be answered through the execution of specific tasks. The mapping between questions and tasks is presented in Table 2.1 below. This sequence of tasks forms the basis of the molecular modeling strategy we will apply in this thesis for the computational study of Coq6. These techniques are listed in their required order of execution (with the exception of evolutionary residue conservation analysis, which can be performed immediately after homology modeling, (or even before, operating on just the Coq6 sequence). We will briefly resume these techniques before describing them in more detail:

Homology modeling is the process of constructing a molecular model of a protein of unknown structure on the basis of a similar protein of known structure.

Molecular dynamics is a physical chemistry simulation technique which can describe the shapes and movements of atoms and molecules through the numerical resolution of Newton's equations of motion.

A particular feature of the molecules of our system is that they are able to assume many different shapes, called conformations. Molecules are so small and light that their structures are continuously in motion, assuming many different conformations. This means that even a single isolated molecule is better represented as a collection of conformations rather than as a single static object. Molecular dynamics is a method which allows us to sample collections (or ensembles) of conformations available to the molecules of interest. This will be particularly important for substrate docking, where we will try to find complementary shapes for the Coq6 enzyme and its substrate in order to investigate details of their interactions.

Substrate docking is a technique for simulating how two molecules can fit together, such as enzyme and substrate. In our case, because the enzyme is a molecule much larger than the substrate, we will need to first define a region of the enzyme where the substrate is likely to bind. This substrate binding region is unknown for the Coq6 system, and so we will combine the results of two techniques to identify this region: evolutionary residue conservation and accessible volume calculation. Evolutionary residue conservation is a technique based on multiple-sequence alignments which reveal which residues are conserved and therefore likely to be functionally important. Accessible volume calculations are a type of geometry analysis technique which can find regions in a protein structure where a substrate could have the room to bind.

From techniques to strategy

The specific case of Coq6 presents additional challenges which will inform the composition of these basic techniques into a larger strategy. These challenges are summarized below:

 The low sequence identity between Coq6 and its closest structural templates (<30%)  Coq6 has large regions with no experimentally solved templates  The absence of experimentally solved homologous enzyme-substrate complexes

The first point can be addressed through the use of special template search methods designed to perform well at finding distant homologs. Knowledge of specific functional homolog structures (also ubiquinone biosynthesis hydroxylases) combined with knowledge of some fundamental principles of protein structure enabled us to make specific knowledge-based rational choices in template selection that can be more functionally relevant to our specific target, Coq6. Low sequence identity between target and template also makes sequence alignment more difficult, which can be overcome by using a multiple sequence alignment methods.

The second point can be addressed through the creation of multiple homology models using different methods and coordinate sources to generate possible structures for the unknown regions. We can discriminate among these models by testing their structural stability through MD simulations. These simulations calculate the potential energy of each system (meaning the enzyme, its cofactor, and surrounding solvent) and produce a trajectory of each system through its phase space. These trajectories can also be used to perform more detailed analyses of the conformations sampled during the simulation. This is essential for addressing the third challenge, which is the lack of knowledge of how Coq6 and its substrate fit together. We will address this through molecular docking of the substrate, a ubiquinone biosynthesis intermediate, into our multiple models of the Coq6 enzyme. Substrate docking aims to predict the bound conformation of the substrate in the active site of the enzyme. This requires a structural definition of the Coq6 substrate binding site, which is not completely known a priori from any homologous enzyme-substrate complexes.

We will then identify the substrate binding site by cross-referencing a geometric analysis of the Coq6 model with evolutionary sequence conservation. Once we have identified a possible substrate binding site, we will use molecular docking to simulate the enzyme-substrate interaction. Docking, which is the matching of complementary molecular shapes (in our case, enzyme and substrate), is complicated by the inherent flexibility of these molecular systems.

Interactions between molecules (in our case, enzyme and ligands) therefore depend not just on their composition, but also on their detailed conformations. This makes it necessary to explore the different conformations available to each partners. In order to account for molecular motion, we will use a technique called molecular dynamics to explore the conformations available to the enzyme, while the substrate docking algorithm includes methods for exploring the much more limited conformational space of the substrate. The combination of these methods aims to generate complementary molecular shapes which will fit together.

In order to address these three challenges, we will further compose the techniques listed into a larger modeling strategy consisting of four parts: A) building homology models (through manual and automated methods (I-TASSER and ROBETTA); B) analyzing homology models through MD (to identify possible substrate binding regions); C) substrate docking (to functionally test these regions); D) in silico rational design and in vivo testing of mutants to test these substrate access regions. This is resumed in more detail below as a flowchart in 

Overview of homology modeling

Homology modeling is the process of constructing a molecular model of a protein of unknown structure on the basis of a similar protein of known structure. It is composed of four main steps: i) template searching, ii) sequence alignment, iii) model building. Model evaluation is subsequently performed through MD calculations, presented in Section 4. In the present section, we will describe the theoretical basis of the techniques used in each step of the production of homology models, as well as the specific software implementation we have chosen for each step.

Template searching and alignment 3.1.1 The importance of finding good templates

The general goal of homology modeling is to create a mapping between the residues of the target (Coq6 in our case) and the residues of a template (a protein of known structure). This sequence-to-sequence mapping is then used to generate a 3D model of the target protein, where the amino acids of the target are constructed at coordinates corresponding to their homologous residues in the template. In order for the mapping between the target and template residues to be plausible in 3D, the sequences of the target and template must be similar, and can be quantified by the sequence identity: the percentage of identical residues at the same position in the target-template alignment. The relationship between sequence identity and structural similarity (as measured by the RMSD of homologous atoms) is resumed in 

FIG 2.2:

A) The relationship between sequence identity and structural similarity as derived from a study of the PDB. 2 Structural similarity as assessed by sidechain RMS for core residues plotted as a function of sequence identity shows a large jump around 30%, defining the limit of the twilight zone. Above 30% sequence ID, two sequences are very likely to adopt the same fold. Below this limit, the sequences could have entirely different folds. B) Sequence identity plotted against sequence length 1 ; the contour is derived from another study of the PDB (Rost 1999). 3
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Above a threshold of 30% sequence ID, sequence identity is strongly correlated with structural similarity (as measured by RMSD), and the templates found for any given target are likely to have the same global fold, and are often in the same protein family. Homology modeling in this regime of sequence identity is likely to produce a model with predictive ability. When the sequence ID is below 30%, the templates found for any given target may have different global folds from each other, meaning that the sequence identity is too low to reliably detect a single general conformational "solution" (the global fold) for the target protein sequence. 3 As we can see from Figure 2.2, there is a very high similarity between protein structures when their sequences are at least 14% identical. However, below this limit, protein sequences can have entirely different global folds. This region of the plot is often called the twilight zone, and for good reason: just as in twilight lighting conditions, contrast is low which makes resolving objects and comparing them difficult.

For the Coq6 sequence, the best templates (discussed in more detail in Chapter 3) show a sequence identity of 15-20%, well below the threshold for creating accurate models. Therefore, it is of paramount importance to find and select the best template structures because this choice will have the largest impact on the quality of the final result obtainable. This is point is of such importance we will review the reasons behind it.

The relationship between protein sequence and structure is still incompletely understood. Protein structure is more conserved than protein sequence. 4 For example, consider three proteins A, B, and C. Protein A has a lower sequence identity to protein C than protein B, but it may still be more structurally similar to protein C than protein B. It is still not routinely possible to accurately predict the structures of known proteins using purely theoretical approaches for two reasons.

One fundamental reason for this is physical, and arises from classical approximations to quantum mechanics. We cannot simulate the effect of electronic structure on interatomic forces and molecular geometry using quantum mechanics (QM) at a practically useful speed for molecular systems as large as proteins. We must typically use classical mechanics approximations of inter-atomic interactions which must be empirically parameterized against experimental or QM-calculated data in order to reproduce their molecular geometries. These approximations allow us to simulate molecular structure and motion on much larger scales of space and time than computationally possible with QM, but they lead to a simplified representation of the underlying physical reality and cannot reproduce all of its behavior. This is discussed in more detail in Section 4.2.1. The practical result is that such simulations are not guaranteed to "correct" the errors arising from the difference between the target's true 3D structure (which homology modeling will try to approximate) and the best template's 3D structure. In other words, it is important to start as close as possible to the answer because current simulation methods can only correct relatively small errors in protein geometry.

The second fundamental reason for this is mathematical, and arises from the presence of multiple minima in a highly dimensional potential energy function. The classical mechanics approximations to interatomic forces and molecular geometry essentially relies on being able to calculate a potential energy value as a function of interatomic distances and angles. The potential energy functions used to describe even a single interatomic distance or angle value can display multiple minima separated by energy barriers which must be crossed in order sample other minima. Current simulation methods do not guarantee that the atoms in such a system will be able to explore the geometries corresponding to all minima of the potential energy function. While this is generally not true for very small systems consisting of a few or a few dozen atoms, the dimension problem is multiplied greatly for systems the size of a protein. The potential energy of each single interatomic distance or angle can be thought of as a single dimensional slice of the entire systems' potential energy function. The potential energy function of the entire system depends on the relative distances and angles for all atoms in the system, and is therefore of very high dimension for a system the size of Coq6, which typically contains 100 000 atoms.

The result is that the energy function which determines the molecular geometry observed in modeling and simulation contains many local minima in a very high number of dimensions.

The practical consequence is that molecular dynamics simulations of a finite length are not guaranteed to visit all local minima of the potential energy function and explore all possible molecular geometries.

That is to say, the molecular systems we study are not ergodic -not all regions of the protein system's phase space are accessible through molecular simulation.

Indeed, molecular dynamics simulations of a finite number of steps are not guaranteed to escape or even appropriately sample the single local minimum (meaning a single initial molecular geometry) from which it was started. This makes it very important to start any modeling or simulation process from a variety of models that differ significantly from each other because current methods will likely not be able to escape the geometry and dynamics of the initial configuration. In the context of homology modeling, this makes template choice critical -especially in a scenario where the closest matching sequences have a sequence identity of less than 30%.

Sequence search by partial pairwise methods: BLAST

The simplest methods of finding templates uses exhaustive pairwise comparisons between the target sequence and potential templates in a protein sequence database (such as NCBI 5 or UniProt 6 ). The comparison relies on computing sequence alignments between the target and the sequences in the database. Therefore we will review the basics of sequence alignment, which will also apply to the more detailed alignments to be performed after the initial database search has yielded its results.

There are two classes of sequence alignment methods in common use today: dynamic programming and "word" based methods. 7 Dynamic programming methods operate on the complete protein sequences and are theoretically able to find a single global optimum alignment between two sequences, or indeed, any number of sequences. However, the computational expense of this approach makes it impractical to apply to more than 8 sequences at once, 8 and a sequence database search contains many more than this. Word based methods are not guaranteed to generate optimal alignments (and therefore find the best results in a database), but they are much faster to compute, and therefore more applicable to searching large databases. The best known examples of this class of methods are FASTA 9 and BLAST 10 .

As implied by the description of "word-based" methods, these methods select a series of shorter, nonoverlapping sub-sequences (words) of residues from the query sequence and looks for matching words among the sequences in the database. The presence and relative positions of these "words" are used as sequence-specific features to recognize similarities between protein sequences without actually performing a globally optimized alignment against each. However, because these methods rely on detecting conserved "words", they will only be able to find matches if they are already quite similar in sequence. These methods perform well when sequence identity between the target and potential templates in the database is high (above 30%). However, when a given database contains only lower sequence identity templates (in the range of 20-30%), word-based searches methods typically find only half of the possible templates. This is because the reliance on exact residue identity on relatively short words makes the search more sensitive to "noise" (or mutations incurred through evolution) than signal (identical residues). When two sequences have less than 30% global sequence identity, there is more noise than signal. That is to say, there are more differences than there are similarities, so recognizing templates by literal residue identity over short stretches is (understandably) likely to miss matches that may exist in the database.

What is needed to overcome this weakness is a way to represent each position in a pairwise alignment more generically, to make the representation and comparison of protein sequences less sensitive to their differences and more sensitive to their similarities.

As more advanced methods described in the following sections will show, Coq6 has a sequence identity of 15-20% with respect to its closest templates. We are operating in a zone of low sequence ID where structural divergence between a candidate template structure and the target's "true" structure is very likely. Therefore, we decided to turn to a class of more sensitive methods to find appropriate templates for Coq6: hidden Markov models. However, we will first need to introduce alignment scoring matrices in more detail, as performing operations on protein sequences with matrices is a common component to both the search and alignment procedures we will use in this project.

Sequence search by complete-sequence methods: PSSMs

A protein sequence serves to define a protein structure, and protein structure is more conserved than sequence. 4 This fundamental and interesting result of the field means that a single protein sequence is a direct but intrinsically limited way of describing a protein structure. Analysis of structural databases such as SCOP 11 and CATH 12 reveal that there are about 1300 unique folds that have been catalogued among about 65 000 experimentally solved structures in the Protein Data Bank 13 (PDB).

The structural implication of this is that a single protein sequence is always actually a member of a larger family of structural homologs. For the purposes of searching for structural homologs it becomes valuable to represent a particular protein sequence (whether it is of the target or a template) in a way that is more general than a single explicit sequence, yet specific enough to be associated to only a single class of protein shape, that is to say, limited to a single global fold.

The more general representation we are looking for can be constructed as a position specific scoring matrix 14 (PSSM), also known as a profile. The matrix is a very useful data structure for describing multiple protein sequences, and we will see it again. To construct this PSSM for any protein sequence, we first find a set of close relatives with a simpler method, such as one of the pairwise sequence searches. We then create a multiple sequence alignment (MSA) using more accurate methods for this set of closely related proteins with each sequence occupying a row, and each column containing homologous residues at a generically numbered alignment position. The frequency of occurrence of each amino acid type at each position can be calculated from this MSA.

This allows us to create a new representation of the sequence. It has the general form of a matrix. Each row represents one of the 20 amino acids, and each column represents a numbered position in the MSA. Within each row (which corresponds to one of the 20 amino acids), the value at each column position is the frequency of occurrence of that amino acid among the sequences in the MSA. Thus we have constructed a matrix which describes a protein sequence as a series of residue frequency scores at specific positions: a position specific scoring matrix (PSSM).

For example, we can use a PSSM constructed for a set of templates to compute a compatibility score against a target sequence and evaluate the score to determine if the target really could be a member of the structural family used to construct the PSSM. Alternately, we could construct a PSSM for the target sequence as well, and compute the similarity between template PSSMs and the target PSSM.

The main limitation of this type of PSSM is the inability to include insertions or deletions among their protein sequences. Insertions and deletions are highly likely to occur during evolutionary divergence, particularly when target and template have less than 30% sequence identity. Therefore, while PSSMs give a useful framework for describing sequence variation among closely related sequences, we need a way to include insertions and deletions so we can use PSSMs to describe and detect distantly related sequences -specifically those with similar structures to Coq6.

Hidden Markov model methods: Phyre2 15

We need an even more flexible way of representing protein sequences that can accommodate the insertions and deletions which occur during evolution. We can take PSSMs a step further with hidden Markov Models (HMM). 16 An HMM is a way of representing the biological evolutionary process as the operation of a finite state machine. 17 The finite state machine is a general conceptual construct from computer science. It is used to represent a system which can occupy only one of several states at a time, with each state having an emission probability, and transition probabilities for changing from one state to another.

This general formalism is applicable to protein sequences. Each state is an alignment position in the PSSM which can now accommodate two new "residue types": insertions and deletions. Each state (or alignment position) has a probability of emitting its own residue identity (which we recall is actually a frequency table over the 20 residue types, as in the PSSM), and each of these residue types has a specific transition probability of being followed by another amino acid type at the next state (or position in the sequence). This is a much more complex and detailed way of representing protein sequences, but it is worth the effort. In addition to adding the representation of insertions and deletions, the transition probabilities allow an HMM to represent the mutational propensity of each position in the sequence beyond the sequence diversity captured in the underlying PSSM. This ability enables HMM-based searches to reliably detect structurally similar proteins with sequence identities as low as 15%. Since homology modeling of an unknown target by definition begins without knowledge of templates, it is not known a priori how similar it is to anything in a protein structure database. It is not known if the target sequence will be above or below the threshold of 30% sequence identity with anything in the database. Therefore, it makes sense to use the most sensitive method first, in order to have the best chance of finding a template even in a worst-case scenario. 18 19 This is why we have chosen to begin the search for Coq6 templates with an HMM-based method. The specific implementation we have used in this project is the Phyre2 15 homology modeling server. The core of the Phyre2 server is a protein structure database, called a fold library, containing about 65 000 proteins of known structure and sequence. An HMM is built for each sequence in the fold library. When a target sequence of unknown structure is submitted for modeling, an HMM is constructed for it and Phyre2 searches for HMMs in the fold library that best match it. The resulting list of matching HMMs (and their parent protein structures) are then presented as results of the search, ranked by sequence identity weighted by sequence coverage. This is resumed in For Coq6, this operation found templates with sequence identities in the range of 15-22%. The results (described in more detail in Chapter 3) indicated we were well below the threshold of 30%, making distinction among the top Phyre2 results ambiguous. Therefore, we turned to another method of template search, not based on sequences, but 3D structures.

Structure based searching: DALI 20

Protein structure is more conserved than sequence. 4 This is one of the fundamental reasons why discriminating among the templates found by Phyre2 is difficult. When there is not a large difference in sequence identity among the templates, ranking them by more accurately refined alignments (discussed in the following section) may not lead us to the most structurally related one. Therefore, in the twilight zone, it also makes sense to expand the search by searching based on the structures of proteins of similar sequence, instead of by their sequences alone.

Just as for sequence based searching, structure based searching relies on a comparison of the query structure to a database of known structures. This leads to a similar challenge, which is how to accurately represent and efficiently compare structures of different proteins. Different proteins of the same length will have different side chains at a number of residue positions. This will make evaluation of protein structures by direct comparison of 3D atomic coordinates difficult, because many sidechain atoms in one structure will not be present in the others. In a calculation like the minimization of the root-mean-square deviation (RMSD) of homologous atoms, this will reduce the comparable 3D coordinates to just the backbone atoms of residues identified as homologous.

For this project we selected the DALI 20 (Distance Alignment Matrix) method, which represents individual protein structures as residue contact maps. A residue contact map is a square matrix where the rows and columns are the residues of the same proteins. Positions in this matrix contain values indicating whether a given residue forms a contact with any other residue in the protein's own sequence (and therefore its own structure). This gives a two-dimensional description of three-dimensional structure. An example is shown below in The elements of protein secondary structure produce characteristic patterns on such a contact map. Alpha helices form stripes very close to and parallel to the matrix main diagonal because they consist of contacts along a stretch of consecutive residues. Anti-parallel beta sheets form stripes originating from and perpendicular to the main diagonal because they consist of contacts between some residues which are start off close in sequence (residues near the turn in anti-parallel beta sheets) but then progressively become more distant as the sheet extends along the sequence. Parallel beta sheets form stripes parallel to but distant from the diagonal because they necessarily contain an intervening structural motif to allow main-chain direction reversal. Therefore, contact maps are capable of representing both secondary structure (usually dominated by short-range interactions) and tertiary structure features (usually dominated by long-range interactions) in a two-dimensional data structure that does not directly depend on manipulating explicit 3D coordinates of non-homologous atom sets. This makes them accurate and efficient representations of protein structure for structural comparison. Proteins which are structurally similar will have similar features in similar locations on their respective contact maps. DALI compares the contact map calculated from a query structure to the contact maps it has already computed for all the known structures in the PDB. Essentially, DALI divides each protein's contact map into several submatrices and then tries to maximize the overlap of structural features.

The matrix format of this structural representation again lends itself to match searching and is also a natural format for computing alignments, since the rows and columns of the contact map are also labeled with their residue identity. Therefore, the superposition of two protein contact maps can be used to generate a structure-based sequence alignment.

This structure based pairwise sequence alignment is used to identify homologous residues for performing 3D superposition of the two proteins by RMSD minimization. This step does require the manipulation of the 3D alpha-carbon coordinates of the proteins. However, because the two proteins have already been selected as being very structurally similar through the intermediary of the contact map, superposition converges more rapidly to a structurally meaningful result. In a final step, the RMSDs of each structure in the database matching the query structure are used to compute a Z-score for structural similarity, producing a list of PDB structures ranked by Z-score.

Sequence alignment

Once we have found templates using the HMM-based and structure-based search methods, we must create a more detailed alignment between the template and the target sequences. The low sequence identity between the target and the templates found can make alignments using automated methods ambiguous and difficult. This is the case in the present work, particularly because the Coq6 sequence is longer than any of its templates by about 80 residues. While the first 20 or so residues can be expected to form the mitochondrial signal sequence, there are about 50 residues remaining to be placed in the sequence alignment -a formidable challenge for automated methods. The low sequence identity in our pairwise target-template alignments can be described as a low data content. The target-template sequences are so different that we cannot rely on them alone to reliably calculate their similarity. This will require us to supplement our pairwise alignments with multiple-sequence alignments computed from Coq6, which will give us a better context for deciding which residues to align between Coq6 and any template structures.

Pairwise alignment methods

Despite their theoretical ability to produce globally optimal alignments on small numbers of sequences, the best dynamic programming methods, the Needlemman-Wunsch and Smith-Waterman algorithms, did not give plausible results for the template-target alignments. This is likely because of the large number of "extra" residues in the Coq6 sequence not present in any templates. Evolution commonly produces insertions and deletions in a given protein sequence, typically occurring where they can be structurally tolerated in the protein's 3D structure. However, the insertion of 50 residues between a template and a target is a challenge for even the best alignment algorithms. Therefore, we decided not to rely entirely on automated methods for our pairwise alignments.

Protein sequences within a given family are likely to be better conserved than sequences from "templates" found through various search methods. After all, structural templates can be quite distant in sequence, as in our case, primarily because they are selected not only the basis of maximum sequence homology, but also because their structures have been solved. A multiple sequence alignment of Coq6 against the Coq6-family of sequences contains much more relevant residue frequency data and can help us understand where mutations, insertions, and deletions are tolerated within the Coq6 sequence and predicted global fold. This will inform us as to where to place insertions and deletions in our pairwise target-template alignments.

Multiple sequence alignment methods

There are three main types of multiple sequence alignment methods: dynamic programming, progressive methods, and iterative methods. As mentioned before, dynamic programming methods are too computationally expensive to use for more than 8 sequences. Therefore we will describe progressive alignment methods, their limitations, and their more accurate successor, the iterative methods.

Progressive MSA 22 : ClustalO 23

True to their name, the progressive methods perform alignments over multiple sequences by first aligning the two most similar sequences, and then progressively aligning one additional sequence at a time until all sequences in the set have been aligned. This implies that sequence similarity must be computed in some initial manner to determine the order in which to perform the more detailed alignment. The initial calculation of sequence similarity is typically performed with an initial heuristic method, such as word-based recognition methods as described for FASTA and BLAST.

The initial rough sequence similarity calculation is used to create a guide tree, similar to a phylogenetic tree, which sorts the sequences according to their pairwise identity. The guide tree is used to define the order in which the sequences will be aligned with a more detailed method. This is done with scoring matrix representations of protein sequences. Identical residues are assigned a positive value, while mismatches are assigned lower values. Insertions of gaps in the alignment to match chemically similar residues incur a large score penalty, followed by a smaller score penalty for the extension of an existing gap. Any pair of sequences are aligned from N-terminus to C-terminus. Chemically similar residues are aligned by sliding one sequence relative to another in the matrix, with the alignment score computed at every step in the process. The algorithm attempts to increase the score computed over a given range, or window, of residues, adding gaps when necessary.

Therefore, the process will seek to maximize the alignment score serially within the sequence, from Nterminus to C-terminus, but only locally, within the range of its scoring window. This means that the algorithm can create false local optima while it is computing the alignment scores. Essentially, the alignment can be "mis-guided" by the very local nature of the alignment score computation. Additionally, as the two sequences are aligned from N-terminus to C-terminus, no changes are made to the completed N-terminal alignments, meaning that a mistake in any pairwise alignment cannot be corrected as the algorithm proceeds to the C-terminus.

Once the first two most similar sequences have been aligned, the next most similar sequence is added to the alignment matrix, using averaged scores at each aligned position. In this way, an averaged score is developed at each position as each new sequence is progressively added to the alignment. As each new sequence is added to the MSA, it is fixed. That is to say, any errors in the initial sequence alignments cannot be corrected by new data from the next sequence being aligned. Taken together, these aspects of the purely progressive algorithm create three weak points.

First, the results of the alignment are dependent on the order in which the sequences are aligned. The order of sequence alignments is a function of the initial rapid "word-based" sequence similarity calculation used to create the guide tree which defines the alignment order. If the guide tree is not constructed in the "true" order of sequence similarity, then the first two sequences selected for matrix based alignment will not be the most similar. This, in turn, will increase the chances of the alignment of the first pair of getting stuck in a false local optimum of alignment score during the matrix based alignment. Second, any errors incurred during the sequence alignment of any single protein are not corrected within that alignment operation. This means that the sequence alignment quality usually gets worse towards the C-terminus. Third, because alignments become fixed as they are completed, errors made within any given sequence alignment cannot be corrected by the addition of new data from the next sequence. This means that sequences aligned later in the procedure (because of a lower initial ranking from the guide tree) usually have lower alignment quality than those aligned in the beginning.

Finally, there is a specific feature of the Coq6 sequence -the presence of about 50 extra residues -that is likely to severely challenge scoring functions not designed to deal with such disparity. Given the need to place about 50 gaps in the template sequence, the scoring function is likely to be biased towards creating several shorter gaps rather than a single long gap. This bias may guide the alignment towards or away from the "true" alignment, but this is not known a priori. In this thesis, we used the ClustalO implementation of the progressive MSA method. 23

Iterative MSA: MAFFT-L-INS-I 25

These weaknesses are addressed with the class of iterative methods. Iterative methods begin with the same steps as the progressive methods, except they use an objective function to evaluate the results of the first MSA. The first generation purely progressive MSA is then used as the basis for realigning subregions of sequences so as to improve the score of the objective function. This creates a second generation of the MSA, which is then further refined until convergence of the objective function is achieved. 24 This ability to modify existing alignments enables iterative methods to correct initial errors arising from guide tree errors and local scoring errors.

The specific implementation of the iterative MSA method we have chosen for computing the Coq6family MSA is MAFFT-L-INS-I, 25 as used by the ConSurf server. 26 The results of this Coq6-MSA are presented in Chapter 3, and are used to manually curate the pairwise alignment between target and template.

Model building

Having created the template-target alignment necessary for model building, we will now review the methods of creating 3D coordinates for the atoms of the residues of the aligned sequences. Our work has relied almost entirely on the MODELLER 27 software for the creation of our models. We have also used the automated I-TASSER 28 and ROBETTA 29 servers to create models based on different templates. These servers use their own methods for template search and alignment, similar to the methods we have selected for our own protocol, described in their respective publications.

MODELLER 27

A 3D protein structure can be described by the positions of each atom in an external coordinate system, typically Cartesian coordinates, as in many common 3D structure file formats, such as PDB, and XYZ. However, there is another, more flexible way of describing atomic positions with a type of internal coordinate system. This takes the form of spatial restraints, a set of distances which define the distance from one template atom to nearby template atoms. This is similar to the way protein structures are defined in NMR. The target-template alignment is used to identify homologous residues in the target. Distance restraints derived from the template structure are applied to the residues of the target structures, constraining them to a relative geometry which will recapitulate the relative geometry of the template. Additional restraints on molecular geometry building, such as bond lengths, bond angles, and dihedral angles are also incorporated through the application of a molecular mechanics force field. These knowledge-based and force-field based restraints are combined into an objective function which depends on the coordinates of all the atoms in the nascent target model. MODELLER searches for the global optimum of its objective function through a simulated annealing process, which allows the target model to retain the general structure of the template while adapting its detailed structure under the guidance of the objective function. The procedure is repeated several times, yielding an ensemble of models, typically showing more conformational variability in regions of the proteins with fewer distance restraints. This is usually observed in surface exposed loops and turns.

I-TASSER

28 and ROBETTA 29 I-TASSER 28 and ROBETTA 29 have their own methods for template searching and alignment, which will not be described here. They differ primarily in their strategy for conformational exploration of their nascent 3D models. Whereas MODELLER uses simulated annealing, I-TASSER creates a structural decoy library, and ROBETTA uses an iterative process of rebuilding and refining in a highly accurate force field.

I-TASSER first builds its models at low resolution, representing side-chains as single particles at the center of mass. The conformations of unaligned regions are improved through lattice based Monte Carlo moves, whereas the coordinates of aligned regions are allowed to move continuously. Both types of structural moves are evaluated by I-TASSER's knowledge based force field. A set of many low energy models is retained and then clustered in order to select the cluster centroid as the most native-like structure. ROBETTA also uses Monte-Carlo moves to explore conformational space, but does not create a library of possible structures like I-TASSER. Instead, it relies on its force field to refine, and if necessary, rebuild the model so as to achieve a lower energy score.

Molecular dynamics 4.1 Molecular simulation

The goal of molecular simulation is to gain insight into the physical structures and processes present at the molecular scale, which are often difficult to observe experimentally. Understanding macroscopically observable phenomena at the microscopic (often molecular or atomic) scale is the foundation for much of the progress made in the study of thermodynamics.

From the macroscopic to the microscopic

One of these key advances was the formulation of the van der Waals equation. 30 This equation gives a more accurate description of the behaviors of gases and liquids over wider ranges of temperature and pressure than previously possible with the ideal gas law. 31 The van der Waals equation adds corrective terms to the ideal gas law for two of its simplifying assumptions.

First, molecules have a definite physical volume (not accounted for in the ideal gas law), which limits gas compressibility at higher pressure. Second, molecules interact when they approach at close range. These interactions are generally attractive (arising from favorably correlated fluctuations in electron distributions), which tends to reduce gas volume at higher pressures. However, below a certain distance (as imposed by higher external pressure), molecules will experience a strong repulsion. The addition of microscopic detail to the ideas gas law shows the important connection between macroscopic thermodynamics and microscopic molecular structure.

Since physically relevant volumes of matter are usually composed of large numbers of particles, a molecular description of matter also lends itself to a statistical description of the molecules. Another famous example of this connection was made by Josiah Willard Gibbs in his presentation of the "Elementary Principles in Statistical Mechanics" 32 which formally presented the relationships between entities at the molecular scale. We will briefly review them before proceeding to describe their practical implementation in this work.

From particles of matter to systems in phase space

A volume of matter which we wish to study is called a system. Since we are describing this system at the microscopic scale, we will represent the system as a large number of particles. These particles interact with each other but they also interact with their larger environment. For practical purposes, we only have the ability to represent and analyze a limited number of particles constituting the system of interest. We will represent the interactions with the environment in a much more general way, typically through general constraints such as temperature and pressure.

An ensemble is the set of all possible configurations of a system of particles, possibly subject to (and often defined by) general environmental constraints. A single configuration of a system is a description of the position and momentum of all its constituent particles. While many of these configurations may be different in their microscopic details (positions and momenta of all particles), many of these configurations are so similar that they are not easily distinguishable at the macroscopic scale. The detailed particle configurations of the ensemble can be mapped along the axes of selected system parameters (selected for physical relevance), defining a phase space of the system. Phase space is a mathematical construct for conceptually organizing and describing the particle configurations that are physically possible. The change over time of a configuration through its phase space yields a trajectory.

In the molecular simulations of this work we use computed approximations of the physical forces acting on particles to generate new configurations evolving from an initial configuration. The computation of these new configurations from individual particle trajectories is the field of molecular dynamics.

Algorithmic implementation of ensemble constraints

In realistic physical settings, the set of all configurations accessible to a given system is bounded by some constraints coming from the environment beyond the system. These constraints will place some limits on the behaviors possible for the particles in the system, and for the system in its phase space. These constraints are fairly intuitive to understand from a macroscopic point of view: volume (V), energy (E), temperature (T), and the number of particles (N). These can be used to define statistical ensembles representative of the configurations accessible to the system.

Systems of study are often in a confined area, where the volume (V) is constant. In the case where the system is perfectly isolated from its environment, the number of particles (N) cannot change, and the energy (E) of the system must be constant (as no energy can be lost to or gained from contact with a larger environment). This situation is described as an NVE ensemble, because the parameters N, V, and E are not allowed to change.

In the case where the system is being maintained at a constant pressure (P) by varying the volume as necessary, the situation is defined as an NPT ensemble. The NPT ensemble is a better representation of many intracellular biological systems, since they occur at a relatively constant pressure. The detailed energy E is allowed to change, but only within a limit described by the general temperature (T) of the system.

In the case where the system is not at all isolated from the environment, the number of particles (N) can also change, as can the energy (E). This situation is termed the uVT ensemble.

In molecular simulations of biological systems we are typically interested in processes occurring at constant temperature (represented by the NVT ensemble) and at constant pressure (the NPT ensemble). In practice, these constraints are implemented by specific algorithms. For NVT simulations, the equivalent of a thermostat is required to adjust and maintain the temperature; for NPT simulations, the equivalent of a barostat is also required.

In this work we select the Berendsen velocity-rescaled thermostat 56 for its fast and smooth first-order approach to the target equilibrium temperature and its ability to produce NVT and NPT ensembles (both of which are used in this work). This is of practical advantage for molecular simulations because it reduces the amount of simulation time necessary for the system to converge to the target temperature during equilibration phases of molecular dynamics as compared to other thermostats (such as Langevin 33 , Nosé-Hoover 34 , and Andersen 35 thermostats). These other methods can show higher order temperature oscillations requiring longer simulations to converge to the target temperature. Because it is a weakly-coupled method, the velocity-rescaled version of the Berendsen thermostat is also appropriate for NPT simulations. Similarly, we select the Parinello-Rahman barostat for NPT simulations in this work because it can produce an NPT ensemble for a simulated system.

The final parameter we must control is (N), the number of particles in the system. This is typically accomplished with the technique of periodic boundary conditions. The volume of matter being simulated is defined as a simulation cell in which the particles move. Particles near the simulation cell's edge may have a vector which would cause them cross the simulation cell wall. Treating the wall as rigid and truly confining the particles to the cell can cause unphysical artifacts in particle behavior. Another solution is to allow a particle to exit the simulation cell from one face and then reintroduce it from the opposite cell face. This is called a periodic boundary condition, and is typical in protein simulations, including those in this work.

From cold crystals to warm bodies

We have briefly mentioned initial conditions as the starting point of simulations. In protein simulations, the minimal initial conditions are the coordinates of every atom in the protein, derived from experimental methods (such as X-ray diffraction or NMR) or theoretical methods, such as homology modeling. To the protein coordinates, we typically add a large shell of water molecules to explicitly represent the water surrounding proteins in biological environments. The simulation cell now contains all atoms we wish to study. However these are static coordinates, meaning they have no motion. In a physics-based simulation, this translates into an effective temperature of absolute zero. This is of course a poor approximation of biological systems, which typically operate around 300° Kelvin. Therefore, we need a way to add motion (as measured by energy or temperature) to our atoms in a physically realistic way.

In the context of molecular simulations, our virtual atoms do not feel the true physical forces responsible for defining their initial coordinates, such as intra-and inter-molecular forces. In the simulation they will feel a computed approximation of physical forces, which can differ significantly from the real world forces. Therefore, when we introduce protein coordinates to these simulated forces, we must adjust the protein and water coordinates according to the simulated forces in a process called energy minimization. The purpose of this process is to ensure that the virtual atoms do not feel unphysically large forces when we apply initial velocities to the system particles (sampled from the Boltzmann distribution at the target temperature).

This means we must first increase the temperature from 0 to 300 degrees Kelvin. This process is called thermalization. In this work we will perform equilibration in two steps: an NVT phase, followed by an NPT phase. The reasoning is as follows. The main purpose of equilibration is to allow the redistribution of energy through the system from the initial velocities assigned to each particle at the NVT equilibration simulation start. While the protein coordinates are relatively realistic, the water coordinates are not: water molecules are typically added in a regular array to fill all available volume in the simulation cell with an unphysical regularity. Therefore, the equilibration phase is most important for the water. The largest physical change approximated in equilibration is the temperature increase from 0K to 300K. This simulated process will greatly affect the structure of the water in the simulation, likely leading to changes in volume, which is why we use an NVT simulation for the first equilibration phase, with the temperature increase managed by a thermostat (the Berendsen velocity-rescaled thermostat).

Once the water has formed a more realistic structure, we want to bring the system closer to the constraints of a biological system, which operate at constant pressure. This is why we conduct a second phase of equilibration, whose main purpose is to bring the system from a configuration computed in the NVT ensemble to a configuration computed in the NPT ensemble. Once equilibration has brought the system to the desired temperature (through the application of a thermostat) and pressure (through the application of a barostat), we can continue to the production phase of the simulation, also conducted in the NPT ensemble.

Before continuing with details of the practical implementation of our simulations, we will first describe the theoretical basis for physical forces computed in our molecular dynamics simulations.

Molecules: atomic structures and interatomic forces

Molecular dynamics simulates the movements of large numbers of atoms through the solution of Newton's equations of motion. The three dimensional arrangement of atoms in space is dictated by the interatomic forces acting between them. Molecular dynamics simulations consist of calculating the forces acting on each atom at a given point in time and adjusting their positions based on these forces to arrive at a new arrangement of the same atoms a short time later. This process is repeated iteratively to produce what looks like a "movie" of how the atoms move over time. The basic form of the equation used to calculate the forces is given in Equation 1 below, which is Newton's second law of motion. F is the force vector computed as the product of the particle mass and acceleration vector.

𝑭 ⃗ ⃗ = 𝒎𝒂 ⃗ ⃗ Eq. 1

The simplest such system would be a simulation of two atoms interacting in a vacuum. In such a simulation, we would only have to calculate forces between the two atoms. The forces are calculated as the second derivative of the potential energy. The potential energy is calculated as the sum of a set of terms which are functions of interatomic distances and angles. In this particular simulation, we only need to calculate the forces between a single pair of particles. The basic formulation of this is given in Equation 2. However, this same approach can be extended to much larger numbers of atoms. We will describe the potential energy function (which appears as E in Equation 2) and dynamics calculations based on it in more detail in the following sections. Equation 2 is Newton's second law of motion rewritten as the second derivative (𝛁 ) of the potential energy function of the system, E, where rij is the distance between atoms i and j.

𝑭 ⃗ ⃗ = -𝛁𝐄 𝒓 𝒊𝒋 ⃗⃗⃗⃗⃗ Eq. 2

Here, we will use molecular dynamics for two purposes: one will be to assess the physical stability of the homology models created in the previous step. The other will be to perform conformational sampling. A molecular dynamics simulation of a protein structure yields a trajectory, which is essentially a "movie"

showing the time evolution of the molecular system. Physical force functions are applied to every particle in the simulations and are iteratively recomputed at very small timesteps -on the order of 1 to 5 femtoseconds (these values are derived from the constant-acceleration assumption, discussed on page 68) , and all particle positions are recorded at a particular interval as a "snapshot" of the system after being subjected to this physics simulation. The concatenation of all these snapshots creates a trajectory file, which records the atomic positions at every recorded timestep, and therefore shows the movements of the atoms over the time period of the simulation. This is called a trajectory because it shows one possible path of the entire molecular system through its phase space (the space of all possible atomic arrangements of the system).

This definition is important because proteins visit different regions of their phase space in a semistochastic manner. The stochastic nature of the movement in phase space comes from the thermal motion of particles at the molecular scale of time and three-dimensional space. This thermal motion is essentially biased in certain directions by the overall structure of proteins, which display anisotropic vibrations and movements which evolution has sculpted (through selection of protein mutations) to enhance the function of each protein.

Of the many conformations possible to a protein, and of the subset of conformations visited during any given simulation trajectory, only an even smaller subset will be complementary to the binding of ligands. The same cannot be said of the substrate, which by its requirement to be released after catalysis, must undergo a more transient binding, and which therefore has a binding site which is likely to adopt a broader range of conformations, only some of which are compatible with substrate binding. Therefore, the recognition of the distinct conformational states compatible with substrate binding occurring in a trajectory is an important task, developed in Chapter 4 (Selection of Coq6 models through molecular dynamics and substrate docking).

While apo-protein MD simulations do not tell us directly about the dynamics of receptor-ligand interactions, they can still be useful for the conformational sampling of the apo-structure. This is important because the apo-protein may transiently assume a ligand-binding conformation even in the absence of a ligand, a phenomenon described in the conformational selection hypothesis of proteinligand interaction 36 and discussed in more detail in Chapter 4 (Selection of Coq6 models through molecular dynamics and substrate docking).

Physics and functional representation: the potential energy function

The forces between atoms arise from the interactions of their electronic structures. This is true for both bonded and non-bonded interactions. Electronic structure is best described by quantum mechanical methods. However, these methods are too computationally expensive to apply on systems the size of proteins, which typically contain 100 000 atoms. Therefore, the effects of electronic structure on molecular geometry are described with a classical-mechanics approximation. This approximation is empirically parameterized to recapitulate the geometry predicted from quantum mechanics or observed in experimental structures.

These classical approximations have the form of potential energy functions, and consist of a set of terms constructed to represent specific constraints on molecular geometries. The potential energy function must be applied to every particle in the system, which has the potential (no pun intended) to be very computationally expensive. One way to apply the potential energy function to all system particles is to compute the function only between pairs of particles that are close enough to interact, as specified by the terms of the potential. Pairwise interactions can be calculated rapidly enough for well-defined pair lists to permit particle motion to be computed at a practical speed.

The potential energy function referred to as E in Equation 2is composed of several terms designed to approximate the intrinsic preferences of molecular geometry arising from electronic structure effects. An example of a potential energy function is presented below in Equation 3. This shows the general functional form of the AMBER potential energy function used in molecular dynamics, adapted from Cornell et al 1995). 37

Eq. 3

The first three terms describe the geometry of covalent bonds, while the last two describe non-covalent interactions: the van der Waals interaction between uncharged atoms and the electrostatic interaction between atomic partial charges. The first term (in the purple box) describes the stretching of a covalent bond, formulated as a harmonic approximation, where the distance of the bond is defined between two bonded atoms. The second term (in the blue box) describes the bending of a covalent bond, also formulated as a harmonic approximation, where the angle is defined between three covalently bonded atoms. The third term (in the green box) describes the torsion (or twisting) of a covalent bonds with a periodic function, where the torsion angle is defined as the angle between two planes. Each plane is formed by a unique set of three consecutive atoms from a set of four consecutive atoms. The fifth term describes interactions between atoms that are not covalently bonded with two components: the van der Waals interaction (shown in the orange box) and the electrostatic interaction between atomic partial charges (shown in the red box).

The potential shown in Equation 3 can be used to calculate the potential energy of a molecular system at a single instant in time. As shown in Equation 2, the potential energy can be used to calculate the forces acting on each atom in the system. Combining Equations 1 and 2 results in Equation 4, shown below.

-

𝑑𝐸 𝑑𝑟 𝑖 = 𝑚 𝑖 𝑑 2 𝑟 𝑖 𝑑𝑡 2
Eq. 4

Here we see the appearance of the term t (for time), derived from the acceleration term (a), appearing in Equation 1. Taking the simple case where acceleration is constant, we can write Equation 5. We will discuss the validity of the constant acceleration assumption below.

𝑎 = 𝑑𝑣 𝑑𝑡

Eq. 5

Integrating Equation 5gives us Equation 6.

𝑣 = 𝑎𝑡 + 𝑣 0

Eq. 6

Integrating Equation 6 again gives us Equation 7.

𝑥 = 𝑣𝑡 + 𝑥 0

Eq. 7

Equation 7 appears simple, but we must remember two key facts. First, in a molecular simulation, it must be applied three times (once for each spatial dimension) for every atom in the simulation (of which there can be many, often in the range of 100 000). Secondly, the velocity term (v) must be calculated from the acceleration, which depends on the calculation of the potential energy function (Equation 3). Applying Equation 7 to a molecular system allows us to calculate the position of every atom at a future time (x) based on their position at the current time (x0). For a molecular system of this size, the potential energy function becomes too complex to solve analytically. However, we can numerically compute an approximation to Equation 3 and its time-dependent derivatives. Therefore, the next step is to produce a formulation of Equation 7 that can be computed accurately and rapidly. The Taylor expansion provides a tool for this, as presented in Equation 8 below.

x(t + dt) = x(t) + v(t)dt + 1 2 a(t)dt 2 + ⋯

Eq. 8

This formulation of the equation of motion contains a velocity term (v). In molecular simulations, the numerical values for velocity must be retained to a high precision for every atom. Including velocities in this equation makes it slower to compute. An alternative formulation for computing future atomic positions can be given by the Verlet algorithm. Recalling that the general goal is to compute future atomic positions from past atomic positions, we can write Equation 8 twice, once for the past, and once for the future. The dt terms have a positive sign when computing the future, and a negative sign when computing the past.

x(t -dt) = x(t) -v(t)dt + 1 2 a(t)dt 2 + ⋯
Eq. 9

Combining Equations 8 and 9 allows us to obtain Equation 10, the Verlet algorithm.

𝑥(𝑡 + 𝑑𝑡) = 2𝑥(𝑡) -𝑥(𝑡 -𝑑𝑡) + 𝑎(𝑎)𝑑𝑡 2

Eq. 10

At this point we can return to the constant acceleration assumption used to derive Equation 5. Several terms of the potential energy function prescribe harmonic motion, which gives atoms subject to it variable acceleration over the timescale of the harmonic motion. This would invalidate the constant acceleration assumption used to derive Equation 5, which contains a dt term. In a discretized numerical computation of analytical forms containing a dt term, the dt term is called the time-step. If we can make the numerical value of the time step sufficiently small, atoms will only have had time to move a very short distance, over which the acceleration cannot vary much. By specifying a sufficiently small time step, we can satisfy the assumption of constant acceleration. Of course, the size of the time step is relative to the natural period of the motion of the atoms. The faster the motion of the atoms, the smaller the time step must be in order to satisfy the constant acceleration condition for the use of Equation 5.

This means that the time step will be defined by the natural period of the fastest atomic motions in the molecules. The speed of atomic motion in the simulation is inversely proportional to the atoms' mass, meaning the lightest atoms will be moving the fastest. In biomolecular simulations, this corresponds to the covalent bond stretching between hydrogen and non-hydrogen atoms, which limits the timestep to 1 femtosecond. It is desirable to increase the size of the time step, in order to increase the speed of producing simulations, while maintaining physical accuracy. One way to do this is to effectively remove this fastest degree of freedom by making the hydrogen-heavy atom bonds of fixed length. In the GROMACS 49 implementation of molecular dynamics, this is done by applying a constraint to this bond length using an algorithm called LINCS 38 39 (LINear Constraint Solver), allowing the timestep to be increased to 2 femtoseconds, effectively doubling the speed of computing the simulation.

So far we have referred to covalent bonds in a generic way. However, when we are simulating specific molecules, we will have to specify the atoms involved in each specific bonded or non-bonded interaction. That is to say, we will also have to define the atom type (which defines mass) as well as the bond type (e.g. single, double, triple) as they occur in the molecule. For each combination of atoms and bonds in a molecule of a given net charge, we must also assign a partial atomic charge to each atom. The partial charge of each atom in a molecule depends not only on its composition but also its conformation, as the molecule's conformation is fundamentally interrelated with its electronic structure. However, this interrelationship must be calculated with quantum mechanical methods, which are typically too computationally expensive to apply to the number of atoms (about 100 000) in common molecular dynamics simulations. As an approximation, a fixed partial charge is assigned to the atoms in a given molecule This parameter (as well as the other parameters appearing in the terms in Equation 3) are calculated using quantum mechanical calculations, in a process called parameterization. Parameters are calculated with quantum mechanical methods, an example of which is RESP 40 (Restrained ElectroStatic Potential). This method calculates the electrostatic potential over a given molecule using quantum mechanics and then assigns a partial charge to each atom in the molecule. The restraints are used to help decrease the partial charges assigned to more buried carbon atoms.

Each molecule must have its own parameter set in order to describe its intrinsic and extrinsic geometric preferences; this parameterization must be empirically or semi-empirically created for each molecule type we wish to simulate. In the case of protein modeling, the modular nature of proteins means that we can only have to develop parameters for each of the amino acids, allowing us to simulate any protein.

However, other molecules we might need to include in the simulation (such as water, lipids, and ligands) may not be as common as the amino acids, and must be parameterized for the relevant force-field before being included in molecular simulation.

While we have described the terms of the potential in a general way, specific implementations differ in the functions they use for describing each of the force terms and combining them, as well as in the atomic partial charges and basic atom types. Specific implementations of each potential, called forcefields, are parameterized in their term values so as to reproduce molecular geometries observed in experiment and QM calculation. Many force-fields have been developed, and each is typically specialized for a specific class of molecules, such as polymers, liquids, or crystalline materials. The parameters developed for one force-field will not be valid for another because of their differing choices of functions for each term and partial charge assignment, as well as their different atom-types. Some combine nonpolar hydrogens with their parent atoms in united particles (such as GROMOS 41 ), while others represent all hydrogens explicitly, such as CHARMM 42 , AMBER 43 , OPLS-AA 44 . Indeed, simulation results of the same molecule under different force-fields may not be directly comparable because each force-field is representing physical reality in a slightly different way.

Indeed, it should be repeated that all of these force-fields are empirical classical approximations to a fundamentally quantum system, and that these approximations of the real-world potential energy function are not perfect. They each have differently biased representations of the physical forces in the real world. The only way to test the quality of these approximations is to run and analyze molecular dynamics simulations and see how well they can reproduce the behaviors of known systems.

The ability of these force-fields to reproduce atomic positions within a molecule is variable. This is particularly important for the simulation of protein structure, both in model construction and molecular dynamics. For the case of producing static protein structures, force-field based methods may be of some assistance in initial stages of model building and refinement. However, subjecting the atomic coordinates of a protein to a force field in energy minimization for too long can actually cause the structure to deviate from the experimental structure. 1 This practical observation shows the limits of one of the central hypotheses of molecular modeling of proteins: the native conformation of a protein is the lowest energy conformation. This may be conceptually true, but computing the energy correctly in practice is not guaranteed to produce this result. This discrepancy between the real-world potential energy function and our numerically approximated potential energy function can also distort the results of molecular dynamics, which is something we must consider in our choice of force field.

Force-field selection: AMBER99-SB-ILDN 45

We chose the AMBER99-SB 45 force field for simulating the Coq6 system for several reasons. According to a benchmark study comparing the structural evolution of proteins as simulated under several force fields compared to NMR data, different force fields favor different secondary structure types in comparative MD simulations. 46 The study concluded that many currently used force fields (OPLS-AA, CHARMM22, GROMOS96-53a6, AMBER99-SB, and AMBER03) do not properly reproduce structural features of hydrogen bonds, which leads to unrealistic protein conformations over the course of longer simulations lasting hundreds of nanoseconds. The only force field for which this behavior was not observed was AMBER99-SB, suggesting it is a robust choice for our simulations. AMBER99-SB also has several membrane lipids already parameterized, making it a good choice for eventually simulating membranes, which may be relevant for Coq proteins. This force-field also has a relatively straight-forward procedure for parameterizing new molecules we may want to add to our dynamic simulations, such as Q biosynthesis intermediates. The AMBER99-SB force-field was further improved by comparison to additional NMR data and QM calculations 47 for the residues isoleucine, leucine, aspartate, and asparagine, yielding AMBER99-SB-ILDN as our choice for modeling Coq6. The basic AMBER99-SB force field was developed using the Restrained Electrostatic Potential (RESP) 48 model to determine atomic partial charges and parameters.

Molecular dynamics simulation code: GROMACS 49

Each force field is a set of functions describing the potential energy of particles we wish to simulate and tabulated values for each particle type. To actually run a simulation, we need to numerically compute these functions, and this is the role of specific simulation software. Several software implementations of the force-fields are available to choose from. Molecular dynamics can be computationally expensive because of the need to evaluate many force terms for a large number of atoms (about 100 000 for the Coq6 system) at a very small time-step. Therefore, it is important to have high performance simulation codes which can perform these calculations accurately and rapidly. For this reason we have chosen GROMACS 50 (version 4.6.5), which is one of the fastest molecular dynamics software packages and widely used in biomolecular simulation. The selection of GROMACS is based on the combination of its computational efficiency as well as its compatibility with new computing hardware developed specifically to accelerate numerically intensive simulations. This aspect is described in the section on Computing Resources.

Molecular dynamics protocols

The Coq6 protein models were solvated using TIP3P 51 water under the AMBER99SB-ILDN 47 force field in GROMACS 4.6.5. 50 Electrostatics were treated with the PME 52 method (Particle Mesh Electrostatics) with a shifted potential for long range interactions using the Verlet cut-off scheme 53 set to 10Å. FAD parameters were taken from a study of flavoproteins by Sengupta et al. 54 The salt concentration was set to 0.157 M NaCl as documented for the mitochondrial matrix. 55 The simulation cell was a rhombic dodecahedron allowing 1.4 nanometers between the protein and the box edge. Models were subjected to 300 000 steps of steepest descent minimization. Equilibration was conducted in two phases (NVT and NPT) of 250ps each at a time-step of 1fs with position restraints on protein heavy atoms using the velocity-rescaled Berendsen thermostat 56 at 300K. NPT equilibration used the Parrinello-Rahman barostat. 57 Bond lengths were not constrained during equilibration.

Production simulations for structural stability screening were run for 20ns using a time-step of 2fs, the Verlet cut-off scheme and LINCS constraints for heavy atom-hydrogen bonds. The temperatures of the protein and solvent were coupled separately to the Berendsen thermostat with a relaxation time of 0.1 ps at 300K.

The resulting trajectories were analyzed for structural stability. The modular construction of our models (including the insert region, further described in Chapter 3) motivated us to analyze the stability of specific sub-regions of the models. VMD 58 was used to calculate the RMSD for these regions and secondary structure persistence was calculated for selected secondary structure elements.

Accessible volume calculation

The goal of our modeling of Coq6 is to generate structure-function hypotheses about substrate binding. Therefore, we need to identify substrate binding sites. According to a hypothesis we develop in greater detail in Chapter 4, we posit that Coq6 has a large substrate binding site that is likely to be a cavity near the active site, situated near the FAD isoalloxazine. Therefore, we need a way to compute accessible volumes within protein structures.

Voronoi meshes: CAVER

In the computer representations used for modeling and simulation, a protein structure is a set of points placed at the positions of its atomic nuclei. Each atom has a physical extent of volume, which is not described not by a single specific radius, but by its equilibrium distance to other atoms in protein structure. Some of these distances are small, and correspond to covalent bonds. The distance, and volume, between the atoms in this configuration is too small to permit the passage of any other atom. Some of these distances are larger, and correspond to non-bonded interactions, which can still be close enough to consider two atoms as touching -still too close to permit the passage of another atom. However, a molecular structure can hold two atoms in stable positions beyond this distance without there being any appreciable interaction between them. This general configuration can have a larger distance between the two reference atoms with nothing in between: a void volume, into which another atom may be inserted or pass through.

The detection of such accessible voids is the goal of this computation. The description of protein structure as a set of simple points in space lends itself naturally to a type of plane geometry analysis called the Voronoi diagram. A Voronoi diagram is method of partitioning a plane into sub-regions based on the distances between a set of points on the plane. We can compute a perimeter around each point containing a sub-region of the plane that is closer to this region than any other point in the set. A trivial case of a perfectly regular distribution of points on a grid would produce a set of regular hexagonal subregions, called cells, similar to the cells of a honeycomb. Voronoi diagrams allow the calculation of such cells for irregular distributions of points, and thus have broad applicability to modeling real-world structures.

This can be extended to three dimensions, where each cell becomes a volume of space. As applied to protein modeling, the set of points are the coordinates of the atomic nuclei. Lines are drawn between neighboring points for all points in the set. The midpoint of each line is determined, and then these midpoints are themselves connected by a second set of lines. This second set of line defines the perimeters of the Voronoi cells of the system. Recalling that each point is actually an atom with a certain volume, we need to remove their volumes from the final definition of the Voronoi cells, which identify voids in the protein. Contiguous Voronoi cells can form a pathway, which can define a tunnel or channel in a protein structure.

There are several software implementations of this general idea. In this thesis we selected the CAVER 3.0 software 59 because of its robust and rapid tunnel detection algorithm based on accurate representation of atomic volumes. Considering the fact that we will obtain our protein coordinates from molecular dynamics trajectories consisting of 10 000 structures each, a precise description of atomic volumes is necessary to ensure that we screen our trajectories accurately and efficiently. This will be very important for substrate docking, as we will see in the following section.

Docking

Molecular modeling of enzyme-substrate interactions requires the definition of spatial coordinates for the enzyme and the substrate. At this point in our methods review we have used homology modeling and molecular dynamics to generate enzyme coordinates. Now we need a method for generating substrate coordinates in a manner consistent with the enzyme's molecular geometry. We can identify a substrate binding site through the calculation of accessible volumes. The next step is to simulate the binding of this substrate to the binding site. This is the domain of molecular docking.

6.1 Representing binding through docking simulations: AutoDock VINA [START_REF] Trott | AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading[END_REF] Docking aims to predict the specific conformation of the substrate in the enzyme's binding site. Docking can be generally described in two steps: a search algorithm generates possible structures of the substrate in the binding site, and a scoring function (whose implementation in Vina was derived from the X-score [START_REF] Wang | Further Development and Validation of Empirical Scoring Functions for Structure-Based Binding Affinity Prediction[END_REF] scoring function) evaluates the physical plausibility of this conformation. While the coordinates of the enzyme are fixed, the coordinates of the substrates can vary, primarily through the rotation of single bonds. Hexyaprenylated Q biosynthesis intermediates can have up to 20 rotatable bonds, most of which are in the hexaprenyl tail. This generates a large space of possible conformations, which is important to efficiently explore.

Again, this is an application where the speed (as well as accuracy) of a software implementation becomes a critical factor in using it. AutoDock is an accurate [START_REF] Trott | AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading[END_REF] and commonly used program. The protein structure is spatially discretized into a grid form which stores energy potentials for substrate interactions in an atom-type dependent manner. This pre-calculation of interaction energies onto a discretized representation makes computation more efficient because non-bonded pair interaction lists do not need to be re-calculated. Instead, the substrate is effectively docked into regions of space of varying compatibility which have been mapped over the protein structure. The latest version of AutoDock, AutoDock Vina 60 , calculates these grids automatically. The large conformational space available to flexible ligands (like Q biosynthesis intermediates) searched by a genetic algorithm which does not explore the conformational space exhaustively, but is nonetheless capable of reproducing bound substrate poses for many co-crystal complexes. [START_REF] Trott | AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading[END_REF] This search algorithm makes Vina much faster than previous versions of AutoDock, and allows us to perform a more in-depth docking characterization of our system, including the full length hexaprenyl tail of a substrate model.

Computing resources

The molecular modeling techniques used in this thesis can be computationally intensive, particularly molecular dynamics and therefore required access to suitable computing resources as detailed in Table 2.2 below.

TABLE 2.2 Computational resources used in this project

The Tesla workstation is a Dell T7600 with 2 Intel Xeon E5-2630 processors (six cores per processor at 2.3 GHz ) and 64 GB of RAM. It also has an Nvidia Tesla K2075 GPU, which is a graphics processing unit (GPU) designed for intensive numerical simulations. The primary use of this workstation is molecular dynamics (using GROMACS) and molecular docking (using Autodock Vina). The use of GPUs in scientific simulations is a rapidly expanding field, stimulated by the capacity of GPU computing architectures to deal with the large volume of parallel computations required in molecular simulations, particularly molecular dynamics. This is manifested as a co-evolution of the hardware (GPUs) and software (molecular dynamics codes) in the molecular simulation field to create high performance workstation-class computing solutions which are much more affordable and accessible than CPU based supercomputing centers.

For this project we have chosen to use GROMACS for molecular dynamics because of its speed at computing simulations and its growing ability to use GPU hardware, such as the Tesla line of NVIDIA GPUs. The combination of GROMACS and GPU computing resources gives us the ability to simulate proteins on larger scales of time and space than normally possible on workstation-class computers. The Tesla workstation built for this project is capable of computing about 10 nanoseconds per day for a system of about 100,000 atoms using GROMACS version 4.6.5. This is important because obtaining representative conformational sampling through molecular dynamics is a non-trivial task potentially requiring a large amount of simulation time.

The Xenon workstation is a Dell T7500 with 2 Intel Xeon X5647 processors (four cores per processor at 2.93 GHz) and 48 GB of RAM. The primary application of this workstation is the DiscoveryStudio 3.1 molecular modeling suite from Accelrys. DiscoveryStudio integrates many common molecular modeling tasks and calculations into a single graphical environment and transparently handles file formatting issues as data is passed from one DiscoveryStudio simulation module to another. Most importantly, it integrates the MODELLER program for generating homology models, which are the basis of this thesis. It also contains modules for performing biophysical calculations on protein structures as well as sequence analysis.

These are significant advantages, because while open-source alternatives do exist, they are typically specific to one task and must be individually acquired (some are freely available, others only through licensing, even if academic) and installed. Since each open-source software often has different prerequisite software requirements (such as compilers, libraries, drivers, etc.), this often creates a complicated software dependency tree which must be actively managed, adding significantly to the researcher's time spent on "IT overhead" tasks. This reduces the time available for actually performing and analyzing simulations. The second major drawback of using a library of open source programs is that each typically has its own particular file format, requiring conversion between each modeling task. This also adds significantly to IT overhead.

Chapter 3 Construction of Coq6 homology models and stability screening through molecular dynamics

Introduction

Homology modeling consists of four main steps: template search, template-target alignment, 3D model construction, and model evaluation. In the previous chapter we introduced the methods of each step and briefly identified the challenges specific to Coq6. In this chapter we will describe the practical application of the homology modeling and molecular dynamics methods selected for Coq6 as well their results.

Coq6 is a particularly challenging target for homology modeling because of its low sequence identity to known templates. In this chapter we will describe an iterative process of developing Coq6 homology models to deal with the uncertainties arising from low sequence identity.

Template search

The general goal of homology modeling is to create a mapping between the residues of the target (the protein of unknown structure) and the residues of the template (the protein of known structure), and to use this sequence-to-sequence mapping to generate a 3D model of the target protein. As described in the previous chapter, the quality of the homology model depends on the similarity between the target and the template. When the two sequences have a sequence identity higher than 40%, 90% of backbone atoms can be modeled with an RMSD error of approximately 1Å with respect to the experimental structure. 1 When the sequence identities are less than 25%, there is only a 10% chance that the two sequences encode structurally homologous proteins.

Sequence based search: Phyre2 2

Our initial Coq6 template search used the Phyre2 comparative modeling server 2 , which uses a hidden Markov model (HMM) representation of the target protein sequence. This is a more generalized representation of the target protein's exact amino acid sequence, which enables HMM-based methods to recognize similarities between proteins with low sequence identities. The sequence profiles are used to generate pairwise alignments, and the search results are ranked according to this raw alignment score. The top 20 results of this search are presented below in Table 3.1. 
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The main reason for this is Coq6's requirement to bind the FAD cofactor in a specific conformation by forming specific contacts with it. An analysis of the FAD binding site in PHBH reveals that the majority of the enzyme-cofactor contacts involve the protein backbone. 3 This pattern of enzyme-cofactor contacts therefore imposes a strong constraint on the coordinates of the backbone if it is to result in a catalytically functional enzyme and is likely to be a major factor in conserving structure with such divergent sequences. However, the low sequence identity immediately introduces four fundamental and inter-related challenges in selecting Coq6 templates.

First, as protein structure is often more conserved than sequence, 4 the template with the highest global sequence identity score may not be the most structurally similar to the target. When all templates have identity scores that are similar with respect to each other and low with respect to the target, purely sequence based decision criteria are ambiguous. Second, given a set of low identity templates, the initial pairwise alignment between any given template and target may easily be sub-optimal. This means that the pairwise sequence identity computed between any template and the target may itself be erroneous. This leads directly to the third problem, which is that a list of templates ranked by this computed sequence identity may be in the wrong order. Finally, even if a single "correct" template ranking could be obtained, low global sequence identity may mean that different regions of the target's structure have diverged from the template by a different amount. That is to say, sequence identity, which is used to infer global structural similarity, may show significant variation over the extent of the target's sequence. This implies that certain templates may be better suited at modeling specific target regions, but not necessarily the entire target structure.

These challenges require a more careful analysis of the possible templates found through sequence based searching. We must incorporate experimental knowledge into rational decisions for template selection. At this point, our review of the potential templates on the basis of sequence analysis alone is likely to remain ambiguous. This is because in the regime of low sequence identity (less than 30%), evolution has created more sequence variability than sequence conservation, even for the same global fold. Yet this is a well-known and fundamental result of the study of protein structure: structure is more conserved than sequence.

This fundamental feature of protein structure works in our favor when we seek to align targets and templates that are already quite similar. This is because while sequence alignment algorithms generally operate by rewarding the matching of chemically similar residues, the structural implication of sequence alignment is that it is actually secondary structure elements that are being aligned. That is to say, in the context of homology modeling, sequence alignment algorithms are really using chemical similarity of residues as a proxy for secondary structure alignment. When protein sequences are already similar there are therefore two elements working in our favor: similarity in sequence and similarity in secondary structure.

This fundamental feature of protein structure works against us when we seek to align targets and templates that are very different. This is because target and template may have diverged in two ways simultaneously, both in sequence and secondary structure. Therefore an alignment algorithm that seeks to maximize the matching of chemical similar residues may not accurately match up the respective secondary structure elements for the fundamental physical reason that these secondary structure elements do not match. Indeed, the matching of chemically similar residues can guide the alignment away from the "true" matching. Alternatively, an accumulation of complementary mutations between the target and template can produce a situation where secondary structure elements are structurally well conserved but have diverged greatly in sequence. Again, the matching of chemically similar residues can guide the alignment away from a more structurally optimal matching.

In the twilight zone we must look beyond alignment algorithms. They perform well when evolutionary conservation of both sequence and structure have kept the target and template similar, leaving them mainly the task of local optimization of chemical similarity. However, they become less useful when evolution has started to produce divergence of either sequence or structure, and sometimes evolution produces both simultaneously. This is why we must also incorporate experimental knowledge into rational decisions for template selection.

Fortunately, late 2013 saw the publication of two partial crystal structures of bacterial Q biosynthesis monooxygenases (deposited under PDB codes 4K22 5 and 4N9X 6 ). These are the closest functionally homologous proteins to Coq6, also a Q biosynthesis monooxygenase. This gives us a structural basis for template searching, which can give us better results, as well as additional information for interpreting the sequence based search results.

Structure based search: DALI 7

Just as the results of a sequence based template search depend on the query sequence, the results of a structure based template search depend on the query structures. In our case, the query structures are two bacterial FAD dependent Q biosynthesis monooxygenases, PDB entries 4K22 5 and 4N9X 6 . We used the DALI server 7 to run two independent searches using either the 4K22 or 4N9X PDB structures as input.

We will briefly present the top results of this search before describing each protein structure in more detail. crystallized without FAD, the motif has a different conformation and would create a clash with an FAD assuming an extended conformation as observed in catalytically functional holo-enzymes such as PHBH. In 4K22, also crystallized without FAD, the motif is in yet a different conformation, orienting the aspartate away from its normal position.

4K22

28% sequence ID with Coq6 In late 2013 experimental researchers in our laboratory succeeded in crystallizing a proteolytically truncated and enzymatically inactive UbiI protein from E. coli (deposited under PDB code 4K22 5 ). UbiI is the Q biosynthesis C-5 hydroxylase from E. coli, and functionally homologous to S. cerevisiae Coq6. The coordinates revealed that the construct was missing 35 C-terminal residues (some of which were likely to form part of the substrate binding region), as well as FAD. We infer that these features are responsible for the truncated UbiI being catalytically inactive.

Inspection of the top templates from Phyre2 indicates that the C-terminus of this class of enzyme (a Class A flavoprotein monooxygenase) is generally involved in closing the active site from below the plane of the Rossmann helices. The absence of the C-terminus in 4K22 leaves the active site open to bulk solvent, a feature known to be incompatible with catalysis from studies of PHBH. 13 A broader comparison against other templates of the same global fold (member of the "PHBH-like" family as defined in SCOP, 14 the Structural Classification of Proteins, of the Class A flavoprotein monooxygenase, 15 and of the GR2 16 ) reveals that 4K22 has an FAD binding site that is conformationally different from any template co-crystallized with FAD. In this class of FAD binding proteins the bottom of the FAD binding pocket is formed in part by a beta strand containing a GDAxH motif (represented in orange in Figure 3.2), which forms a single turn of alpha helix. This single turn of alpha helix orients the motif's aspartate side-chain towards the ribityl oxygens of FAD to form hydrogen bonds. This sequence motif always has the alpha helix conformation when its parent enzyme is co-crystallized with FAD. The deformation of this secondary structure element in experimentally solved members of this family, and more specifically in 4K22, seems to be incompatible with FAD binding, as GR2 enzymes of with a deformed GDAxH helix are never reported as co-crystallized with FAD in the PDB.

Together, the lack of FAD, a deformed FAD binding site, and an incomplete active site make this construct enzymatically inactive. It does not seem plausible to use the coordinates of a catalytically inactive enzyme to model Coq6. Therefore, we decided to exclude 4K22 as a direct source of coordinates for modeling Coq6. However, it is still a valuable starting point for a structure based template search.

4N9X

29% sequence ID with Coq6 Late 2013 also saw the deposition of another bacterial Q biosynthesis monooxygenase structure from E. carotovora, deposited under PDB code 4N9X. 6 The structure was solved as part of a Northeast Structural Genomics Consortium campaign. Despite the lack of an accompanying publication, the 4N9X structure is titled "Crystal structure of the octaprenyl-methyl-methoxy-benzq molecule from Erwina carotovora subsp. atroseptica strain SCRI 1043 / ATCC BAA-672, Northeast Structural Genomics Consortium (NESG) Target EwR161)", which implies a certain knowledge of the enzyme's substrate. The nomenclature chosen for this PDB entry tells us that the implied substrate is C-methylated at the C2 position and also bears a methoxy group. However, it does not specify whether the methoxy group is on the C5 or C6 position, leaving two possibilities for this enzyme's substrate.

The 4N9X coordinates reveal that this construct is also missing FAD and has a deformed GDAxH loop. It is also missing coordinates for 15 residues comprising the re face edge beta strand due to excessive mobility. It is not clear if this is structurally related to the deformed GDAxH helix, or if it is an independent feature of this enzyme. However, this structure does bring us structural information for an important region missing from 4K22: the 35 C-terminal residues. While the coordinates of the N-terminal majority of 4N9X are not likely to be directly usable as a template for homology modeling, the coordinates of the C-terminus are valuable because they are missing from the closest structural and functional homologs, 4K22 and 2X3N.

The conformation of the 4N9X C-terminus is likely to be functionally relevant when we consider the evolutionary residue conservation of the C-terminus among members of the Coq6 family. This analysis (which is developed further in Chapter 4 -Selection of Coq6 models through molecular dynamics and substrate docking) identifies a stretch of residues as being highly conserved, suggesting a functional importance.

2X3N

22% sequence ID with Coq6 2X3N is the structure deposited for the Pseudomonas aerguinosa enzyme PqsL, a member of the quinolone signaling molecule synthesis pathway. 17 This makes it an especially interesting template because of its likely function as an alkyl-quinolone monooxygenase, which means it has evolved to hydroxylate a substrate with structural similarity to Q biosynthesis intermediates. The 2X3N structure also features a well formed GDAxH helix and is bound to FAD. The only drawback to using 2X3N as a single template for modeling Coq6 is the lack of coordinates for the C-terminus of the enzyme, (residues 371-398) which is generally predicted to form part of the active site. Fortunately, the 4N9X structure presented above does have resolved coordinates for the C-terminus, giving us a template for this region from an even closer functional homolog.

1PBE (PHBH, or para-hydroxybenzoate hydroxylase)

15% sequence ID with Coq6 The Phyre2 search return PHBH (structure 1PHH 18 ) as one of the possible templates. Despite its low sequence identity, we include it in this section because all of its functional residues have been resolved, it has been co-crystallized with its substrate, and there is extensive biochemical characterization of it in the literature. However, structure 1PHH is a mutant form of PHBH complexed with its product. For the purposes of homology modeling we want to use a structure of the wild-type PHBH co-crystallized with its substrate, since this configuration is closer to the type of homology model we intend to produce for Coq6. 1PBE 19 is a crystal structure of the wild-type PHBH complexed with FAD and its substrate. The general structure-function description for this extensively characterized enzyme 20 has already been given in Chapter 1. 1PBE has a lower structure similarity Z-score to 4K22 (31.7) and 4N9X (38.9) than 2X3N (32), and its substrate does not have an aliphatic chain, as do Q biosynthesis intermediates, or the putative PqsL substrate (an alkylated quinolone), and so therefore it is not a first choice as a template for modeling Coq6. This is particularly true with regard to the conformation of the C-terminus, which differs from the conformation seen in 4N9X, a closer functional relative. However, the substrate, parahydroxybenzoate, is a partially-substituted six-membered aromatic ring, which is similar to the quinone moiety of Q biosynthesis intermediates. Given that these conformations of PHBH are enzymatically active, this crystal structure shows us an important example of what a catalytically plausible substrate position looks like. In particular, we can use the geometry of the enzyme-FAD-substrate complex to inform the construction and interpretation of substrate docking in our Coq6 homology model (as described in Chapter 4 -Selection of models by substrate docking).

The Coq6 global fold can be divided into two regions for homology modeling: N-terminus and Cterminus

The important conclusion of this analysis is that the global fold of Coq6 may be divided into two regions for the purposes of homology model construction:

 an N-terminal majority of the protein which contains the FAD binding domain. The key criterion for choosing an N-terminal template is the ability to bind FAD, as evidenced by the presence of FAD in the crystal structure, and the proper formation of the associated GDAxH helix.

 a smaller C-terminal region which is likely to form part of a substrate binding site. The criterion for choosing a C-terminal template is not immediately clear, as we have no examples of homologous enzymes co-crystallized with substrates homologous to Q biosynthesis intermediates. However, it must satisfy the more generic criterion of generating a structurally stable conformation. It must also contribute to the formation of a stable substrate binding region allowing the aromatic center of Q biosynthesis intermediates to reach a catalytically plausible position in front the FAD isoalloxazine.

Structural stability is addressed in the second half of this chapter through molecular dynamics simulations. Substrate binding ability is addressed in Chapter 4 (Selection of Coq6 models through molecular dynamics and substrate docking).

From our review it therefore seems clear that only 2X3N and 1PBE could serve as functional templates for the N-terminus of Coq6. Between these two choices, the higher structural similarity of 2X3N (as calculated by the DALI method) to known Q biosynthesis hydroxylases would indicate that it is the best template for modeling the N-terminal majority of Coq6. Despite this conclusion, we will still test 4K22 as a template for the N-terminus of the protein in our larger panel of homology models in order to explore any potential valorization of this enzymatically inactive structure. Our review also indicates that among these templates, only two can be considered for modeling the C-terminus: 1PBE and 4N9X, since 2X3N and 1PBE are missing coordinates for their C-termini.

However, before building homology models based on these template combinations, we must also consider a large region of the Coq6 sequence with no structural precedent that is difficult to align with any of these templates. The sequences of Coq6 and the other top templates are presented below. The top templates have sequences that are about 400 residues long, whereas the Coq6 sequence is 479 residues long. Even subtracting the first 17 residues as part of the mitochondrial signal sequence the Coq6 sequence is still about 50 residues longer than its best templates. At this stage, we cannot reliably assign residues in an alignment, although we can detect three conserved sequence motifs common to PHBH-like proteins 21 in Figure 3.3 below: the ADP binding motif ( GxGxxG ) highlighted in orange, the NAD(P)H binding motif ( GxDGxxx ) highlighted in blue, and the ribityl binding motif ( GDAxH ) highlighted in green. While we have not yet performed an explicit sequence alignment, it is visually apparent that the region between the NAD(P)H binding motif and the ribityl binding motif is significantly larger in Coq6 than in any of its templates. This region is highlighted in purple in Figure 3 Sequence landmarks for three highly conserved sequence motifs (as shown in Figure 3.3) allow us to roughly estimate the positioning of these 50 extra residues as occurring between the GxDGxxx and GDAxH motifs. Preliminary alignments made between Coq6 and 4K22 suggested that these additional residues formed a single continuous block called the Coq6-family insert, and was likely to form a structurally peripheral element of the protein structure, since such a region is not observed in the global fold of any Coq6 structural templates.

However, the target-template pairs are too dissimilar to unambiguously produce an optimal alignment for each. Comparing Coq6 to only the bacterial templates cannot help us accurately delimit the edges of the insert. Fortunately, comparison of S. cerevisiae Coq6 to other Coq6 sequences in a multiple sequence alignment (MSA) can help us make this distinction more clearly, as detailed below.

A Coq6-family MSA helps define the insert sequence

There is a strong physical basis for using an MSA of the Coq6 family to help define the insert. The "minimal" global fold of this class of enzymes (as determined from experimental structures in the PDB, typically bacterial examples such as 1PBE) does not require any additional subdomain (such as might be encoded by the Coq6 insert) to be catalytically functional. Therefore, we posit that even within the Coq6 family of proteins, this insert region is likely to display greater structural variability than the rest of the sequence. By comparing the sequence of yeast Coq6 to other Coq6 proteins in a Coq6-family multiple sequence alignment (see Figure 3.4), we are likely to gain clues about structural position of the insert. This Coq6-family MSA will then help us to produce better target-template alignments. The complete MSA was computed with ConSurf 22 and is presented in Annex 2. An excerpt is presented in Figure 3.4 here to show how the MSA allowed us to identify the Coq6 insert in a rather clear way. It is apparent that the insert is of very variable length and composition, but that its N-terminal and Cterminal borders contain sequence motifs that show some key conserved residues. It is residue conservation at these points that helps us determine the likely borders, and therefore the size, of the insert in the S. cerevisiae Coq6 sequence.

At this point of our review of the template structures with respect to the Coq6 sequence we have two main goals. The first is to test the stability of several multi-template models based on different template combinations without the insert. Once we have identified the most stable combination of templates for modeling the core of Coq6, we will then create a set of models including the insert in order to test our hypotheses about its structure.

Model building 3.1 Modeling strategy: Construction of a combinatorial set of multiple template models

Our review of the templates and the Coq6 sequence itself indicates that there is likely not a single best template for creating a homology model. Rather, we can use specific regions from each template to model specific regions of Coq6, creating a model based on multiple-templates. These regions have been identified as the N-terminal majority of the protein (which houses the FAD binding site), and the Cterminus (which is likely to form part of the substrate binding site).

This segmented attribution of Coq6 residues to template coordinates is necessary for two reasons: some enzymatically functional templates have missing coordinates, and some templates are enzymatically inactive. In addition, the target contains the Coq6-family insert region, for which there is no template at all. While experimental knowledge of each template can guide us to a rational selection of specific template regions for modeling specific target regions, there remains the possibility that our selection may be too narrow. Therefore, we will create a larger set of homology models to test various structural possibilities for each region of structure: the N-terminus, the C-terminus, and the insert.

The iterative and exploratory nature of this phase of homology modeling building was defined by the development of three generations of homology models. The first generation was based on an initial sequence alignment of Coq6 against 4K22 and deliberately excluded the insert. Analysis of these models revealed an additional structural incompatibility between the Coq6 sequence and the 4K22 structure in the insert region. This was addressed by the creation of a second generation of homology models based on a sequence alignment of Coq6 against 2X3N, also excluding the insert. Finally, a third generation of models was created using second generation structures while adding the insert. The coordinate sources of the complete panel of homology models is presented below and divided into three generations. 

Generation 1: 4K22 as the Coq6 N-terminal template; no FAD or Coq6-family insert

Structural incompatibility between the 4K22 structure and the Coq6 sequence helps define the insert and select an optimal N-terminal template The first generation of alignments was made between Coq6 and 4K22. This alignment suggested that the Coq6-insert was a single continuous block of residues.

FIG 3.5: Identification of the Coq6 insert sequence by the initial Coq6-4K22 target-template alignment. This target-template alignment became obsolete upon further structural analysis of the resulting 4K22 based models.

However, analysis of the resulting 4K22-based homology models revealed an incompatibility between the alignment and the resulting structure in the region of the insert. Although we do not yet know what the secondary or tertiary structure of the insert may be, we know it must satisfy one general geometric constraint: its structure must be compatible with the rest of the global fold. The region where this constraint is likely to be the strongest are the border regions where the insert sequence is predicted to rejoin the more minimal global fold observed in the templates. The Coq6-insert border regions are composed of the INAFF sequence on the N-terminal side and of the SIIDKT sequence on the C-terminal side. Therefore, we will examine the structure of the regions predicted to flank the insert on the experimentally solved templates in order to establish their native geometry (which depends on the template's amino acid sequence), and then assess their ability to accommodate the geometry possible for the insert (which depends on the Coq6-insert amino acid sequence).

The region of structure predicted to accommodate the insert is the exterior of the beta sheet domain, as shown in Figure 3.6 below. The exterior of the beta sheet is partially covered by another layer of structure composed of three general elements. Listed in the N-terminal to C-terminal progression, there is a descending motif, a turn motif, and an ascending motif. In both the 4K22 and 2X3N structures, the descending motif is a short stretch of helix, so this is not the discriminating structural factor for compatibility with the Coq6 sequence. This is followed by the turn motif, which serves to turn the backbone about 90 degrees to the descending helix axis and reach across the exterior of the beta sheet to rejoin the ascending motif. In 4K22, the ascending motif is a 4 residue beta strand, whereas in 2X3N it is a 9 residue alpha helix. Analysis of this region reveals that the turn motif is the discriminating factor in template structural compatibility with the Coq6 sequence.

In 4K22, the turn motif is composed of the DNRLG sequence whose backbone angles fall into sterically allowed regions (including the relatively rare left handed helix geometry) with the exception of the terminal G258, which is strictly conserved among the 150 closest UbiI homologs as computed by ConSurf. Therefore, we conclude that the turn motif geometry observed in 4K22 requires a G in this structural (and sequence alignment) position.

FIG 3.6

The DNRLG motif turn geometry observed in 4K22 relies on a backbone angle forbidden to all residues except glycine; therefore a conserved G would be required in Coq6, but it is not present. A) UbiI's turn motif is in dark blue; the ascending motif is in red; G258 is highlighted in orange and B) on the Ramachandran plot.
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However, the Coq6 sequence does not contain a G at this position in the Generation 1 alignment. In fact, the Coq6 insert sequence contains only a single G, and it is at best 9 residues away from being aligned to a homologous position according to the 4K22 based Generation 1 alignment. Since no residue other than glycine could form this structure, this is a strong indication that this local region of 4K22 is not compatible with the Coq6 sequence. This detail is another disqualifying factor (in addition to the lack of FAD, deformed GDAxH loop, and missing C-terminus) for the use of 4K22 as a direct modeling template. Therefore, we will not present the first generation of 3D models, as they were not useful for further modeling. Instead, we will use the conclusions drawn from this analysis to create the second generation of target-template alignments used in creating homology models.

The conclusion drawn from this analysis is that using 4K22 as an N-terminal template will not generate a physically plausible model of the Coq6 sequence because of mal-formation of the GDAxH helix as well as the incompatibility of the Coq6 sequence with the 4K22 geometry in the region of the Coq6 insert.

Generation 2: 2X3N as the Coq6 N-terminal template; no FAD or Coq6-family insert

Structural compatibility between the 2X3N structure and the Coq6 sequence refines the insert alignment and gives clues to secondary structure In 2X3N, the turn motif is composed of the VGDES sequence (as shown in Figure 3.7) whose backbone angles fall into the more common regions of the Ramachandran plot describing right handed alpha helices and beta strands. The 2X3N turn motif does not require any special residue (glycine in this case) to form its geometry. In addition, the ascending motif immediately following is longer and forms a short alpha helix. The slightly increased length of the ascending motif is an additional commonality with the Coq6, and it is interesting to see these extra residues organized into an alpha helix. Using ClustalO 23 and the Coq6 MSA (see Figure 3.4) to refine the alignment between Coq6 and 2X3N in the insert region, we arrive at a different conclusion: in the structural context of 2X3N, the Coq6 insert sequence is not a single continuous block with respect to this template. Instead, the alignment indicates that the Coq6 insert contains a region structurally homologous to the ascending element of 2X3N: an alpha helix consisting of the FRTEEIYAT sequence (see Figure 3.7).

FIG 3.7 VGDES turn geometry does not rely on any unusual backbone angles requiring glycine to be conserved. A) 2X3N's turn motif is in dark blue and the ascending motif is in red. B) Ramachandran plot showing the turn motif residues as yellow circles, indicated by arrows. C) The alignment in this region between Coq6 an 2X3N, including a secondary structure prediction for the Coq6 insert sequence.

Additionally, the alignment of the 2X3N FRTEEIYAT sequence towards the middle of the Coq6 insert suggests that the additional residues comprising the insert may have evolved as N-and C-terminal elaborations of an existing helical ascending motif present in a more "minimal" bacterial ancestor enzyme, of which 2X3N may be an example.

The compatibility of the Coq6 insert sequence with the ascending helix motif of 2X3N is also supported by predictions of its secondary structure using the Jpred server. 24 This prediction assigns a secondary structure state (helix, sheet or coil) to each residue in the sequence submitted. This predicts a general helix-turn-helix motif, with the turn centered around the DG motif, which contains the only glycine in the insert sequence. These secondary structure assignments can be specified in the construction of homology models, in our case the MODELLER software. Jpred was also used to predict the secondary structure of the si loop as being mainly alpha-helical. This is consistent with experimental structures of this global fold where the si-loop is resolved.

Of the Generation 2 Coq6 models tested we conclude that only the 2X3N-4N9X based model presents a structure stable over 20ns of molecular dynamics. Fortunately, the 2X3N based moiety is also compatible with FAD binding for catalysis, since the original 2X3N crystal structure contains it. Therefore, we select the 2X3N and 4N9X structures as templates for generating models of Coq6. The next phase will be to integrate the Coq6-family insert to the enzyme model. Modeling of the Coq6 sequence without the insert is presented in Annex 5.
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Homology models including the insert are used to design constructs for in vivo testing

The Coq6 insert is of particular interest because it is not present in enzymatically active bacterial homologs, and therefore would seem to have a function other than catalysis. Experimental knowledge of the CoQ synthome as an obligate multi-protein complex with functionally interdependent proteins 25 strongly suggests that the ability to form specific protein-protein interactions will be an important feature of Coq proteins. Our experimental partner in Grenoble, Dr. Fabien Pierrel, developed the working hypothesis that the function of the Coq6 insert was to mediate protein-protein interaction within the CoQ synthome. Dr. Pierrel planned a series of experiments to see if swapping the insert-regions of S. cerevisiae Coq6 with H. sapiens Coq6 would enable inter-species complementation of Coq6-null mutants. Therefore, a precise definition of the insert was needed in order to excise it without disrupting the structure or function of the enzyme. While the initial sequence definitions of the insert were based on the Coq6-MSA guided alignment, they needed to be subsequently refined by structural analysis of Coq6 homology models before producing insert definitions suitable for experimental testing. However, none of the proposed constructs showed activity in vivo, revealing its importance in order to maintain the protein's integrity. At this point we will therefore present the Generation 3 homology models with the insert, which will be used for further analysis in the rest of the thesis.

The next phase is the construction of full length models of Coq6 that include the insert. Our manually curated construction method will recapitulate the procedure used for the Generation 2 2X3N-4N9X based model, with the inclusion of the Coq6-family insert in the target sequence. We also included a short region of the 4K22 structure for one of the peripheral strands of the sheet-domain sheet in order to allow the FAD isoalloxazine enough room to undergo its in-out conformational movements. In addition, we also used two automated modeling servers for modeling the full length Coq6 sequence. First we will present the alignments used to construct the Generation 3 models. Then we will compare the resulting homology models before comparing their behavior in molecular dynamics simulations. 

Generation 3: 2X3N as the

Generation 3: Homology models from I-TASSER and ROBETTA

In order to investigate alternative methods for template selection, alignment, and model generation, we used the I-TASSER 26 and ROBETTA 27 automated servers using their default parameters. The I-TASSER and ROBETTA comparative modeling servers follow the same basic steps of template search, alignment, and model building. Both methods use sequence profile scoring methods to find and select the most appropriate templates. I-TASSER selected 2X3N as the template for Coq6; however, since 2X3N is missing coordinates for the C-terminus, I-TASSER reconstructed this region as well as the insert according to its own protocol. 26 ROBETTA selected 1PBE as its template for Coq6. Because 1PBE was crystallized with its C-terminus, the only major region constructed according to its specific protocol is the insert, whose secondary structure is predicted by DSSP. 28 The alignments used by each method are presented below in 

Molecular dynamics simulation of Generation 3 constructs

The I-TASSER, ROBETTA, and RATIONAL models of the full-length wild-type Coq6 enzyme were subjected to molecular dynamics in order to assess their structural stability. The protein models were solvated using TIP3P 30 water under the AMBER99SB-ILDN 31 force-field using PME 32 electrostatics in GROMACS 4.6.5. 33 Protonation states of titratable residues were assigned with PropKa 34 and the GROMACS pdb2gmx function. The salt concentration was set to 0.157M NaCl as documented for the mitochondrial matrix 35 The simulation cell was a rhombic dodecahedron allowing 1.4 nanometers between the protein and the cell edge. Models were subjected to 300 000 steps of steepest descent minimization. Equilibration was conducted in two phases (NVT and NPT) of 250 ps each at a time step of 1fs with position restraints on protein heavy atoms using the velocity-rescaled Berendsen thermostat 36 at 300K. NPT equilibration used the Parinello-Rahman barostat. 37 Bond lengths were not constrained during equilibration. FAD was imported from PHBH structure 1PBE and minimized after binding site rotamer adjustment. FAD force field parameters were provided by Sengupta et al. 38 The General Amber Force Field (GAFF) 39 procedure with partial charges optimized at the 6-31G* level was employed for generating this data. A representative FAD conformation from MD of the RATIONAL model is shown below in Figure 3.12. Production simulations for structural stability screening were run for 20ns using a time-step of 2fs, leap-frog Verlet, and LINCS constraints for heavy atom-hydrogen bonds. The temperatures of the protein and solvent were coupled separately to the Berendsen thermostat with a relaxation time of 0.1 ps at 300K. In total, three replicas for each model's simulation were run. The primary purpose of the molecular dynamics screening of this model set is to evaluate the structural stability of each model, as stability is a necessary but not sufficient pre-requisite for functionality (which is explored later through other calculations). This is an important distinction because models based on catalytically inactive templates may still be dynamically stable. This distinction must be kept in mind primarily for the N-terminal region of the models because it comprises the majority of the protein and has many well-formed elements of secondary and super-secondary structure likely to remain stable despite lack of catalytic activity. However, the C-terminal region of the models is much smaller and has many fewer long-range contacts with the rest of the protein, making it more dependent on being properly structured intrinsically in order to be stable. Therefore, when reviewing the trajectories of the I-TASSER, ROBETTA, and RATIONAL models we will focus on the behavior of the C-terminus. The structural stability of the C-terminus can be described by how well it retains its secondary structure.

Secondary structure can be calculated on the basis of the protein's internal coordinates (the backbone angles phi and psi) and it is a more accurate and robust description of local structural stability than atomic RMSD. This is because of the inherently non-directional averaging of atomic coordinates relative to the reference coordinates in the final computed RMSD value.

Two extreme cases of RMSD being an inaccurate descriptor of local structural stability exist. One is the rigid body displacement of a structure from its initial position. The conformation of the structure itself may be perfectly rigid, but an RMSD curve calculated based on its initial position will show a continuous increase, implying a structural deviation where there has only been a translational one. The other case is a conformational denaturation distributed evenly over the entire initial structure held at a fixed center of mass. In this case the RMSD curve calculated over time will be relatively flat, implying structural stability, while the conformation has changed significantly.

Therefore, to give a synoptic review of the MD simulations for this set we will show the first and last frames from the trajectory as well as the secondary structure description of the C-terminal region computed over the duration of the trajectories.

The secondary structure was visualized with the Timeline plugin for VMD. 40 The amino acid sequence of Coq6 is listed on the vertical axis, from the N-terminus at the top to the C-terminus at the bottom. The main structural domains of Coq6 are indicated by brackets. The horizontal axis shows time, from 0 to 20 nanoseconds. The secondary structure of each residue is assessed through the measure of protein backbone phi and psi angles, and is illustrated over time with a color scheme. Turns are green, strands are yellow, alpha helices are purple, 3-10 helices are blue, and coils are white. Stretches of residues maintaining a given secondary structure are visible as continuous horizontal bands of a given color.

I-TASSER Coq6 model

2X3N based In this model the N-terminus has been modeled after 2X3N. The C-terminus has been modeled using I-TASSER's own protocol as a small 3 helix bundle. However, this structure is regionally unstable, with the helices dropping away from the bottom of the active site, as visible from comparing the first and last frames of dynamics (shown in Figure 3.13). In addition to moving far from their initial positions, they also display instabilities in their secondary structure, as can be seen in Figure 3.14. The C-terminus, which is initially has a high helical content (visible as horizontal purple bands at the bottom of the graphic) becomes interrupted by regions of green and blue, indicating that the secondary structure of this region is unstable. However, the rest of the model appears very stable so we will retain it for further comparative analysis. The insert shows moderate stability. The regions initially reconstructed as helical remain largely helical, although they lack a well-defined secondary structure for the N-terminal side of the insert. Indeed, the secondary structure element immediately preceding the insert, Helix 8 (colored in gold Figure 3.13) is distorted compared to its initial position. This may reflect a region of the protein that is has less native or intrinsic structure, which is plausible if we consider that the insert's likely function is protein-protein association. It may not assume a well-defined structure in the absence of its protein partner. It is also possible that it is a naturally more mobile region, as enzymes of this class sometimes have regions too mobile to be crystallographically resolved, typically the si-loop. In contrast, the ROBETTA structured insert shows less stability than in the I-TASSER model, deviating more from its initial conformation. The core of the helix (composed of the ascending element) is rather stable, maintaining its helicity until the end of the simulation. However, the helical structuring of the Nand C-terminal sides of the insert appear much less stable, losing their helicity and even distorting Helix 8 away from its original position. This indicates that the a mis-structured insert can destabilize proximal regions of the protein. While the general structure of the insert may involve a helix-turn-helix motif, its detailed secondary and tertiary structure is important to correctly define and position in model building and simulation.

RATIONAL Coq6 model

2X3N, 4N9X, and 4K22 based In this model the N-terminus has been modeled after 2X3N. The C-terminus has been modeled after the 4N9X structure as an extended triangle. The C-terminus is notable for becoming more stable after dynamics, with secondary structures forming stable alpha helices over the second half of the simulation, as shown in the bottom portion of The insert of the RATIONAL model shows some general similarities with the structure proposed by I-TASSER. The C-terminal side of the insert, including the ascending elements, retains most of its helicity. However, the N-terminal side of the insert, despite its initial helical structure, loses helicity as well, becoming a loose coil similar to the I-TASSER construction. However, despite the loosening of the insert's initial structure, it does not distort Helix 8 (colored in gold in Figure 3.17) or the ascending element (colored in red and purple in Figure 3.17).

Comparative regional RMSD summary plots

The goal of the Generation 3 models is to have molecular models of the full-length wild-type Coq6 enzyme complexed with FAD for the eventual purpose of substrate docking calculations. Therefore, we will analyze these models' stability more carefully. Since each of these models contain significant regions that were modeled from different coordinate sources, we decided to compute the RMSD for each major structural region as another way to compare their stability. We partitioned the models into 5 regions: the Rossmann-fold helices, the beta-sheet domain, and FAD binding site, the insert, and the C-terminus. We also monitor the global RMSD of the entire protein The Rossmann helices form the core of the enzyme and appear relatively stable, with all three models reaching RMSD plateaus in this region for the latter half of the simulation. The sheet domain appears to be of roughly equal stability among all three models. These regions are common to all templates and well defined crystallographically. I-TASSER's C-terminus shows a large shape change early in the simulation which stabilizes at a relatively high value by the end, similar to the ROBETTA C-terminus. The RATIONAL model C-terminus behaves differently, with RMSD decreasing over time after an initial jump, suggesting the attainment of a more stable conformation than the other models. Interestingly, the same is also true for the FAD binding site, with the RATIONAL model showing the least deviation from its initial conformation over the simulation, noticeably less than for the other models. In all models the insert structure is of questionable stability, as its RMSD seems to increase up until the end of the simulation. However, this is not critical for our results, since the insert is likely to participate in protein-protein interactions and may not assume a stable structure without its partners.

We can note some general trends: The I-TASSER model generally shows the highest RMSD values for each structural region, with the exception of the FAD binding site and the Coq6 insert, which show maximum mobility in the ROBETTA model. Higher RMSDs for these regions indicate they are less structurally stable than the RATIONAL model, which generally shows the lowest RMSD values during the latter half of the simulation. The combined effects of all these behaviors is even visible in the plot of global RMSD. The I-TASSER model shows an ever increasing RMSD at the end of the simulation, whereas the ROBETTA model shows some distinct metastable states before beginning to settle into a plateau at the end. The RATIONAL model's global RMSD is interesting because of how early it begins to decrease an converge towards a similar final value as the ROBETTA model.

Conclusion

The results of MD stability testing are consistent with what is physically known about each of the templates used to construct them. The first generation of homology models without the insert, based on Coq6 alignments against 4K22, had to be discarded because of their unrealistic geometry in the vicinity of the insert and the mal-formed FAD binding GDAxH loop. The second generation of rationally designed models, based largely on 2X3N and without the insert allowed us to test the stability of different combinations of N-and C-terminal templates through MD, revealing the combination of 2X3N and 4N9X templates to be optimal. Templates using 4K22 for the N-terminus or 1PBE for the C-terminus show instability in the C-terminal region. This is not surprising, since the coordinates of 4K22 describe a physical system in the absence of a C-terminus (as well as without FAD).

The third generation of rationally designed models based on 2X3N and 4N9X with the insert finally allowed us to test the structure of the insert in our own RATIONAL model, and explore the conformations of additional Coq6 models independently generated by the automated modeling servers I-TASSER an ROBETTA. Molecular dynamics reveals that all three models are structurally stable enough for further calculations. Therefore, only these three models will be retained for the next steps: an analysis of the models to find and test possible substrate binding sites of the Coq6 enzyme.

Introduction

The goal of our homology modeling is to create a model of Coq6 of sufficient accuracy to produce testable structure-function hypotheses, particularly for substrate binding. These hypotheses can be tested through in vivo activity assays of site-directed mutants. Therefore, we will subject our models to series of analyses designed to characterize substrate binding regions, including the active site region. This distinction is important because the large size and hydrophobicity of the Coq6 substrate (a hexaprenylated Q biosynthesis intermediate) is likely to require a substrate binding region significantly larger than what is necessary for just the aromatic head, which is the site of hydroxylation.

Thus far we have produced three alternative homology models of the Coq6 enzyme (I-TASSER, ROBETTA, and RATIONAL) which have satisfied the criterion of structural stability as assessed by molecular dynamics simulations. We now want to use these three models to attempt to make predictions about enzyme-substrate interactions. This is the domain of molecular docking.

Selection of Coq6 models by substrate docking 2.1 Receptor-ligand binding: induced fit vs. conformational selection

Receptor-ligand binding is the meeting of two molecules. Each molecule is a flexible object in constant motion, with distinct regional qualities such as polarity and hydrophobicity arising from electronic structure. This means that even a single isolated molecule is better represented as a collection of conformations rather than as a single static object. Thus, when two molecules meet, the process is better thought of as a meeting between these two collections. Some conformations of one molecule may be complementary to some conformations of the other molecule, and the actual binding event depends on the ability of the molecules to find these complementary conformations. The search for these complementary conformations is the domain of molecular docking, and dealing with highly flexible interacting objects is its central challenge.

A fundamental point in using molecular docking to investigate receptor-ligand binding is the question of how much the conformational distribution of one molecule affects the conformational distribution of the other. Does each molecule retain its own conformational distribution arising from its intrinsic geometry preferences during the binding event? Or do their distributions change in response to each other? This is also known as the question of conformational selection versus induced fit, 1 which are perhaps two extremes of a continuum of interaction types possible in the more general conceptual model of interacting conformational distributions.

The conformational selection model of ligand-receptor binding posits that the ligand bound conformation of the receptor pre-exists in the conformational space accessible to the receptor in the absence of the ligand, and that the presence of the ligand biases the conformational distribution of the receptor towards this binding conformation. The induced-fit model of binding states that the ligandbound conformation of the receptor is not accessible in the conformational space of the receptor in the absence of the ligand (likely due to the presence of an energy barrier in the potential energy function which is lowered in the presence of the ligand), and that physical interaction with the ligand is required to produce the receptor's bound conformation. The distinction can essentially be re-stated as the ability of the receptor to populate its ligand-bound conformation in the absence of the ligand. However, the ability of a given receptor to populate a ligand-binding conformational state it is not necessarily a binary condition: it is likely to be proportional to the barrier height to that local minimum, and barrier height can vary continuously. Therefore, a relatively low barrier to the ligand binding conformation may be crossed, albeit at low frequency, even without the ligand. Indeed, most real-world ligand-receptor systems are probably between the two conceptual extremes.

The practical implication of this distinction for molecular modeling studies of Coq6 is that in the case of pure conformational selection (at one extreme of the spectrum), the receptor's bound conformation may be accessible through conformational sampling of the ligand-free receptor. In our case, Coq6 conformations are sampled with molecular dynamics without the substrate. In the case of pure inducedfit, the receptor's binding conformation will never be accessible through MD conformational sampling without the substrate, necessitating its inclusion in the simulation. While it is possible to develop both types of simulations (without or with the substrate), the two types of simulations cannot be developed in parallel because the latter requires more underlying hypotheses. Molecular dynamics simulations including the substrate will require coordinates for the initial position of the substrate, which are not known a priori by any method, experimentally or computationally. Therefore, the practical order for studying Coq6 substrate-receptor binding is to first study Coq6 without the substrate in order to determine likely substrate binding regions. This is why we will proceed with the simpler option first: simulation without the substrate, which corresponds to the hypothesis of conformational selection.

A preliminary conformational study on one of the templates, PHBH co-crystallized with its substrate (para-hydroxybenzoate, pHB) suggests that conformational selection is likely to be applicable to the Coq6 system. Our molecular dynamics of simulations of PHBH show that the enzyme was able to sample the substrate-bound conformation without the substrate being present in the simulation. This was established by defining a receptor-based scoring function to describe the geometry of the substratebound active-site of PHBH. The interatomic distances defined in the scoring function were used as criteria for selecting conformations from molecular dynamics most similar to the co-crystal reference conformation. We were able to re-dock the substrate into these selected conformations and were able to reproduce the crystal pose, as shown in 

Receptor-ligand binding as approximated by ensemble docking

Having gathered support from PHBH that the receptor-ligand interaction in the Coq6 system is likely to be dominated by conformational selection, we still need a practical way to do molecular docking. Generally, docking algorithms represent a receptor as a static structure, only allowing the ligand to be flexible during the fitting process. This is because the computational expense of representing many degrees of freedom grows exponentially with the number of rotatable bonds. This computational limitation places a great importance on the specific conformation of the receptor used. If the specific coordinates of the receptor are not already in a position compatible with substrate binding, the docking process can easily fail to predict the correct receptor-ligand interactions -even if these interactions are known experimentally a priori. Thus, the use of a single rigid receptor structure is a serious limitation to the predictive ability of docking. Some algorithms (including AutoDock Vina) allow a small number of receptor sidechains to be flexible, but this typically does not allow any backbone movements, as might be implicated in the opening or closing of a substrate binding site. However, in real life both receptor and ligand are free to move, and indeed, are in continuous motion.

Another way of representing the conformational flexibility of the receptor is to generate many specific conformations of it, and attempt ligand docking into each static structure. The set of receptor conformations is often called an ensemble, and gives the technique its name: ensemble docking. 2 It seeks to address the representation of receptor flexibility through the testing of many individual receptor conformations. The next question is how to generate these alternative receptor conformations. Sometimes they are experimentally available, through the crystallographic resolution of multiple conformations, or through the conformational ensembles computed from NMR data. Since we have no such structural data for Coq6, we must again turn to techniques of molecular modeling. Fortunately, molecular dynamics provides a way of computing ensembles of conformations. However, MD generates a lot of data: potentially thousands of conformations for even a short time period of 20 nanoseconds.

The question becomes how to select representative conformations from MD for substrate docking. We will develop this further in a following section. However, before proceeding to a more in depth study of ensemble docking, we will first evaluate our tool for molecular docking, an algorithm called AutoDock Vina.

Preliminary study on substrate models

Since molecular docking is a technique computationally limited by the degrees of freedom which must be explored in the ligand's conformational space, it is very useful to be able to limit the spatial volume within which docking will be attempted through the preliminary definition of a substrate binding site. In this chapter we will combine a knowledge based calculation (evolutionary residue conservation) and a structure based calculation (accessible volumes) to identify possible substrate access pathways in the Coq6 structure as the pre-requisite step to molecular docking of the substrate. Docking algorithms will explore the conformational space of the ligand in the spatial context of the receptor and calculate some type of energy or energy-like score in order to decide which resulting ligand poses to retain. The best scoring ligand poses are then returned to the user for further evaluation. The quality of the algorithm can be evaluated by its ability to reproduce ligand poses from co-crystallized examples. This indicates that the algorithm's conformational search function can find the proper conformation, and that its scoring function has captured the essential features of ligand-receptor interactions. Optimally, the algorithm will return the crystal pose of the ligand as the top ranked result. In AutoDock Vina, the results are ranked by their energy in kilocalories per mole as computed by a scoring function including terms for hydrogen bonding, hydrophobic interactions, VDW repulsion, and ligand torsions. This type of confirmation is easy to obtain when reproducing the coordinates of an experimentally solved receptor-ligand pair. However, in the case of Coq6, there is no known experimental structure of the enzyme or of any strictly homologous enzyme-substrate complexes. We will rely much more on the ability of the algorithm to find and rank ligand poses because we have no experimental references. In order to see how much we can rely on the AutoDock Vina ligand pose rankings, we will first perform a preliminary test of the algorithm's ability to find the active site without any extra information.

Blind docking of 4-HP (polyprenyl length = 0)

The reactive center of the substrate is the aromatic head where the C5 carbon is hydroxylated by Coq6. Therefore our first and simplest test will be to assess the ability of AutoDock Vina to place the aromatic head in the active site of the Coq6 models, without the isoprenyl chain being present to interact with the protein. For simplicity, we used 4-hydroxyphenol (4-HP) as a minimal model for the aromatic head. We present a summary of the results in The top 20 docking results within an energy range of 3 kcal/mol find six major binding sites for the isolated aromatic head. However, only one of these sites is catalytically plausible due to its proximity to the FAD isoalloxazine, and it is populated by ligand poses ranked 11 and 15 out of 20, as represented in orange spheres in Figure 4.2. However, 4 of the top 5 ranked poses are in the site shown in purple spheres. This is an important result because it suggests that the docking algorithm is capable of finding the active site, but will not necessarily rank it as the best pose. This is because the experimental coordinates of a bound ligand pose are the result of the free energy of the system, which is different from the energy computed through techniques likes molecular dynamics, and more coarsely approximated in docking. The difference between the two is why the terms of a docking energy scoring function must be parameterized. 3 However, this parameterization does not capture all of the free energy contributions.

For the specific case of the Coq6 system, this is less problematic than it may appear, because we know that the active site is directly in front of the FAD isoalloxazine. Indeed, we can even extract an additional piece of knowledge from one of the template structures: the 1PBE structure of PHBH co-crystallized with FAD and its substrate. This structure gives us a specific distance between the FAD isoalloxazine C4 carbon and the target carbon on the substrate to be hydroxylated. Before proceeding to a more "guided" docking informed by our tunnel calculations, we will test the ability of the docking program to find the active site when presented with a substrate model bearing a hexaprenyl tail, which is the main distinguishing feature of any Coq6 substrate.

Blind docking of 3-hexaprenyl-4-hydroxyphenol (polyprenyl tail length = 6)

In this round of docking we added a hexaprenyl tail to the 4-hydroxyphenol head. Once again, we did not specify any specific volume of the receptor as a binding site, allowing the algorithm to attempt docking over the entire Coq6 models. Below we present the results of this round of docking.

FIG 4.3: The top 20 ligand poses for blind docking of the model substrate 3-hexaprenyl,4-hydroxyphenol (represented as cyan sticks and enlarged in the inset) into the multi-template Coq6 model. Again, the majority of poses found (cyan sticks) are not near the active site, although one cluster is near the entrance of re face tunnel 1, indicated as the purple volume The top ranked poses are colored in purple, and the only catalytically plausible pose is colored in orange. FAD is in green

The top 20 docking results cluster around three major sites: one is at the entrance of the re face tunnel 1, a second one is in a pocket near the si loop, and a third one is a single pose in the active site placing the aromatic head in front of the FAD isoalloxazine (shown in orange stick in This tells us that for our system the Autodock Vina docking algorithm can find poses that are catalytically plausible, but does not rank them as the best results according to its energy score. Fortunately, we can make knowledge-based selections of likely substrate poses based on proximity of the aromatic head to the FAD isoalloxazine.

Variations of tail length for computational and experimental approximations

The study of enzyme-substrate interactions is a potential point of interaction between molecular modeling and experimental approaches to the study of the Coq6 system. As described in the introduction, one of the fundamental challenges of studying Coq proteins in general and the Coq6 system in particular is the low solubility of the enzyme and of the substrate. The experimental isolation and purification of Coq6 has included some modifications to the Coq6 protein, such as the truncation of the N-terminal mitochondrial signal sequence, as well as the addition of a maltose binding protein domain, used to increase solubility and assist crystallization. It is also possible to modify the substrate to increase its solubility, namely through the shortening of the hexaprenyl tail, which is an important step for developing in vitro activity assays. Therefore, we decided to examine the effect of isoprenyl tail length on the ability of the aromatic head to attain a catalytic position.

Site directed docking of 4-HP with tail lengths of 1-6 isoprene units

Encouraged by the ability of molecular docking to place a hexaprenylated substrate model in a catalytically plausible position, we decided to explore docking of substrate models with shorter polyprenyl tails, since solubility is inversely related to tail length. We decided to systematically explore substrates with different polyprenyl tail lengths, ranging from 1 to 6 isoprene units. This exploration will allow us to determine the optimal polyprenyl tail length for our in silico model substrate, as well as for experimental substrate models.

The results from the previous step of docking indicate that while the Vina docking algorithm can find catalytically plausible poses, these are a small minority of the poses found without restricting the search volume on the receptor. Therefore, in order to find more relevant ligand conformations, we decided to restrict the docking volumes to accessible volumes (which we will describe in further detail in Section 3.3). An example of a docking box is shown below in We proceeded to dock model substrates with varying tail lengths into a conformation selected from MD of the RATIONAL model to assess the resulting positions for the aromatic head. Here we present only the results from docking into the RATIONAL model because it has the best formed tunnel system, as will be explained in the following sections. These first results are resumed in Figure 4.6 below. Model substrates with one isoprene unit are hereafter referred to as Q1; substrate models with two isoprene units are called Q2, and so on to Q6, the in vivo length of the substrate in S. cerevisiae. We can observe an interesting trend: for shorter tail lengths there is more variability in the position of the aromatic head, especially visible in Figure 4.6, including many poses where it is nowhere near the FAD isoalloxazine. This suggests that the active site volume in front of the FAD is relatively large, much larger than necessary for just the aromatic head. The size of the active site volume in the Coq6 models is mainly a result of the Coq6 sequence, as much of the active site backbone geometry is inherited from the 2X3N template, which does not show such a large tunnel system. The variability in position of the 4hydroxyphenol with one isoprene unit suggests that in real life, short tailed substrate models may be able to enter the active site, but not maintain a catalytically plausible pose.

Increasing the polyprenyl tail length to Q2 results in a tighter distribution of docked poses, although there are still several poses where the aromatic head is distant from the FAD. Q3 shows a tighter
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clustering of the poses closer to the FAD. This trend continues with Q4 through to Q6, where the aromatic ring becomes more and more consistently localized in front of the FAD and the entire polyprenyl tail is able to fit inside the active site volume. Since increasing the length of the isoprenyl chain to 6 units results in better and more consistent positioning of the substrate's aromatic head, we will proceed with a substrate model with a full length, six unit polyprenyl tail. These results also suggest that the minimal tail length is four isoprene units, offering a potential balance between solubility and catalytic reactivity.

Docking survey conclusions

This preliminary docking survey demonstrates the importance of a priori knowledge of the active site for the interpretation of docking results. We have also briefly introduced two criteria for selecting appropriate receptor conformations from molecular dynamics trajectories: the location of the active site, and the calculation of accessible volumes forming a contiguous and traversable pathway for the substrate from the exterior of the enzyme to this buried active site.

In the case where the substrate is a relatively small molecule that does not extend far beyond the atom being operated on, the active site is also the complete definition of the substrate binding region. However, the case of Coq6 is different. Its substrate, a prenylated Q biosynthesis intermediate, is a relatively large substrate molecule in the sense that most of its mass and volume is represented by the polyprenyl tail, which is not the region of the molecule undergoing catalysis and does not participate actively in the process. Yet, because the polyprenyl chain is covalently attached to the aromatic head, it is clear that the tail will have to make some contacts with the protein if the aromatic head is to reach the catalytic center of the enzyme. This position, which can be defined as the location of the C4a atom of the FAD isoalloxazine (which bears the reactive peroxo group during catalysis) is buried near the center of the protein nearly 14 Å away from the protein surface, as shown in Therefore, we analyzed our models for the presence of a physical pathway for the substrate's aromatic head to reach the active site while bearing the polyprenyl substituent. This analysis is based on the criteria of evolutionary residue conservation, molecular geometry, and hydrophobicity. This next section of this chapter describes the analysis that will identify the residues of the active site and any associated substrate binding region of the enzyme, which are required to define a specific region for substrate docking.
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Enzyme model analysis 3.1 Active site identification

The 3D position of the Coq6 active site is trivially easy to define: it is necessarily located immediately in front of the FAD isoalloxazine (as shown in Figure 4.7), because this is where the reactive peroxo group is added to flavin during the reaction cycle. This is confirmed through the many crystal structures of PHBH which have been crystallized with substrates, substrate analogs, or products. 4 5 6 7 8 9 10 11 12 13 14 Indeed, these enzyme-substrate complexes can give us a specific interatomic distance between the FAD's C4a atom and the target carbon of the substrate. However, inspection of this region among the three remaining Coq6 models makes it obvious that the enzyme must have some way of permitting passage of the polyprenyl tail if the aromatic head is to attain this position. Therefore we will analyze another aspect of the Coq6 structure: the conservation of residues among proteins of similar sequence.

Evolutionary residue conservation

While the general location of the active site in the Coq6 models is trivial, the identification of a possible substrate channel is not. Specific binding of a given substrate imposes geometrical and evolutionary constraints upon the enzymes which operate on them. This is likely to be especially true for Coq6 substrates, which have a large hydrophobic tail. This suggests that Coq6 may have a structural adaptation to such a substrate which should be detectable in its molecular structure.

The most reliable experimental data we have on the Coq6 molecular structure is its amino acid sequence. This gives us the basis for an analysis of evolutionary residue conservation through the multiple sequence alignment of similar sequences, which we performed with the ConSurf 15 method. This method uses the MSA of close Coq6-family sequences (introduced in Chapter 3, and presented in full in Annex 2) to compute a conservation score for every residue, which are then mapped onto our homology models in order to cross-reference them with protein model geometry analyses. -the ADP binding motif (GxGxxG) , which is IVGGGPAGL in the Coq6 sequence -the NAD(P)H binding motif (GxDGxxx), which is GAGFNS in the Coq6 sequence -the ribityl binding motif (GDAxH), which is GDAAH in the Coq6 sequence
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The three conserved FAD binding motifs shown in Figure 4.8 have residue conservation scores of 9, the maximum on the ConSurf scale. The ConSurf analysis also detects two other regions of the protein as being highly conserved: the large beta sheet, typically involved in substrate binding in this class of proteins, contiguous with a patch of conserved residues forming a depression on the surface of the protein. This recapitulates a similar structural feature found in the structurally and functionally homologous enzyme, PDB entry 4N9X, which is a Q biosynthesis monooxygenase. The beta sheet domain is likely to be involved in substrate interactions, as is the case for most examples of this type of enzyme. Since the MSA used to compute the residue conservation scores was limited to the Coq6-family enzymes, we can infer that all the enzymes represented in the MSA results all have to bind a hexaprenylated Q biosynthesis intermediate. The MSA results for the residue conservation analysis performed on both the 4N9X template as well as a Coq6 model reveal a common feature: a surface depression formed by a set of highly conserved residues (circled in dashed lines in Figure 4.9).
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Inspection of these regions reveals that they are spatially contiguous with each other as well as the position of the active site. This is suggestive of a functionally important region which is contiguous with the active site and the protein surface.

Accessible volume calculation: CAVER 16

While residue conservation is a strong clue of functional importance, a hypothetical substrate access channel should also be detectable through calculations of protein structure geometry. This calculation, performed with CAVER 16 , identified a channel leading from the active site to the protein surface which is lined by a set of residues identified as strongly conserved by the ConSurf analysis.

The tunnel system computed with CAVER reveals an active site volume contiguous with but distinct from tunnel volumes reaching the surface. The geometry of both of these accessible volumes is significant for characterizing conformations of the Coq6 homology models for use in subsequence substrate docking calculations, which reveal that the polyprenyl tail occupies an access channel and the aromatic head is bound in the active site volume in front of the FAD. Accessible volumes were computed for the three models and reveal three distinct types of tunnels which converge to the active site. Two of these tunnels (re face tunnels 1 and 2), exit the enzyme via its re-face, while the other exits via the si-face (the si and re nomenclature is derived from the si and re face of the FAD isoalloxazine). For each of the three models, the three types of tunnels were considered as possible substrate access channels to be tested through substrate docking. However, the CAVER calculations also reveal many other tunnels, many of which do not reach the active site and are much too small to admit passage of the substrate. Many of these tunnels, due to their small sizes, collapse below the detectable size limit over the course of the simulation. We term them "ghost" tunnels. This is resumed in the following figures (Figures 4.10 -4.12), which show for each pre-dynamics homology model two views of the accessible volumes computed by CAVER. The first view, presented in Panel A of these figures, is of the complete set of tunnels, colored in beige. Of these tunnels, we can identify the three main tunnel types. The re face 1 tunnel is colored in purple, the re face 2 tunnel is colored in blue, and the si face tunnels colored in red. The beige tunnels of the complete set are usually of very small diameter, have a complex path through the protein model structures, and do not lead to the active site. While we do not explicitly analyze these voids in the same detail as the three main tunnels identified, they often describe accessible volumes directly proximal to the tunnels of interest and the active site itself. This will become apparent in the presentation of the model substrate docking results in Section 7. To briefly resume, the volume of space designated for docking is defined as a rectangular prism, whereas the tunnels have irregular volumes defined as a twisting path of overlapping spheres. This means that even a minimal bounding box for any given tunnel of interest will necessarily contain accessible volumes attributed to "ghost" tunnels. The principal result is that even in docking calculations intended to test one tunnel at a time, it is not possible to prevent the model substrate from occupying some accessible volume in the other tunnels, which is an effect visible in some of the results. 
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The putative function of these tunnels is to permit passage of the substrate's aromatic head from the exterior of the protein to the buried active site. Therefore we are particularly interested in their diameters, as their diameters will be the limiting factor in allowing passage of the substrate to the active site. The tunnel diameters will be measured at their narrowest points, since these points will be the limiting factors for substrate passage in each tunnel. The bottleneck residues of each of the tunnels are shown in Figures 4.10 -4.12. We will develop the calculation of the effective diameter of each tunnel over the course of the molecular dynamics simulations in the following section.

Molecular dynamics simulations: effective diameter of the tunnels and substrate

The CAVER method has been essential for the calculation of accessible volumes, some of which we suspect may be substrate access channels.. Before proceeding to a more detailed analysis of accessible volumes we will first describe our choice of a specific substrate molecule, which was rationally selected on the basis of both experimental evidence and theoretical prediction.

Substrate model selection

Previous work in the field proposed 3-hexaprenyl-4-hydroxybenzoate (4-HB6) as the substrate of Coq6 on the basis that the decarboxylation reaction of the eukaryotic Q biosynthesis pathway could occur after the C5-hydroxylation step catalyzed by Coq6. 17 However, more recent work in the field by our group showed that cells lacking a functional Coq6 enzyme accumulate a different species: 3-hexaprenyl-4-hydroxyphenol (4-HP6). 23 This indicates that in the in vivo S. cerevisiae system, the C1-decarboxylation and hydroxylation can occur independently of the C5-hydroxylation catalyzed by Coq6. However, since there are no in vitro assays for the C1-decarboxylase, the C1-hydroxylase (neither of which has been identified), or the C5-hydroxylase (Coq6), there is no unambiguous experimental evidence to identify either 4-HB6 or 4-HP6 as the substrate of Coq6. 18 Analysis of the active site of PHBH, an extensively characterized enzyme with structural (global fold) and functional (aromatic hydroxylation) homology to Coq6 (both are Class A flavoprotein monooxygenases) reveals that the carboxyl group of the PHBH substrate (para-hydroxybenzoate, or 1-carboxyl-4-hydroxybenzene) is hydrogen bonded to the guanidinium group of R214. However, the Coq6 active site has no residue homologous to PHBH R214, suggesting that a carboxyl group may not be present on the aromatic head of the Coq6 substrate. Together, these observations suggested that 4-HP6 was a more likely substrate for Coq6. While we used both 4-HB6 and 4-HP6 in our docking tests, we found a greater diversity of poses for the carboxylated head of 4-HB6 than for the di-hydroxylated head of 4-HP6 when docking into the same frames extracted from MD. This was because of the lack of a Coq6 equivalent to the PHBH R214 residue. In contrast, the two hydroxyl groups of 4-HP6 were found to form hydrogen bonds with conserved Coq6 active site residues, limiting the diversity of favorable positions for the aromatic head and placing it consistently near the FAD isoalloxazine C4a atom. Therefore, we will only present the substrate docking investigation using 4-HP6.

Tunnel diameter estimation

The CAVER method and algorithm has been essential for the calculation of accessible volumes (tunnels) and identifying bottleneck residues in each of these tunnels. However, the CAVER algorithm has some drawbacks for our application to Coq6 MD trajectories. They arise mainly from the use of a probe of fixed radius to calculate accessible volumes.

First, a probe of fixed radius (0.9Å) introduces a subtle but important assumption in the interpretation of the results: it implies that the tunnel has a circular cross section, when in fact it does not. It also implies that the substrate has a circular cross section, when in fact it does not. The substrate has different dimensions on different axes of its cross section, as illustrated in Figure 13 below. It also means that if the tunnel diameter shrinks below the probe diameter, the tunnel will not be detected. This has the effect of artificially "quantizing" the detection of the tunnel to the diameter of the probe, with its underlying assumption of circular cross section, which is not true for the tunnel or the substrate.

In practice, this means that over the course of the molecular dynamics trajectory, a tunnel, or entire systems of tunnels can disappear abruptly from one frame to another. The accessible volume itself may not have disappeared, but it will no longer be detected by the algorithm because the volume will not be calculated as accessible to a probe of a given radius.

One solution is to specify probes of smaller sizes in order to track the diameter of the tunnel. However, this will lead to the detection of a much larger number of very small voids, most of which do not correspond to functional features of the enzyme. This slows down the calculation, since many more tunnels must be computed. While the tunnels are automatically clustered, they must be manually inspected and the smaller tunnels must be discarded, further slowing the analysis. This solution is essentially a compromise on the "spatial resolution" of the CAVER algorithm.

Another solution is to perform the volume calculation at larger time intervals in the trajectory. However, this has the drawback of potentially missing enzyme conformations that are suitable for substrate docking, despite their presence in the trajectory. This solution essentially is a compromise on the "temporal resolution" of the CAVER algorithm.

We found that neither solution was satisfactory. Specifying a smaller probe could theoretically allow finer spatial resolution of the tunnels, but in practice it is prohibitively slow for our trajectory analysis needs (we will need to perform the analysis 9 times, because there are three tunnels in each of the three models). Specifying a larger time interval for trajectory sampling has the drawback of potentially missing substrate binding conformations that have in fact been computed. Further, specifying large time intervals for CAVER calculations also makes assumptions about the timescales of tunnel diameter fluctuations, of which we know nothing a priori.

We want to characterize the bottleneck diameters of these tunnels at the highest spatial and temporal resolution available to us through our simulations. Our MD trajectories were computed with all atoms (including non-polar hydrogens) at a timestep of 2fs. Since we do not have any knowledge of the timescale of interest for tunnel dynamics, we would like to measure the diameter of the tunnel as continuously as possible over the entire trajectory. Therefore, we would like to have a measurement for every frame in the MD trajectories, which consist of 10 000 frames covering 20 nanoseconds computed at a timestep of 2 femtoseconds. We also need this calculation to be rapid. Therefore we will develop an alternative method for measuring the effective diameter of the tunnel bottlenecks.

The Visual Molecular Dynamics (VMD) software package 19 gives us a simple way of implementing this: the direct measurement of distances between selected pairs of atoms, which is extremely rapid to calculate. There are two caveats to using this method. First, the manual atom selection must correspond to the geometry of the tunnel. Second, since the distances measured are between atomic centers, we must add a correction for the van der Waals radii of the atoms of the bottleneck residues.

Atom selection

We have seen in Figures 4.10 -4.12 that each tunnel contains a point of minimum diameter, called a bottleneck, which will be the limiting factor in permitting passage of the substrate's aromatic head to the active site. We can refine this definition to atomic resolution by selecting an atom from each residue which protrudes the most into the tunnel lumen. Having defined this pair of atoms (one from each bottleneck residue), we can then measure the center-to-center distance between them. Then we must add a correction factor to the measured value to reflect the physical volume of the atom, which will make the effective diameter of the tunnel smaller than the measured distance. In order to illustrate this geometry and then develop the effective diameter calculation which follows, we will present a general case of this measurement taken from the re face tunnel 1 of the RATIONAL Coq6 model.

An important point to make at this juncture is that while CAVER can identify residue which form the bottlenecks of each tunnel, it does not specify which atoms contribute most to tunnel occlusion. Since CAVER's method calculates the tunnel diameter (including at the bottleneck) with a probe, it does not consistently select a particular atom from each residue as a bottleneck atom over the course of the trajectory. There is good reason for this, as we illustrate in Figure 14 below. we must select specific atoms of each bottleneck residue in order to measure tunnel diameter. However, L382 is a branched sidechain with rotation possible about the CB-CG bond, which is topologically upstream of the terminal carbons, CD1 and CD2. Physically, it makes more sense to select these terminal carbon atoms for distance measurements, since they are closest to the tip of the sidechain. We do not consider the terminal CD1 and CD2 bound hydrogens for this selection because their positions will not be reproduced by AutoDock Vina's molecular representation (which represents only polar hydrogens). However, because rotation is possible about the CB-CG bond, selecting only one sidechain atom, (CD1 or CD2), is likely to give an artefactual measurement of the tunnel diameter. For example, if we measure the distance between L382_CD1 P249_CG, we may perform this calculation on a frame where the L382 sidechain has rotated, interchanging the positions of CD1 and CD2. If we plot the L382_CD1-P249_CG distance over the course of the trajectory, we will see a maximum in the distance curve, which might be
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tempting to interpret as a frame where the tunnel is open. However, if rotation interchanges the positions of L382 CD1 and CD2 then the tunnel will actually be blocked in a similar fashion. Therefore we would like to select an atom that will better represent the spatial position of the sidechain tip. This leads us to backtrack up the molecular topology of the sidechain to the CG carbon of the L382 sidechain. This is a good selection because of it is immediately upstream of the terminal CD1 and CD2 atoms, yet it is not subject to rotational degeneracy itself. However, while selecting such an atom eliminates rotational degeneracy because of the branched side-chain, it means we must add diameter corrections to represent the physical volume of the CD1 and CD2 atoms. This is developed in the following section.

van der Waals radius corrections

The purpose of measuring tunnel diameters over the course of molecular dynamics is to select frames from molecular dynamics likely to be compatible with substrate docking. Therefore, the van der Waals radius correction we will develop is designed to represent atomic dimensions as they are represented in AutoDock Vina. However in AutoDock Vina, the sizes of atoms are specified as spheres of fixed radius, whereas in the molecular dynamics force field, they are defined by a potential energy function. This means that the inter-atomic distances recorded from molecular dynamics simulations do not have a fixed value; rather, they vary harmonically over an interatomic distance range specified by force field parameters. This means that sometimes the interatomic distances will be smaller than expected based on fixed van der Waals radii. The practical result is that when we apply fixed distance van der Waals radius corrections to the inter-atomic distances recorded from molecular dynamics trajectories, we can obtain tunnel diameter values that are negative for some frames.

An important point to make in this section is the differing representations of the same molecular structures by the different programs used for each modeling task. MODELLER generates all-atom protein models including non-polar hydrogens, as does the force-field chosen for our molecular dynamics simulations (AMBER99-SB-ILDN) also uses an all atom representation. However, the method we will use for molecular docking, AutoDock Vina, only represents polar hydrogens explicitly. As part of this simplification, carbons bearing non-polar hydrogens are represented as particles with larger van der Waals radii than those described in the molecular dynamics force field. The practical consequence of this is that we must analyze our all-atom trajectories from the point of view of AutoDock Vina's united-atom representation. Concretely, this means that we must apply van der Waals radius corrections based on Vina's specific united atom van der Waals radius. These are given in Table 4.1 below. We will use re face tunnel 1 of the RATIONAL Coq6 model to develop an example of the van der Waals radius correction for calculating the effective diameter of the tunnel. For this tunnel, we have identified P249 and L382 as bottleneck residues. However, as explained in Figure 4.14, we selected specific atoms to measure the tunnel diameter over the course molecular dynamics: the CG atom of L382 and the CG atom of P249. However, we must subtract the van der Waals radii of the intervening atoms in order to get a better estimate of the tunnel's actual diameter. Since we are assessing the diameter in order to select enzyme conformations for substrate docking with AutoDock Vina, we will use Vina's van der Waals radii to make the corrections. The correction term is composed of the Vina van der Waals radii for the potentially contacting atoms (L382 CD atoms and the P249 CG atom), plus the x1 distance, which is the forward displacement of the L382 CD atoms (the atoms which could potentially contact P249) relative to the L382 CG atom. In this case, the x1 distance is calculated by the Pythagorean theorem to be 0.6 Å.

Another important point is that neither the tunnel nor the substrate have circular cross sections. This means that both geometric constructs, the tunnel and the substrate, have cross-sectional geometries A B C that are better described by "diameters" on multiple axes, therefore describing the minimum passable diameter of the tunnel with a single number is not entirely accurate, and may miss traversable tunnel conformations. Moreover, the tunnel and the substrate can have different relative orientations, which means that making a comparison between the effective diameters of the substrate and the tunnel requires describing their relative orientations. This introduces a lot of unnecessary complications in geometry, since a more detailed description of relative tunnel-substrate orientations would require many more terms: at least one dihedral angle for every degree of rotational freedom in the substrate and in the enzyme bottleneck sidechains. Even if we did develop such a detailed representation, it would be of limited use because we do not know a priori (before docking) what relative orientations correspond to traversable conformations of the tunnel.

We can avoid all of this with the equivalent of a limited coarse-graining, which has the goal of simply describing the maximum separation between the bottleneck residue sidechains. Since we have no detailed a priori knowledge of enzyme conformations compatible with passage of the substrate, we must set the most general (yet accurate) criterion possible: we will look for the maximum effective diameter at each tunnel bottleneck. This measurement contains the fewest underlying hypotheses and geometrical constructions. Even though the tunnel and the substrate have several diameters along several axes, selecting frames with maximum bottleneck diameters gives us the best chance to allow passage of the substrate, even in its least favorable orientation.

In the following section, we will develop and apply these corrections to each of the tunnels in each of the models. illustrates these sidechains in a head-to-head orientation, identifying the specific atoms used to monitor the diameter as well as their VDW radii. In this bottleneck the sidechains of both residues point inwards to the tunnel lumen, and can visit conformations where they are diametrically opposite each other. Therefore we selected the CG atom from the L382 sidechain and the CD atom from the tip of the I250 sidechain as points between which to measure the tunnel bottleneck diameter, as shown in We then subtract the VDW radii of these atoms (as listed in Table 4.1) from the measured distance (Rmeasured) to find the effective diameter (Reffective) of the tunnel at this point. Figure 4.16D shows the evolution of these distances (as measured and after VDW radius correction) over the course of the simulation. The value descends to an average of 1.1Å during the latter half of the simulation, a diameter too small to allow passage of the substrate model in any orientation. However, the trace does show some maxima that can reach 3Å. In order to explicitly test the ability of this tunnel to allow passage of the substrate, we will select conformations corresponding to these maxima for subsequent docking studies. used to monitor the diameter as well as their VDW radii. In this bottleneck the sidechains of both residues point inwards to the tunnel lumen and can be diametrically opposed to each other.

re face tunnel 1 I-TASSER Coq6 model

ROBETTA Coq6 model

The rotational degeneracy possible for the L382 sidechain through rotation about the CB-CG bond (as shown in Figure 4.14) means that selection of either of the sidechain's terminal CD1 or CD2 atoms will give a misleading index of tunnel diameter. Therefore we select the next atom upstream in the topology, the CG atom. The S265 sidechain, which is unbranched, presents a simpler geometrical case with no rotational degeneracy possible, allowing us to select the terminal oxygen atom as a distance measurement point.

We then subtract the VDW radii of these intervening atoms (as listed in Table 4.1) from the measured distance (Rmeasured) to find the effective diameter (Reffective) of the tunnel at this point. The selection of the L382 CG atom means that we must add a correction term for the forward distance between the CG atom and the plane of the CD1-CD2 atom pair, as indicated in Figure 4.17. This distance is easily calculated with the Pythagorean theorem, and then simply added to the Vina VDW radius of a carbon atom. Figure 4.17D shows the evolution of the diameter over the course of the molecular dynamics simulation. The tunnel diameter stabilizes to an average value of 1.48Å over the latter half of the simulation. This is also too small to allow passage of the substrate. However, in order to allow for the possibility that this tunnel may be transiently passable (as some conformations display tunnel diameters approaching 4Å) we will still select maxima from this curve for sampling enzyme conformations for substrate docking. shows an illustration of these sidechains in a head to head orientation, identifying the specific atoms used to monitor the diameter as well as their VDW radii. In this bottleneck the sidechains of both residues point inwards to the tunnel lumen and can be diametrically opposite each other.

Once again the L382 sidechain presents a rotational degeneracy in the sidechain tip, so we will select its CG atom as an anchor point for measurement. From the P249 residue we select the CG atom, since it is at the apex of the cyclized sidechain. The correction factor for the L382 sidechain is calculated as previously described. The effective diameter of the tunnel stabilizes around a value of 3.4Å, larger than shows an illustration of these sidechains in a head to head orientation, identifying the specific atoms used to monitor the diameter as well as their VDW radii. In this bottleneck the sidechains of both residues point inwards to the tunnel lumen and can be diametrically opposite each other. Once again we have a leucine residue at this bottleneck (L452), so we will select its CG atom as the measurement point. The M434 sidechain is linear, so will select its terminal CE as the other measurement point. The VDW radius corrections for L452 are developed as in prior cases; for M434 it is simply the Vina VDW radius for a carbon atom. The effective diameter of the tunnel stabilizes around a value of 1.9Å. The re face 2 tunnels also show distinctly different behavior among the models. In the I-TASSER model the tunnel diameter converges to an average value of 1.94 Å, suggestive of a tunnel that is essentially closed. In the ROBETTA model, this tunnel starts off as being very large (13.7 Å), but collapses to an average value of 6.02 Å during the latter half of the simulation, which could be large enough to permit passage of the substrate, which has a diameter of 4 Å in one dimension. Similar behavior is observed for this tunnel type in the RATIONAL model, which starts at a diameter of 8 Å but collapses to an average diameter of 1.53 Å by simulation end. shows the same tunnel, rotated 90 degrees so that we are looking at the si face of the enzyme, more clearly presenting the bottleneck formed by the sidechain of residues V85 and S228. Figure 4.23C shows an illustration of these sidechains in a head to head orientation, identifying the specific atoms used to monitor the diameter as well as their VDW radii and sidechain geometry correction terms as developed for the leucine sidechain. In this case both sidechains are branched, therefore we will develop the VDW correction radii in the same manner as introduced for the leucine residue. The average diameter of the tunnel stabilizes around 6.02 Å, which might be large enough to allow passage of the substrate, on its smallest dimension. 4.24B shows the same tunnel, rotated 90 degrees so that we are looking at the si face of the enzyme, more clearly presenting the bottleneck formed by the sidechain of residues E137 and M255. Figure 4.24C shows an illustration of these sidechains in a head to head orientation. E137 is a branched sidechain, and we develop this VDW correction as for leucine. The relative orientation of the M255 can place the terminal CE carbon in contact with E137, therefore we select the CE atom for adding the VDW correction on this side of the bottleneck. The average diameter of this tunnel stabilizes around 1.9 angstroms, although it is capable of opening to 6.7 Å. In order to test the possibility of substrate passage, we will choose the strategy of selecting enzyme conformations corresponding to maxima in the diameter plot. 

Conclusions: comparison of the 3 tunnel types

The analysis of the Coq6 models reveals the existence of three types of tunnels leading from the protein surface to the active site. Two of these tunnels pass through the re face of the enzyme and one of them passes through the si face, converging onto a volume directly in front of the FAD's isoalloxazine ring. One of these tunnels, re face tunnel 1, is composed of residues that evolutionarily conserved in the Coq6 family of proteins. Residue conservation around a geometric feature proximal to the active site is suggestive of a possible substrate access region. Therefore, we characterized the tunnels by their diameter over molecular dynamics trajectories based on the hypothesis that these might be used to permit passage of the substrate to the active site. Most of the tunnels collapsed to average diameters of less than 4 Å, with the exception of the re face 1 tunnel in the RATIONAL model.

The re face 1 tunnels behave differently among the three homology models. In the I-TASSER model the tunnel diameter at the I250-F439 bottleneck converges to an average value of 1.09 Å in the second half of the simulation. This is very small and likely to be too small to permit passage of the substrate (whose largest diameter at the aromatic head is 8.37 Å), even if we consider maximum values of the tunnel diameter, which only reach 4.5 Å. In the ROBETTA model this tunnel displays similar behavior, stabilizing around an average diameter of 1.48 Å. This tunnel shows a very different behavior in the manually curated multi-template model. It begins with a much higher initial diameter of about 5 Å, converges to an average value of 8.2 Å in the latter half of the simulation, and shows much smaller diameter fluctuations over this range.

The re face 2 tunnels also show distinctly different behavior among the models. In the I-TASSER model the tunnel diameter converges to an average value of 1.9 Å, suggestive of a tunnel that is essentially closed. In the ROBETTA model, this tunnel starts off as being very large (13.7 Å), but collapses to an average value of 6.02 Å during the latter half of the simulation. A similar behavior is observed for this tunnel type in the RATIONAL model, which starts at a diameter of 8 Å, but collapses to an average diameter of 1.53 Å by simulation end.

Finally, the si face tunnels show more variability. In the I-TASSER model this channel starts off small with a diameter of 0.28 Å and finished with an average diameter of 1.38 Å. In the ROBETTA model this tunnel starts off with a diameter of 6.09 Å and finishes with an average diameter of 2.58 Å. A similar collapse of this tunnel is observed for the RATIONAL model.

We will now test the ability of these tunnels to permit the passage of the substrate to the active site by molecular docking of Q biosynthesis intermediates into enzyme conformations selected from molecular dynamics trajectories on the basis of maximum diameter of potential substrate access tunnels.

Substrate access channel characterization

So far we have tested the ability of the AutoDock Vina docking program to find the active site without any extra information, and we have tested the effect of polyprenyl chain length on the placement of the active site. However, we have presented these preliminary tests only on the RATIONAL Coq6 model. We will now proceed to a more systematic characterization and testing of the tunnels identified in the previous chapter.

As described in this chapter's introduction, we will use the technique of ensemble docking, wherein we dock our model substrate into several conformations of the same receptor. The molecular dynamics simulations we ran for structural stability testing have also computed many different conformations of the enzyme for us: 10 000 frames covering 20 nanoseconds. This is too many conformations for us to screen with docking in a reasonable amount of time, and even if it were feasible, the results of 10 000 docking jobs would be very time consuming to analyze. Since we know that Coq6 binds the substrate from in vivo experimental knowledge, our remaining task is to select Coq6 conformations that are most compatible with substrate binding if we wish to observe a physically plausible result from substrate docking calculations.

Thus far we have characterized each of the three tunnels of Coq6 by its diameter at its narrowest point. We reason that if the tunnel is not traversable at its maximum diameter, it is not traversable at all, and therefore not a functional substrate access channel. For recall, we have the re face tunnel 1 (always colored in purple in our figures), the re face tunnel 2 (always colored in blue), and the si face tunnel (always colored in red). Calculating a diameter for every frame of the molecular dynamics simulations allows us to select specific conformations from each model's trajectories where each tunnel has a maximum diameter. Therefore our first criteria for selecting frames from the three Coq6 model trajectories will be the maximal diameter for each tunnel. Despite the fact that most of the tunnels collapsed to low average diameters by the end of the simulations, they still display thermal fluctuations and may be able to visit conformations where they are wide enough to permit passage of the substrate to the active site. We will resume the results of the tunnel diameter characterization with the following 
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Calculating a diameter for every frame allows us to sort the frames of the trajectory by their diameter, enabling us to select the frames with the largest tunnel diameter for docking attempts. For each tunnel in each model, we will select the best conformations for docking, presenting the docking results below.

Round 1 of docking: Channel traversability screening

The results from docking our model substrate 4-HP6 (3-hexaprenyl-4-hydroxyphenol) for the three models are presented below. For these runs we use the same type of docking box shown in Figure 4.23, with minor adjustments to account for the changing shapes and locations of the tunnels. While all three tunnel types are therefore included in the docking box for these runs, the tunnel specificity for each docking run is given by the selection of specific frames from each docking run on the criterion of tunnel diameter.

Substrate docking into the I-TASSER Coq6 model

The results from docking our model substrate (3-hexaprenyl-4-hydroxyphenol) into the I-TASSER model are presented below. As can be seen from the figure, this tunnel has a bottleneck (indicated by the residues in orange stick) too small to admit passage of the polyprenyl tail, despite it being partially occupied in one of the poses. This conformation of the I-TASSER Coq6 model shows a concomitant opening of the si-face tunnel (shown as the red volume) and while some conformations are found that can traverse it, none of them place the aromatic head in the active site. Indeed, as we can see from Figure 4.26 panels B and C, the intersection of the main tunnel system does not occur in front of the FAD isoalloxazine. This is a recurrent feature of the I-TASSER model's tunnel system, and it means that even if the tunnels were to be traversable, they substrate's aromatic head could never achieve a catalytically plausible position. This is a rather fundamental flaw in the I-TASSER based model, making it unlikely that docking into any conformation would produce plausible enzyme-substrate complexes. In conclusion, the I-TASSER model seems to contain a fundamental inability to place the substrate in a catalytic pose because of the relative position of the tunnel system and the FAD. While one of the tunnels in the ROBETTA model are traversable, this model shows a more realistic geometry in the sense that it can place the intersection of the tunnel system in front of the FAD isoalloxazine.

Substrate docking into the RATIONAL Coq6 model

The results from docking our model substrate into the RATIONAL model are presented below in 

Conclusion of Round 1 of substrate docking

Taken together, these results show that only re face tunnel 1 of the RATIONAL model is passable by the substrate and allows placement of the aromatic head in front of the FAD isoalloxazine. In addition, this study shows an interesting relationship between the tunnel systems and the active site geometry. This is an outstanding feature of the I-TASSER model, wherein the tunnel system does not converge to a point in front of the FAD, making the model generally unsuitable for generating enzyme-substrate complexes.

Round 2 of docking: the RATIONAL model and an active site geometry descriptor

The goal of this modeling process is to identify specific residues in Coq6 essential to enzyme-substrate interactions. According to our analysis thus far, any such residues are likely to form part of a substrate access tunnel, which we propose is re face tunnel 1, which forms a tunnel traversable by a model substrate. The Coq6 conformations corresponding to this state also allows placement of the aromatic head in front of the FAD. At this stage, we would like to refine our docking results in order to have more accurate predictions of enzyme-substrate interactions. Our first round of docking established a feature of gross anatomy required for substrate binding: a substrate access tunnel large enough to admit substrate passage. Now we will turn our attention to the detailed anatomy of the active site, to see if the docking procedure can find conformations which are catalytically plausible in the context of the knowledge of the enzymatically active PHBH enzyme-substrate coordinates. We will perform a second round of docking, focusing only on the RATIONAL model, since it is the only one with passable substrate access tunnel. In this second round we will apply additional geometric selection criteria describing the detailed conformation of the Coq6 RATIONAL model active site to frame selection from molecular dynamics trajectories.

Since we do not have experimental coordinates for Coq6 enzyme-substrate complexes, or any other Q biosynthesis enzymes, we will use the binding mode of pHB in PHBH as described in the 1PBE crystal structure. 20 Since this PDB structure is our main structural reference for a catalytically active enzymesubstrate complex in this type of enzyme, we will first perform a comparison of the PHBH active site to the RATIONAL Coq6 model active site. An inspection of the PHBH active site reveals that the substrate (as shown in Figure 4.29), a disubstituted aromatic ring similar to the aromatic head of many Q biosynthesis intermediates, is hydrogen bonded to six residues. The substrate's hydroxyl groups is hydrogen bonded to three residues: Y201, P293, and T294 at distances of 2.67Å, 2.85Å, and 3.09Å, respectively. The hydrogen bonds of P293 and T294 are made with their backbone oxygens; these positions are highly conserved in the sequences of Coq6 family enzymes (as shown in the Coq6 family multiple sequence alignment presented in Annex 2) and highly conserved in structure among crystallized enzymes of this global fold. The carboxyl group of the substrate is involved in four hydrogen bonds with residues S212, R214, and Y222. S212 and Y222 contribute one hydrogen bond each, while two are contributed by a bidentate interaction with the guanidinium group of R214. These hydrogen bonds serve to hold the substrate in a precise orientation and distance relative to the FAD isoalloxazine, as necessary for catalysis. The key point is that in the 1PBE structure of PHBH as complexed with FAD and substrate pHB, all molecules have complementary conformations for binding.

In particular, we are interested in the shape complementarity between enzyme and substrate. Assuming a homologous pattern of enzyme-substrate contacts, plausible given the similarity of their respective substrates, the coordinates of the 1PBE structure can tell us something very important: the shape of the active site that can form a catalytically competent complex. The precise shape of the PHBH active site can be defined explicitly in terms of interatomic distances that involve only the atoms of the enzyme and cofactor. That is to say, we can describe the shape of the active site when it is bound to substrate without needing to refer to coordinates of the substrate itself. Having a set of interatomic reference distances to define this shape also enables us to recognize when it occurs in an ensemble -such as the ensembles we have generated by molecular dynamics -even if the ensemble was generated without the substrate. This method gives us a specific tool to test the conformational selection hypothesis for the specific enzyme of interest: the enzyme-substrate geometry reference PHBH, and the enzyme of the present study, Coq6.

A receptor-based enzyme geometry scoring function was first developed to characterize the catalytically plausible enzyme-cofactor-substrate complex of PHBH in structure 1PBE. We recorded the interatomic distances from the PHBH 1PBE co-crystal structure corresponding to the enzyme-substrate hydrogen bonds. We also included the distance between the FAD C4a carbon (which will bear the reactive peroxo group) and the hydroxylation target carbon on the substrate. These sets of interatomic distances are shown in Figure 4.30 below. This scoring function is applied to the enzyme coordinates from every frame of the MD trajectory, providing a criterion for selecting enzyme conformations compatible with catalytic substrate binding to be used in subsequent docking. A low score indicates a high structural similarity between the substrate bound PHBH active site in the 1PBE structure and the substrate free Coq6 conformations sampled during MD.

This protocol was first developed and tested on the PHBH-FAD complex described in the 1PBE PDB structure. The substrate was removed from the starting structure and molecular dynamics was performed and then analyzed with the scoring function. Re-docking of pHB into the PHBH-FAD complex was able to reproduce the crystal pose of the substrate. This initial result (documented in Annex 4) suggested that PHBH enzyme-substrate system may be work through conformational selection. Since the RATIONAL Coq6 model is structurally similar to PHBH, we posit that molecular dynamics trajectories of this Coq6 model may contain conformations compatible with substrate binding. Therefore, we identified homologous atoms in the Coq6 structure and performed the same analysis.

The strength of the geometric descriptor developed from PHBH is that it can be applied to the structurally homologous enzyme Coq6, which hydroxylates a structurally homologous substrate, by mapping it onto homologous atoms. A superposition of the Coq6 and PHBH structures allows us to
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identify structurally homologous atoms as illustrated in Figure 4.30. Coq6 P381 and L382 are homologous to PHBH P293 and T294, where these residues hydrogen bond to the substrate via their backbone oxygens. Substrate contacts with the backbone are likely to be conserved in Coq6 because functional mutations to this sequence position do not change the structural position of the backbone. Coq6 T261 is structurally homologous to PHBH S212, and can be a homologous hydrogen bond donor to the Coq6 substrate. However, we note the absence of a Coq6 residue homologous to PHBH R214. A review of protein structures binding carboxylated substrates indicates this chemical group is almost always bound with an arginine's guanidinium group. 20 21 22 Therefore, the absence of a homologous residue in Coq6 suggests that the Coq6 substrate is not carboxylated. This also suggests that the active site of Coq6 is not structured to bind a carboxylated substrate, but rather, the di-hydroxylated species 3hexaprenyl-4-hydroxyphenol (4-HP6). This is consistent with experimental results, in which structurally intact but catalytically inactive Coq6 mutants accumulate this same molecule. In addition, such mutants cultured in media to depend on 4-aminobenzoate accumulate 3-hexaprenyl-4-aminophenol, the C4aminated equivalent of 4-HP6. 23 Therefore, we will use 4-HP6 as a model substrate in our docking studies.

Using the mapping of homologous atoms shown in We now have two explicit geometric descriptions of the essential functional regions of Coq6: the substrate access channel and the active site. This gives us two powerful filters that we can apply in a step-wise process for finding relevant conformations in our simulated ensembles of Coq6 substrate-free conformations. Our first geometric condition for catalytically plausible Coq6 conformations is that the substrate access channel be traversable: this is described by the bottleneck diameter metric. The second geometric condition for catalytically plausible Coq6 conformation is that the active site must be in a conformation that can allow the binding of the substrate in a manner similar to the substrate in PHBH. Therefore, in our conformational filtering procedure, we consider only the second half of the simulation trajectories (the last 10 ns) where the protein structure has stabilized. We first calculate the maximum diameter of the narrowest points for each frame of the simulation, and then re-sort the frames by this value. We make a first selection of the top half of the frames in this ranking. We then sort these remaining frames by the scoring function S, based on the geometric descriptor of the Coq6 active site. This gives us a ranked list of conformations that have both an open substrate access channel and an active site geometry compatible with catalysis. Finally, we select the top ranked frames from this list and use them for substrate docking. Applying both selection criteria of enzyme geometry to the trajectory enables us to select a better Coq6 conformation for substrate docking. An example of such a conformation and the resulting docked poses are shown below. 

Conclusion

We have produced three homology models of the Coq6 enzyme, one based on a manually curated alignment of multiple rationally selected templates, and two through the use of automated servers: I-TASSER and ROBETTA. While these models showed structural stability after 20ns of molecular dynamics, calculations of accessible volumes show differences in their possible substrate access tunnels. Accessible volume calculations reveal three types of tunnels leading from the protein surface and converging to the active site. In order to explore the ability of each type of tunnel in each model to allow substrate access to the active site, we characterized the diameter of each tunnel at its narrowest point through the definition of pairs of bottleneck residues. We selected Coq6 model conformations from dynamics displaying maxima in channel diameters for all three models for subsequent substrate docking in order to assess their traversability by a model substrate, 3-hexaprenyl-4-hydroxyphenol. This model substrate was selected after a preliminary molecular docking screening to determine the optimal polyprenyl tail length for more detailed docking studies. This model substrate choice is also consistent with the best experimental data on the identity of the Coq6 substrate, which is substrate accumulation in enzymatically inactive Coq6 yeast strains. 23 The I-TASSER model shows a tunnel system that does not converge in front of the FAD isoalloxazine, making it unlikely that any docking attempts will place a substrate in a catalytically plausible position. In addition, the tunnels of this model are consistently too narrow to permit passage of the substrate. The ROBETTA model shows better positioning of its tunnel system relative to the FAD, but its tunnels are too narrow as well. This analysis reveals that only the re face tunnel 1 of the RATIONAL model can permit the aromatic head of the substrate to reach the active site, making it the only model we will continue to study.

Despite the experimental ambiguity in the mapping of enzymes to substrates, the development of our theoretically based RATIONAL Coq6 model can suggest some substrates as being more likely than others for this enzyme. This work proposes 3-hexaprenyl-4-hydroxyphenol as the Coq6 substrate. By comparison to the active site of a functional homolog co-crystallized with a similar substrate, PHBH, we derived a set of receptor-based interatomic distances to describe the substrate bound active site conformation. This set of distances was used to score and select conformations from molecular dynamics trajectories. These conformations, selected for maximum geometric similarity to the PHBH structure, were used for substrate docking. The results of this docking confirm the importance of the bottleneck residues identified for the functional: P249 and L382. The docking also identifies two residues likely to form hydrogen bonds with the substrate's hydroxyl groups, P381 and T261. Substrate docking was a first in silico test of the functionality of re face tunnel 1. The next step is to test this tunnel experimentally through the creation of site directed mutations designed to block the tunnel.

Chapter 5 Testing the hypothesis of a Coq6 substrate access channel

Introduction

Thus far we have constructed a stable model of the wild type Coq6 enzyme and identified an evolutionarily conserved putative substrate access channel. We have performed an in silico test of the channel by docking a model substrate into it and have found that it can admit the substrate in a catalytically plausible pose. A straightforward approach to test this channel would be to introduce a site directed mutation in order to block the channel. Since our preceding analysis has already identified a bottleneck in this channel, we also have good starting points for proposing specific mutations. However, we would also like to identify specific active site residues which could be important for substrate binding. Therefore, we will refine our docking procedure by being more detailed and selective in our sampling of enzyme conformations from molecular dynamics.

Before continuing on this path we will review the literature for naturally occurring Coq6 mutations to see if our model is also consistent with these pre-existing mutant characterizations.

Review of known Coq6 mutants

Review of the literature reveals several mutations to Coq6 in human patients with deleterious effects. These are either point mutations or truncations, and are listed in Table 5.1 below. The yCoq6 F455X mutation was mapped from the clinically documented hCoq6 W477X truncation mutation. The mutant hCoq6 is unable to complement Coq6-inactive strains of yeast 1 and neither can the equivalent yCoq6 F455X mutation. 4 This suggests that while the deletion of the 11 C-terminal yCoq6 residues is compatible with in vivo activity, truncations in the preceding (penultimate) alpha helix interfere with activity.

The yCoq6 W181X mutation was mapped from the clinically documented hCoq6 W188X truncation mutation, and the yCoq6 K155X mutation was mapped from hCoq6 R162X. Both of these mutations are much farther upstream in the protein's coding sequence, and yield inactive enzymes unable to complement yeast Coq6-inactive mutants. 1

Aside from the truncation mutations, which likely provoke large changes to protein structure, a set of three point mutations (shown as cyan spheres in Figure 5.2) created only for the study of Coq6 seem to inactivate the enzyme by interfering with FAD binding. 7 These three mutations are G202V (which was implemented as a single point mutation) and G386A-N388D, which were implemented as a simultaneous double mutant. According to the yeast Coq6 RATIONAL model, yeast Coq6 G202 contacts the FAD pyrophosphate while forming a hairpin turn of highly conserved secondary structure with backbone angles unfavorable for any other residue. Mutation to valine likely alters the backbone conformation in this critical region involved in FAD binding, as well as providing a larger sidechain which may also sterically interfere with FAD binding. G386 forms part of the bottom of the FAD binding pocket, directly under the isoalloxazine with the alpha carbon pointing upwards towards it. The RATIONAL model suggests that addition of a methyl group at the G386 location could prevent the isoalloxazine from reaching a completely in conformation, thereby interfering with catalysis. N388, proximal to G386 also forms part of an alpha helix at the bottom of the FAD binding pocket, with its sidechain pointing downwards, away from the FAD. Our 3D model suggests that mutation to an aspartate could destabilize this helix, and also interfere with FAD binding.

The yCoq6 D201H mutation was mapped from the clinically documented hCoq6 D208H mutation. 8 This mutant hCoq6 cannot complement yeast Coq6-inactivated mutants, and its single-allele appearance in clinical cases results in a neuropathology. Mapped onto the RATIONAL Coq6 model, yCoq6 D201 also contacts the FAD directly at the adenine ring, at a position immediately adjacent to the G202 position described earlier.

The yCoq6 A361D mutation (mapped from hCoq6 A353D 1 ) and the yCoq6 F420C mutation (mapped from hCoq6 Y412C 3 ) are at surface exposed positions and are distal to the FAD binding and substrate binding regions. Nonetheless, these mutations also result in an inactive enzyme in humans. We note that the clinical hCoq6 mutations are reported as single-allele mutations; presumably a complete loss of Coq6 activity and consequent loss of endogenous Q biosynthesis is incompatible with multicellular life.

The last mutation in the table, yCoq6 G248R (mapped from hCoq6 G255R 1 ) is the most interesting for our modeling of Coq6 because of its proximity to a structural feature identified in the previous chapter: the putative substrate access channel identified as re face tunnel 1.

The H. sapiens clinical mutation Coq6 G255R corresponds to S. cerevisiae Coq6 G248R

The human G255R mutation is of particular interest because its homologous mutation in yeast, G248R, occurs at the entrance of the putative substrate access channel in the RATIONAL Coq6 model developed in Chapter 4. yCoq6 G248 is at a surface exposed solvent accessible position. This glycine normally forms part of a hairpin turn between two strands in the large beta sheet, and is solvent exposed. This gives it the steric freedom to tolerate the drastic mutation to arginine without severely disrupting the overall fold of the protein. We recall that G248 is immediately adjacent to P249, which was identified as a bottleneck residue for this tunnel (see Figure 4.6 in Chapter 4). This suggested that a mutation to arginine at this position might block the tunnel. The initial build coordinates of the G248R mutation orient the arginine's sidechain towards the channel lumen, visibly creating a blockage of the tunnel.

MD and substrate docking of the G248R mutant

We decided to apply the same protocol of molecular dynamics and substrate docking developed for the wild-type yeast Coq6 to the analysis of the Coq6 G248R mutant. The principal difference is the re face tunnel 1 bottleneck diameter, now measured between the R248 sidechain and the L382 sidechain as shown in As with the wild type models, this channel diameter metric enables us to select specific frames fro the molecular dynamics trajectories for substrate docking attempts. Arginine has a long and flexible sidechain which can adopt several conformations. For the purposes of admitting passage of the substrate to the active site, we can distinguish between two types of conformations of the arginine sidechain: blocking and non-blocking, illustrated iin Nonetheless, the distance between the FAD C4a atom (which will bear the reactive peroxo group) and the substrate's C5 atom is 4.78 Å, which is slightly larger than the 4.6 Å distance calculated in the WT model.

Overall, this is an encouraging result for our Coq6 model because it is consistent with the clinically observed phenotype of partially impaired Coq6 function resulting from the hCoq6 G255R mutation. 1 The human phenotype for this is steroid resistant nephrotic syndrome coupled with sensorineural deafness. This is interesting because these are pathologies in two cell types which may have exceptionally high requirements for endogenous Q biosynthesis. Both cell types are likely to require highly impermeable cell membranes for function (filtration in the renal podocytes affected in the nephrotic syndrome, and high ion pump activity in inner ear hair cells). Molecular dynamics shows us how this mutation can be tolerated by the Coq6 structure thanks to its surface exposed position, and how it can alternately block the substrate access channel or leave it open to the substrate. This naturally occurring mutation gives us a good starting point for designing artificial mutations affecting the channel.

Rational design of novel mutants blocking the substrate access channel

The ability of the G to R mutation at position 248 to partially block the substrate access channel while maintaining the global fold (as concluded from molecular dynamics and substrate docking) supports the structural validity of the RATIONAL Coq6 model in the substrate binding region and active site. It also strongly suggests that our prior identification of yeast Coq6 P249 (the position immediately adjacent) as a channel bottleneck is likely to be valid. Since the G248R mutation essentially gives us a test of the P249 position, we can now consider testing the other residue position implicated as a channel bottleneck: L382.

Several factors motivate us to carefully consider the mutation we will choose to test the important of position 382 as a channel bottleneck. First, we only have a limited laboratory capacity to generate and test any such mutants, which will motivate us to design a mutant with the highest probability of success on the first attempt. That is to say, we are seeking to produce a mutation which will maintain the global fold of the Coq6 enzyme as well as block the substrate access channel. Position 382 shares some similarities with position 248: it is at the entrance of the channel, the L382 sidechain points towards the channel lumen, yet it is also surface exposed. It is also diametrically opposed to the R248 sidechain, making interaction with it plausible. Finally, L382 is a highly conserved residue in the Coq6 family, and it forms part of a highly conserved structure of the global fold (one of the helices of the Rossmann fold, as shown in Chapter 3, Figure 3.8).

Knowing that our Coq6 homology model may diverge from the Coq6 experimental structure, we aim to propose a mutation that would also be robust to errors in our modeled coordinates. Preliminary tests using mutations to bulky hydrophobic residues (S267M, F439M) indicated that sidechain movement would not guarantee blockage of the tunnel. Indeed, the conformation of hydrophobic sidechains in the free volume of the channel lumen is mainly dependent on intrinsic rotamer preference. Instead, it would be useful to have some constraint on sidechain orientation to ensure channel blockage.

In the context of the naturally occurring hCoq6 G255R mutation (modeled in this work as yCoq6 G248R), we propose a geometric and electrostatic complementation by mutating L382 to glutamate. The glutamate sidechain has the same topology and roughly the same size as the wild-type leucine, indicating that it should be sterically accommodated by the position. Glutamate also has a carboxylate group on its sidechain, giving it a negative charge and therefore electrostatic complementarity to the R248 sidechain. This makes it possible to envisage the formation of a salt bridge between the two, as illustrated below in 

MD and substrate docking of the L382E mutant

The next step in such a strategy is the modelling of the L382E mutation as performed for the G248R mutation: we will construct the homology model of the L382E single mutant, simulate its movements in molecular dynamics, select the best substrate binding conformations, and assess the traversability of the substrate channel through docking. The diameter of the L382E mutant's re face tunnel 1 is shown as the green trace in 
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MD and substrate docking of the G248R-L382E double mutant

The modeling results of both single point mutants G248R and L382E suggest that both mutations are positioned to have an effect on the substrate access channel by partially blocking it. Now we will attempt the complete and constitutive blocking of the channel by the formation of a salt bridge involving both the G248R and L382E mutations. Therefore, we will redefine the channel bottleneck as being between E382 and R248. 

Experimental results

Thus far we have developed the general hypothesis of a substrate access channel in Coq6 and designed specific mutations to specific residues in order to block the passage of a model substrate (4-HP6, or 3hexaprenyl-4-hydroxyphenol). The next step in our strategy is to test these mutations using in vivo activity assays. These were developed by our partner Dr. Fabien Pierrel (Université de Grenoble) and are presented here as a supporting evidence for the substrate access channel hypothesis.

In vivo activity assays for Coq6 WT, G248R, L382E, and G248R-L382E

The general principle of the assay relies on the functional complementation of S. cerevisiae Coq6-null mutants on two types of media: fermentable (glucose) and non-fermentable (lactate-glycerol). Nonfermentable media forces the yeast cells to use aerobic respiration for survival and growth, making them reliant on the ability to synthesize ubiquinone, which they can only produce if they have been complemented with a functional version of Coq6. In this assay, the exogenous Coq6 is supplied by transformation.

A key question about the designed mutations is their effect on the Coq6 protein structure. It is important to distinguish between a loss of Coq6 function due to specific blockage of the substrate access channel and loss of function due to general misfolding of the protein. The design goal of the channel blocking mutations was the former, and interestingly enough, the obligate nature of the CoQ synthome gives us a sensitive functional assay of the stability of Coq6 mutants. If the mutations have not disturbed the overall structure of the protein, it should still be able to participate in assembly of the CoQ synthome, producing a phenotype specifically deficient in C5 hydroxylation in Q biosynthesis. However, the correct assembly of the synthome should preserve the function of the other Q biosynthesis proteins, which can enable the rescue of C5 hydroxylation deficient mutants. This rescue of these deficient phenotypes is the second step of the assay, which will enable us to assess the proper folding of the Coq6 rationally designed mutants. These experimental results of testing the designed mutations are presented in the All mutants and the wild type are able to grow on the fermentable medium, because their growth is not strictly dependent on the endogenous biosynthesis of Q. However, significant differences are apparent for the mutants grown on the non-fermentable media presented in the second and third panels. The Yeast colonies complemented by the various mutants of Coq6 are shown in each line on each plate. The first line shows the wild-type Coq6 with a fully functional Q biosynthesis system, which is able to grow on both fermentable and non-fermentable media. The second line shows the Coq6 G248R mutation, which shows reduced growth on non-fermentable media in the second panel, and rescued growth with the addition of vanillic acid in the third panel. These results indicate that the Coq6 G248R mutation reduces the activity of Coq6, but still allows the assembly of the CoQ synthome.

Conclusion

It is important to distinguish between a loss of Coq6 function due to specific blockage of the substrate access channel and loss of function due to general misfolding of the protein. The design goal of the channel blocking mutations was the former, and interestingly enough, the obligate nature of the CoQ synthome gives us a sensitive functional assay of the stability of Coq6 mutants. If the mutations have not disturbed the overall structure of the protein, it should still be able to participate in assembly of the CoQ synthome, producing a phenotype specifically deficient in C5 hydroxylation in Q biosynthesis, which was observed in the in vivo assay results. However, the correct assembly of the synthome should preserve the function of the other Q biosynthesis proteins, which can enable the rescue of C5 hydroxylation deficient mutants. This rescue of these deficient phenotypes is the second step of the assay, which implies that the rationally designed Coq6 mutants have structures near enough to the wild type to participate in the CoQ synthome.

Altogether, these in vivo results show that the G248R and L382E mutations decrease Coq6 activity to some extent while the combination of both mutations completely inactivates the enzyme without affecting its stability. These data are consistent with the theoretical prediction of the substrate channel being blocked by the proposed interaction between R248 and E382.

Our analysis of a partial crystal structure of a Q biosynthesis hydroxylase (PDB entry 4N9X) from another microorganism (Erwinia carotovora) solved in 2013 revealed the presence of a large channel connecting the surface to the active site (as computed with CAVER) composed of evolutionarily conserved residues (as computed with ConSurf). This strongly suggested that the functionally and structurally homologous Coq6 enzyme should have a similar feature, leading us to propose the hypothesis of a substrate access channel in Coq6.

We then analyzed each of the three remaining Coq6 models for accessible volumes and evolutionary conservation. These calculations, initially performed on the models before molecular dynamics, revealed three types of tunnels (appearing in all three models) which converge to the active site, located in front of the FAD. In light of our hypothesis of the existence of a substrate access tunnel, we decided to analyze the behavior of the tunnels over the molecular dynamics trajectories computed for each model. In this work we begin with the simplest hypothesis of enzyme-substrate binding which requires the fewest underlying hypotheses and initial conditions: conformational selection, as opposed to induced fit.

According to the hypothesis of a conformational selection mechanism, substrate-binding conformations of Coq6 should be accessible through molecular dynamics simulations without the substrate. We note that in any case the exploration of the conformational selection hypothesis must be performed before induced fit simulations. This is because the latter type of exploration requires initial positions for the substrate, which must be computed by considering the simpler case of conformational selection first.

Each tunnel was functionally characterized by its diameter at its narrowest point (as identified through accessible volume calculations) over the course of each trajectory. We selected conformations from each model's trajectory corresponding to maxima in tunnel bottleneck diameters, and then attempted docking a substrate model into these tunnels in order to assess their functional traversability.

Docking of a rationally selected substrate model (with our model substrate 3-hexaprenyl-4hydroxybenzoate, also known as 4-HP6) revealed that only one model (the knowledge-based model) had a tunnel that could allow substrate access to the active site. This led us to select this model for further studies.

The proposed substrate access tunnel of this model was implicitly validated by the creation of a mutant Coq6 model (G248R) reproducing a clinically documented mutation in human Coq6 (G255R). This mutation is predicted to occur at the entrance of the putative substrate access channel and cause partial blockage of the channel. We rationally designed another mutation to the entrance of the substrate access channel (L382E). Alone, this mutation is also predicted to partially block the channel, which is supported by the reduced quantity of Q6 observed in strains bearing these mutant Coq6 constructs. When combined, these two mutations form a salt bridge across the tunnel entrance, constitutively blocking it and preventing substrate access. This is supported by the complete inability of yeast to survive on non-fermentable media when complemented with the Coq6 G248R-L382E double mutant. Together, modeling and experiment have been able to develop hypotheses and evidence for a substrate access channel in the Coq6 enzyme.

This work provides the first detailed structural information of an important and highly conserved enzyme of the Q biosynthesis pathway in the absence of crystallographic data. Our analysis indicates that in order to accommodate a bulky hydrophobic substrate Coq6 has evolved a substrate access channel to bind it and bring the aromatic head to a catalytic position in the active site. The availability of a structural model for Coq6 makes it possible to consider further computational approaches as detailed below.

Research perspectives

This project has been a good example of the value added of molecular modeling in the study of proteins that are difficult to purify, crystallize, and enzymatically characterize. Thus far, no in vitro activity assay exists for Coq6 for several reasons: low enzyme solubility, low substrate solubility, a complex redox system, 1 and possible inter-dependence on other enzymes of the CoQ biosynthesis complex. 2 Molecular modeling can provide an alternate source of atomic coordinates for these complexes, enabling the formulation of structure-function hypotheses before the experimental resolution of structure. These coordinates of enzyme structure can enable the rational design of site-directed mutations, as well as provide a basis for a molecular understanding of experimentally observed phenotypes.

Molecular dynamics with substrate

Enzyme-substrate interactions have been the primary focus of the modeling performed in this work. The next step is to assess the stability of enzyme-substrate interactions found through ensemble docking by molecular dynamics simulations including the ligand.

Protein-protein interactions: binary pairs and protein complex architectures

Homology modeling of individual Coq proteins can be used to accelerate understanding of proteinprotein interactions arising in this system. This includes in vivo protein interactions, important for understanding biological function, but also in vitro interactions, important for optimizing the purification process.

Our laboratory's work in overexpression and purification of Coq6 reveals that the protein is prone to aggregation during purification. This behavior was alleviated by adding a maltose-binding-protein tag for affinity purification, but returned when the tag was enzymatically cleaved. This implies that the aggregation tendency is an intrinsic property of the Coq6 enzyme. Preliminary calculations of the electrostatic surface of Coq6 indicate a bipolar charge distribution, giving the protein distinct negatively and positively charged faces. This could result in interactions which are long-range and powerful, but not specific in orientation or stoichiometry, leading to aggregation. Understanding the molecular structural basis of aggregation could help in designing new purification constructs or protocols.

Having atomic resolution molecular models is also useful for exploring protein-protein interactions likely to occur in the CoQ synthome. Developing a homology model for a potential partner protein (as identified through experimental interaction assays, for example) can enable protein-protein docking to explore protein-protein interactions in the complex. This approach is likely to require at least some experimentally derived distance restraints, as the results of protein-protein docking are quite sensitive to the conformation of the protein, both of the global fold, but also particularly of the surface residues.

Possessing homology models of each Coq protein can also be useful in the reconstruction of the CoQ complex or any relevant subcomplexes. 3 The approach for this combines two types of structural data: large scale, low resolution electron density maps of crystallized CoQ synthome particles (typically obtained through cryogenic electron-microscopy), and smaller scale, atomic resolution structures. The large scale (but low resolution) map of the protein complex is used as a constraining volume for fitting the high-resolution structures of its experimentally determined constituent proteins, yielding a high resolution structure of a macromolecular object normally too large to resolve as a single entity.

Substrate-enzyme assignment through systematic molecular modeling

An open question about the Q biosynthesis pathway is the order of the reactions, as well as the attribution of specific intermediates to specific enzymes as substrates or products. Although several biosynthesis pathways have been proposed in the literature, the substrate-enzyme assignments have not been made on the basis of in vitro testing of specific substrates in controlled conditions. Indeed, at least one enzyme, Coq2, is known to be able to prenylate Q biosynthesis intermediates at varying levels of aromatic ring substitution. If other enzymes can also display substrate promiscuity, there may not be a single order for the biosynthesis pathway.

The structural and functional interdependence of Q biosynthesis proteins makes it difficult to make this assignment based on the accumulation of intermediates in functional knockouts or knock-downs. Thus far, the main tool for stabilizing Coq null mutants and detecting some intermediates has been overexpression of Coq8. Molecular modeling offers another powerful tool that can be used is a systematic way to determine enzyme-substrate attribution through accumulation of intermediates. As we have seen with the modeling of Coq6, it is possible to identify the active site and the substrate binding site in terms of explicit residues. This knowledge makes it possible to catalytically inactivate Coq proteins without disrupting their tertiary structure and incorporation into the CoQ synthome.

The strategy of such an approach would be to make homology models of all Coq enzymes in order to identify their catalytic residues. For each enzyme, we can propose inactivating mutations, and create mutant proteins for functional assays in an in vivo system, similar to the one used by Dr. Pierrel in this work. Each inactivated mutant Coq enzyme can be used to complement its respective null mutant, and each resulting strain should then accumulate intermediates diagnostic of the blocked reaction. This is a powerful strategy and technique for determining enzyme-substrate attribution using existing tools, long before the experimental structural resolution of the Coq enzymes.

Annex 1 Preliminary Coq protein modeling

The initial results of modeling queries submitted to the Phyre2 server for HMM based template searching. Because of space considerations, the results for each Coq protein are presented in a separate electronic file.

Annex 2 Coq6 family multiple sequence alignment by ConSurf

The multiple sequence alignment computed by ConSurf on the basis of the Coq6 amino acid sequence Because of space considerations, the results for each Coq protein are presented in a separate electronic file.

In addition to the structural similarity to ubiquinone (and even more structurally similar to menaquinones), HQNO has also been shown to be functionally similar, able to perform the roles of ubiquinone and menaquinone with cytochrome b enzymes from several organisms. 6 7 8

Below, we show residue conservation and accessible volume calculations for the 2X3N structure.

Residues from the FAD binding pocket are scored as highly conserved as shown by their purple coloring. Also shown are the tunnels computed with CAVER, which reveal three main types of tunnels which converge to the active site: re face tunnel 1 (purple volume), a possible re face tunnel 2 (blue volume), and a si face tunnel (red volume). However, as is visible in Panel D, none of these tunnels correspond to large regions conserved through evolution. 

Introduction

The development of a geometric descriptor of the active site used to characterize Coq6 was first developed and tested on PHBH structure 1PBE, which includes FAD and the substrate. The binding mode of the PHBH substrate (para-hydroxybenzoate hydroxylase) was analyzed in the 1PBE structure as a reference for the identification of active site conformations compatible with substrate binding. A set of enzyme atoms participating in hydrogen bonds with the substrate were identified, and distances between only the enzyme atoms were measured using VMD. This set of reference distances describes a 3D fingerprint of the enzyme active site when it has bound a substrate in a catalytically competent pose.

We then tracked the interatomic distances between these atoms over the course of the MD trajectory.

In order to quantify the geometric similarity between the active site conformations before MD and those sampled during MD we created a scoring function based on the differences between the interatomic distances measured before and during MD. This function is shown below.

S = Σ [d ij(1PBE) -d ij(1PBE)]

The PHBH residues binding the pHB substrate are as follows: the substrate's hydroxyl group is hydrogen bonded to three residues (Y201, P293, T294). The substrate's carboxyl group forms hydrogen bonds with different residues (S212 R214, Y222). These bonds are illustrated in Figure 1 below. This is because most of the computational work of molecular dynamics goes to simulating thermal motion. This means that the trajectories we analyze for signals of functional movements are largely dominated by the noise of thermal motion. The practical result is that when we are analyzing the relative motions of atoms in the simulation, we must be very picky about the atoms we choose to monitor. We must choose enough coordinates to capture the geometry of interest, but not more than that or we will introduce more and more thermal noise into our measurements, which will make trajectory analysis results more difficult to interpret.

Therefore we selected the subset of atoms indicated in Figure A4.2 and use the scoring function to select frames from dynamics that most resemble the substrate-bound crystal structure.

Annex 5 Generation 2 Coq6 models 1. Homology models without the insert are used to test the stability of various constructs Our review of the top templates has helped us define the templates we will use for the N-terminal and Cterminal regions of Coq6, while defining the precise sequence and position of the insert will tell us which Coq6 residue we can safely omit from this set of models. We have two choices for the N-terminus (4K22 and 2X3N) and two choices for the C-terminus (1PBE and 4N9X). Giving us four possible constructions. In addition, we also submitted the Coq6 sequence to the I-TASSER server to obtain independently generated models based on either the 4K22 or 2X3N structure. These possibilities are resumed in Table A5.1 below. 

Construction of Generation 2 models without the insert

First we will present the alignments used to construct the Gen2 models of Coq6 without the insertion. Then we will compare the resulting homology models before comparing their behavior in molecular dynamics simulations. Each of the models faithfully inherits the geometry from each regional template. The models with the Nterminal region modeled on 4K22 coordinates have reproduced the distorted GDAxH motif in the FAD binding region, In the 2X3N based models this region adopts its FAD-binding compatible formation. The C-termini of the model reproduce their templated geometry. In the 1PBE based models the C-terminus is composed of three helical segments arranged into a roughly equilateral triangle. In the 4N9X based models, the C-terminus is also triangular, but the helical segments are shorter with longer turn regions between them, and the triangle is in a more extended conformation. To distinguish between these geometries, we will now subject these models to molecular dynamics.
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MD simulation of Generation 2 WI constructs

The Gen2 models without the insertion were subjected to molecular dynamics simulations in order to assess their structural stability. The protein models were solvated using TIP3P water under the AMBER99SB-ILDN force-field using PME electrostatics in GROMACS 4.6.5. No FAD was included in this round of simulation for the Gen2 without-insert constructs. This is because some of the templates are experimentally known not to bind FAD, and we did not want this variable to a complicating factor in the interpretation of the simulations. The salt concentration was set to 0.157M NaCl as documented for the mitochondrial matrix. The simulation cell was a rhombic dodecahedron allowing 1.4 nanometers between the protein and the box edge. Models were subjected to 300 000 steps of steepest descent minimization. Equilibration was conducted in two phases (NVT and NPT) of 250 ps each at a time step of 1fs with position restraints on protein heavy atoms using the velocity-rescaled Berendsen thermostat at 300K. NPT equilibration used the Parinello-Rahman barostat. Bond lengths were not constrained during equilibration.

The Gen2 set of models tested two possibilities for the N-terminal template (4K22 and 2X3N) and two possibilities for the C-terminal template (1PBE and 4N9X). The purpose of the molecular dynamics screening of this panel is to evaluate the structural stability of each model, as stability is a necessary but not sufficient pre-requisite for functionality (which is explored later through other calculations). This is an important distinction because models based on catalytically inactive templates may still be dynamically stable. This distinction must be kept in mind primarily for the N-terminal region of the models because it comprises the majority of the protein and has many well formed elements of secondary and super-secondary structure likely to remain stable despite lack of catalytic activity. However, the C-terminal region of the models is much smaller and has many fewer long-range contacts with the rest of the protein, making it more dependent on being properly structured intrinsically in order to be stable. Therefore, when reviewing the trajectories of the Gen2 WI models we will focus on the behavior of the C-terminus. The structural stability of the C-terminus can be described by how well it retains its secondary structure. Secondary structure can be calculated on the basis of the protein's internal coordinates (the backbone angles phi and psi) and it is a more accurate and robust description of local structural stability than atomic RMSD. This is because of the inherently non-directional averaging of atomic coordinates relative to the reference coordinates in the final computed RMSD value.

Two extreme cases of RMSD being an inaccurate descriptor of local structural stability exist. One is the rigid body displacement of a structure from its initial position. The conformation of the structure itself may be perfectly rigid, but an RMSD curve calculated based on its initial position will show a continuous increase, implying a structural deviation where there has only been a positional one. The other case is a conformational denaturation distributed evenly over the entire initial structure held at a fixed center of mass. In this case the RMSD curve calculated over time will be relatively flat, implying structural stability, while the conformation has changed significantly.

Therefore, to give a synoptic review of the MD simulations for this set we will show the first and last frames from the trajectory as well as the secondary structure description of the C-terminal region computed over the duration of the trajectories.

Gen2 Without Insertion 4K22 -1PBE

In this model the N-terminus has been modeled after 4K22. The C-terminus has been modeled after 1PBE, (shown in orange in the figure below) giving it a large equilateral triangle shape composed of three helical segments. However, this conformation is not stable. This is visible from the difference between the first (A) and last (B) frames of dynamics, which show that the last helix unwinds, as does the penultimate helix. The helical segment preceding this also undergoes a major conformational change, becoming irregular and tilted upwards. This is also described in the secondary structure plot below (C). 

Conclusion

Of the Generation 2 WI (without insertion) Coq6 models tested here, we conclude that only the 2X3N-4N9X based model presents a structure stable over 20ns of molecular dynamics. Fortunately, the 2X3N based moiety is also compatible with FAD binding for catalysis, since the original 2X3N crystal structure contains it. Therefore, we select the 2X3N and 4N9X structures as templates for generating models of Coq6. The next phase will be to integrate the Coq6-family insert to the model. In addition, the precise sequence definition of the Coq6 insert can be used by our partner, Dr. Pierrel, to suggest excisions and inter-species complementation assays to test its function.
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Figure

  FIG 0.1: The Q biosynthesis pathway from S. cerevisiae, adapted from "Coenzyme Q supplementation or over-expression of the yeast Coq8 putative kinase stabilizes multi-subunit Coq polypeptide complexes in yeast coq null mutants" (Biochimica and Biophysica Acta 2014).5

FIG 1. 1 :

 1 FIG 1.1: Structures of the families of isoprenoid quinones. Inter-species complementation studies reveal that the precise aliphatic tail length is not essential to molecular function. However, the differing structures of the aromatic centers give the quinone variants different redox potentials. Adapted from Distribution of isoprenoid quinone structural types in bacteria (Collins and Jones 1981).3

FIG 1. 3 :

 3 FIG 1.3: Multi-protein complexes of the electron transport chain from KEGG, the Kyoto Encyclopedia of Genes and Genomes. 6

Figure

  FIG 1.4: Q in the membrane midplane. Adapted from Is CoQ a membrane stabilizer? (Nature Chemical Biology 2014).9

  FIG 1.4: Q in the membrane midplane. Adapted from Is CoQ a membrane stabilizer? (Nature Chemical Biology 2014).9

FIG 1. 6

 6 FIG 1.6 The carbon numbering of the aromatic head of Q biosynthesis intermediates as shown on 4hydroxybenzoate. R indicates the position occupied by the polyprenyl tail. The C5 carbon is highlighted in red.

Figure

  FIG 1.7 Coq synthome cartoon from "Coenzyme Q supplementation or over-expression of the yeast Coq8 putative kinase stabilizes multi-subunit Coq polypeptides (Biochimica and Biophysica Acta 2014).18

FIG 1 .

 1 FIG 1.10 PHBH global anatomy. A) PHBH structure 1PBE colored by secondary structure. The FAD cofactor is in yellow stick. The enzyme's substrate pHB is shown as yellow spheres (omitted for clarity in panels B, C, and D). The enzyme is viewed from the si face, named after the si face of the FAD's isoalloxazine ring. B) PHBH structure colored by functional sub-domains. The Rossmann-fold domain is shown in gray, the beta sheet domain is in yellow, and the si loop is in orange. C) The C-terminus is highlighted in yellow, as seen from the si face, and D) from the re face.

Figure 1 .FIG 11 :

 111 FIG 11: Anatomy of the FAD cofactor. FAD is composed of five distinct chemical moieties, each providing a specific function for protein binding or catalysis. The asymmetric carbon (labeled C2') nearest the isoalloxazine is used to assign the naming of the si and re faces of the isoalloxazine ring according to the Cahn-Ingold-Prelog system. Also shown is the C4a carbon which will bear the reactive peroxo group. Hydrogens are omitted for clarity.

FIG 1 .

 1 FIG 1.12: A) Crystallographically determined in and out conformations of FAD. Green: FAD from PDB structure 1PBE, 62 in conformation. The co-crystallized substrate, para-hydroxybenzoate, is shown to the left in stick, the aromatic ring is seen edge-on. Blue: FAD from PDB structure 1PBB, 63 out conformation. Orange: FAD from PDB structure 1K0I, 54 an intermediate conformation. B) 2JBV 90 structure showing peroxo-flavin adduct forming on the re face of the ring system. The si and re faces of the isoalloxazine are indicated.

2 .

 2 FIG 1.13: Catalytic cycle of PHBH showing the major cofactor and substrate intermediates. Adapted fromBallou et al (2005).[START_REF] Trott | AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient Optimization, and Multithreading[END_REF] 

Figure 2

 2 FIG 2.1: Modeling strategy flowchart. The approach is divided into four main sections. A) Homology modeling, which consists of template search, sequence alignment, and model generation and screening. B) Evolutionary residue conservation and geometric analysis of structures from molecular dynamics simulations. C) Development of the hypothesis of a substrate binding regions followed by substrate docking. D) Design and in silico and in vivo testing of enzyme mutations to test the hypothesis developed in part C. WI designates Coq6 models Without Insertion, FL designates Full Length models including the Coq6 family insertion.

Figure 2 . 2

 22 below.1 

Figure 2 .FIG 2 . 3 :

 223 FIG 2.3: Graphical overview of the Phyre2 workflow. Adapted from the Phyre2 website http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index

Figure 2

 2 FIG 2.4: Alpha carbon contact map for PHBH structure 1PBE 21 showing the patterns formed by the major types of secondary structure.

FIG 3. 4 :

 4 FIG 3.4: (Preceding page) Excerpt of the Coq6 MSA. The S. cerevisiae Coq6 sequence is the top line. The H. sapiens Coq6 sequence is the second line from the top. The MSA allows us to recognize the insert as being flanked by two conserved sequence motifs: an N-terminal NAA motif in the light blue frame, and a Cterminal SxASFPL motif in the red frame. Sequence numbering is for the S. cerevisiae Coq6 sequence.

FIG 3. 8

 8 FIG 3.8 Sequence alignment of Coq6 with templates used in the Generation 3 manually curated alignment homology model. The templates are referred to by their PDB codes. The portions of each template used for constructing the Generation 3 Coq6 model are framed in green. Secondary structure as calculated by DSSP is indicated by text color: beta strands are blue, alpha helices are red, turns are in black. Residues missing from crystal structures have background highlighted in red. FAD binding residues are highlighted in green.

FiguresCoq6

  FIG 3.9 The alignment used by I-TASSER to produce the Coq6-I-TASSER model, presented in the ClustalX color scheme, wherein residue G,P,S, and T are colored orange; H,K, and R are colored red; F,W, and Y are colored blue; I,L,M, and V are colored green.

FIG 3 .

 3 FIG 3.12 Model of FAD in the Coq6 FAD binding site, as shown in the RATIONAL model. This pose is from a substrate binding conformation selected from MD. The adenine ring's N3 nitrogen is hydrogen bonded to V167. The adenine aromatic system can also form pi-sulfur interactions with M62 and pi-anion interactions with D201. The ribose hydroxyl is H bonded to D61. The pyrophosphate is H-bonded to the side chains of R83 and N204, as well as the backbone nitrogen of F203 (side chain omitted for clarity). These residues are highly conserved in the Coq6 family (as calculated with ConSurf), with the exception of M62 and F203.

FIG 3 .

 3 FIG 3.13 I-TASSER Coq6 model, based on 2X3N: focus on the insert. A) before and B) after dynamics. The subsequences of the insert are color coded according to the legend.

4. 2

 2 FIG 3.15 ROBETTA Coq6 model, based on 1PBE: focus on the insert. A) before and B) after dynamics. The subsequences of the insert are color coded according to the legend.

  Figure 3.18, visible as the formation of horizontal purple stripes.

FIG 3 .

 3 FIG 3.17 RATIONAL Coq6 model, based on 2X3N and 4N9X: focus on the insert. A) before and B) after dynamics. The subsequences of the insert are color coded according to the legend.

  FIG 3.19 Time evolution of RMSDs for selected regions of Coq6 models. The I-TASSER model RMSDs are shown in red; ROBETTA model RMSDs are shown in green; RATIONAL model RMSDs are shown in blue.

Figure

  FIG 4.1: Redocking of pHB into PHBH reproduces the crystal pose. The PHBH conformation was selected from molecular dynamics simulations using an active site geometry scoring function described in more detail in Section 5.2. Protein and FAD carbons are shown in lavender; the pHB from the 1PBE crystal structure is shown in green, while the docked pHB pose is in cyan.

Figure 4 . 2

 42 below.

FIG 4. 2 :

 2 FIG 4.2: The top 20 ligand poses for blind docking of the aromatic head (space-filling representation) into a Coq6 model structure (shown here is the RATIONAL model) cluster into 6 possible binding sites, only one of which (shown in orange spheres) is catalytically plausible according to its proximity to the FAD isoalloxazine (shown in green stick), despite the fact that the top ranked poses occupy a distal location (purple spheres).

  FIG 4.4: Selected poses for blind docking of the model substrate 3-hexaprenyl,4-hydroxyphenol. Orange: pose rank 4; dark blue: pose rank 9; light blue: pose rank 7; pink: the coordinates of the lone aromatic head from the previous docking run.

Figure 4 . 5 .

 45 This box measures 45 x 35 x 27 Å, enclosing a total volume of 45 525 Å 3 .

FIG 4. 5 :

 5 FIG 4.5: The box defined to restrict docking attempts to the tunnel system identified in the Coq6 models. Shown here: the RATIONAL Coq6 model. FAD is shown in green sphere. Purple volume: re face tunnel 1. Blue volume: re face tunnel 2. Red volume: the si face tunnel.

FIG 4. 6 :

 6 FIG 4.6: Docking of substrate models with progressively longer polyprenyl tails. A) Q1, B) Q2, C) Q3, D) Q4, E) Q5, F) Q6. Only the top ten poses for each model of tail length are shown and superposed (cyan sticks). The FAD isoalloxazine C4 atom, which will bear the reactive peroxo group, is shown as a pink sphere. The enzyme model in this figure is the RATIONAL Coq6 model based on 2X3N and 4N9X.

Figure

  FIG 4.7: A) The active site of the Coq6 RATIONAL model with FAD in green stick. A hexaprenylated model substrate 3-hexaprenyl-4-hydroxyphenol is shown in orange stick, manually positioned in an extended conformation to place the aromatic head in the active site, proximal to the FAD isoalloxazine. The FAD C4a atom is in green sphere; the substrate C5 carbon is in orange sphere. B) A closer view of the model substrate, C5 carbon in yellow sphere. C) The active site of PHBH structure 1PBE, co-crystallized with FAD and the substrate, para-hydroxybenzoate

FIG 4. 8 :

 8 FIG 4.8: Evolutionary residue conservation as calculated by the ConSurf method. The scores run from 1 (most variable) to 9 (most conserved) and are assigned a color on the color scale, which are projected onto a 3D model (here, the RATIONAL model. A) Ribbon view from the "top" of the FAD (in green stick) showing residue conservation in the FAD binding site. Also visible is residue conservation in the large beta sheet immediately in front of the isoalloxazine. B) Surface rendering seen from the re face of the enzyme, showing strong conservation of spatially proximal residues around the large beta sheet forming a surface depression. C) Same view as A, with all residue colors set to gray except for the most conserved (score of 9) residues, in purple. Backbone width is proportional to residue conservation. D) Same view as A, with all residue colors set to gray except for the ADP binding motif (orange), the NAD(P)H binding motif (blue) and the ribityl binding motif (green).

FIG 4. 9 :

 9 FIG 4.9: Evolutionary residue conservation (projected here on the RATIONAL model) highlights two structural features of the Coq6 family of proteins: A) the large beta sheet of the beta sheet domain (highlighted in the green oval), and B) a surface depression proximal to the active site (highlighted in the yellow oval), which is recapitulated from C) the crystal structure of one of the templates, 4N9X, a Q biosynthesis monooxygenase (also highlighted in the yellow oval).

FIG 4. 10 :

 10 FIG 4.10: Volume rendering of the channel system in the I-TASSER Coq6 homology model. A) The complete results of the accessible volume calculation by CAVER, showing many minor tunnels that are either too small to admit passage of the substrate or do not converge to the active site. These beige "ghost" tunnels and volumes were manually identified and not considered for substrate docking. B) The three main tunnel types which converge to the active site: re face tunnel 1 (purple), re face tunnel 2 (blue) si face tunnel showing bottleneck residues as sticks.

FIG 4. 13 :

 13 FIG 4.13: The effective dimensions of a model substrate (3-hexaprenyl-1,4-dihydroxyphenol) on different axes. While tunnel choke points have been characterized by a single diameter measurement, the substrate can present several possible effective diameters depending upon the relative orientation between substrate and tunnel. VDW radii are those used by AutoDock Vina.

FIG 4. 14 :

 14 FIG 4.14: Bottleneck residue rotational degeneracy possible between the CD1 and CD2 atoms of the L382 sidechain, one of the bottleneck residues in the re face tunnel 1 as identified in the Coq6 RATIONAL homology model.

Figure 4 .

 4 14 shows us the case of L382 and P249 in the RATIONAL Coq6 model. Using the distance measurement function in VMD,

FIG 4. 15 :

 15 FIG 4.15: The re-face tunnel 1 of the RATIONAL Coq6 model (purple volume) A) shown in the same orientation as Figure 12, B) rotated by 90 degrees, C) an illustration of the distances used to calculate the effective diameter of the tunnels.

Figure 4 .

 4 16A shows the re face tunnel 1 alone, from the same view as in Figure4.10. Figure4.16B shows the same tunnel, rotated 90 degrees so that we are looking through the re face of the enzyme, more clearly presenting the bottleneck formed by the sidechain of the residues I250 and L382.

Figure

  

  FIG 4.16: A) ITASSER Coq6 model re face tunnel 1 bottleneck residue identification, seen from same view as in Figure 4.4, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the inter-nuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. D) A plot of the Rmeasured and Reffective over the course of MD.

Figure 4 .

 4 17A shows the re face tunnel 1 alone, from the same view as in Figure4.11. Figure4.17B shows the same tunnel, rotated 90 degrees so that we are looking through the re face of the enzyme, more clearly presenting the bottleneck formed by the sidechains of residues S265 and L382.

  Figure 4.17Cshows an illustration of these sidechains in a head to head orientation, identifying the specific atoms

FIG 4 .

 4 FIG 4.17: A) ROBETTA Coq6 model re face tunnel 1 bottleneck residue identification, seen from same view as in Figure 4.11, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the internuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. D) A plot of the Rmeasured and Reffective over the course of MD.

Figure

  

  FIG 4.18: A) RATIONAL Coq6 model re face tunnel 1 bottleneck residue identification, seen from same view as in Figure 4.12, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the internuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. The forward distance between the L382 gamma carbon (CG, where the distance is measured) and the atoms of the sidechain tip (delta carbons CD1 and CD2) is calculated with the Pythagorean theorem. D) A plot of the Rmeasured and Reffective over the course of MD.

FIG 4 .

 4 FIG 4.19: A) ITASSER Coq6 model re face tunnel 2 bottleneck residue identification, seen from same view as in Figure 4.10, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the internuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. The forward distance between the L452 gamma carbon (CG, where the distance is measured) and the atoms of the sidechain tip (delta carbons CD1 and CD2) is calculated with the Pythagorean theorem. D) Plot of the Rmeasured and Reffective over the course of MD.

FIG 4 .

 4 FIG 4.20: A) ROBETTA Coq6 model re face tunnel 2 bottleneck residue identification, seen from same view as in Figure 4.11, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the internuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. D) A plot of the Rmeasured and Reffective over the course of MD.

FIG 4 .

 4 FIG 4.21: A) RATIONAL Coq6 model re face tunnel 2 bottleneck residue identification, seen from same view as in Figure 4.12, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the internuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. The forward distance between the leucine gamma carbon (CG, where the distance is measured) and the atoms of the sidechain tip (delta carbons CD1 and CD2) is calculated with the Pythagorean theorem. D) Plot of the Rmeasured and Reffective over the course of MD.

4. 7

 7 si face tunnel 1 I-TASSER Coq6 model Figure 4.22A shows the si face of the tunnel alone, from the same view as in Figure 4.10. Figure 4.22B shows the si face tunnel alone, from the same view as in Figure 4.10. Figure 4.22C shows the same tunnel, rotated 90 degrees so that we are looking at the si face of the enzyme, more clearly presenting the bottleneck formed by the sidechain of residue P256 and the backbone of I136.

Figure 4 .

 4 22C shows a representation of the relative orientation of these sidechains. Therefore we will use the VDW radii for these atoms in making the corrections to calculate the effective diameter. The average diameter of this tunnel is around 3 Å.

FIG 4 .

 4 FIG 4.22: A) I-TASSER Coq6 model si face tunnel bottleneck residue identification, seen from same view as in Figure 4.10, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the inter-nuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. D) A plot of the Rmeasured and Reffective over the course of MD.

A

  Figure 4.23A shows the si face tunnel alone, from the same view as in Figure 4.11. Figure 4.23B

FIG 4 .

 4 FIG 4.23: A) ROBETTA Coq6 model si face tunnel bottleneck residue identification, seen from same view as in Figure 4.11, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the inter-nuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. The forward distance between the valine beta carbon (CB, where the distance is measured) and the atoms of the sidechain tip (gamma carbons CG1 and CG2) is calculated with the Pythagorean theorem. D) Plot of the Rmeasured and Reffective over the course of MD.

  shows the si face tunnel alone, from the same view as in Figure4.12. Figure

FIG 4 .

 4 FIG 4.24: A) RATIONAL Coq6 model si face tunnel bottleneck residue identification, seen from same view as in Figure 4.12, B) rotated 90 degrees and seen from the re face. C) Diagram illustrating the internuclear distance Rmeasured tracked over MD for this tunnel bottleneck diameter and the van der Waals radius corrected Reffective approximating the diameter available to a substrate in subsequent docking attempts. The forward distance between the glutamate delta carbon (CD, where the distance is measured) and the atoms of the sidechain tip (epsilon carbons CE1 and CE2) is calculated with the Pythagorean theorem. D) Plot of the Rmeasured and Reffective over the course of MD.

Figure

  FIG 4.25: Tunnel bottleneck diameter comparison by tunnel type as a function of time over the 20ns MD simulations. Tunnel diameters from the I-TASSER model are shown in blue; from the ROBETTA model, in red; from the RATIONAL model, green. Frames sampled for substrate docking are indicated by color coded arrows.

FIG 4 .

 4 FIG 4.26A: Docking results for 4-HP6 into the I-TASSER Coq6 model re face tunnel 1 (purple volume) Ghost tunnels are shown in beige; re face tunnel 2 in blue, and si face tunnel in red. The FAD is represented in green, the substrate is represented in cyan sticks, and the substrate bottleneck residues in orange.

Figure 4 .

 4 Figure 4.26A shows the poses resulting from docking of our model substrate to a frame selected for maximum diameter of the re face tunnel 1, represented in purple. As can be seen from the figure, this tunnel has a bottleneck (indicated by the residues in orange stick) too small to admit passage of the polyprenyl tail, despite it being partially occupied in one of the poses. This conformation of the I-TASSER Coq6 model shows a concomitant opening of the si-face tunnel (shown as the red volume) and while some conformations are found that can traverse it, none of them place the aromatic head in the active site. Indeed, as we can see from Figure4.26 panels B and C, the intersection of the main tunnel system does not occur in front of the FAD isoalloxazine. This is a recurrent feature of the I-TASSER model's tunnel system, and it means that even if the tunnels were to be traversable, they substrate's aromatic head could never achieve a catalytically plausible position. This is a rather fundamental flaw in the I-TASSER based model, making it unlikely that docking into any conformation would produce plausible enzyme-substrate complexes.

FIG 4 .

 4 FIG 4.26B: Docking results for 4-HP6 into the I-TASSER Coq6 model re face tunnel 2 (blue volume) Ghost tunnels are shown in beige; re face tunnel 1 in purple, and si face tunnel in red. The FAD is represented in green, the substrate is represented in cyan sticks, and the substrate bottleneck residues in orange.

Figure 4 .

 4 Figure 4.26B shows the substrate poses resulting from docking to a receptor conformation corresponding to a maximum in the re face 2 tunnel bottleneck. The helix bundle conformation of the I-TASSER model's C-terminus does not permit a bottleneck large enough to allow substrate transit. Again, in this frame we see that the I-TASSER model's tunnel system does not converge to a volume in front of the FAD isoalloxazine.

FIG 4 .

 4 FIG 4.26C: Docking results for 4-HP6 into the I-TASSER Coq6 model si face tunnel 2 (red volume) Ghost tunnels are shown in beige; re face tunnel 1 in purple, and si face tunnel in red. The FAD is represented in green, the substrate is represented in cyan sticks, and the substrate bottleneck residues in orange.

Figure 4 .

 4 Figure 4.26C shows a similar result. The si face tunnel is not large enough to admit passage of the polyprenyl tail. Instead, the polyprenyl tail can only be accommodated by a larger cavity further in, but this is not in front of the FAD isoalloxazine.

FIG 4 .

 4 FIG 4.27B: Docking results for 4-HP6 into the ROBETTA Coq6 model re face tunnel 2 (blue volume) Ghost tunnels are shown in beige; re face tunnel 1 in purple, and si face tunnel in red. The FAD is represented in green, the substrate is represented in cyan sticks, and the substrate bottleneck residues in orange.

Figure 4 .

 4 Figure 4.27B shows the poses resulting from docking into a receptor conformation corresponding to a maximum in the re-face tunnel 2 diameter. The re-face tunnel collapses to a small diameter which cannot allow passage of the tail, forcing the substrate to assume a highly folded conformation inside the protein.

Figure 4 .

 4 Figure 4.27C shows docking into a conformation of maximum si face tunnel diameter. Although one pose is found where the tail can traverse this tunnel, it does not place the aromatic head in front of the isoalloxazine.

  FIG 4.28A: Docking results for 4-HP6 into the RATIONAL Coq6 model re face tunnel 1 (purple volume) Ghost tunnels are shown in beige; re face tunnel 2 in blue, and si face tunnel in red. The FAD is represented in green, the substrate is represented in cyan sticks, and the substrate bottleneck residues in orange.

Figure 4 .

 4 Figure 4.28A shows the poses resulting from docking into a frame selected for a maximum diameter of re face tunnel 1. This job finds conformations which allow passage of the polyprenyl tail, extending from the surface to the active site (directly in front of the FAD isoalloxazine) passing through a bottleneck formed by L382 and P249 (shown in orange stick in Figure28A). It also shows conformations where the polyprenyl tail can be completely folded into the active site.

FIG 4 .

 4 FIG 4.28B: Docking results for 4-HP6 into the RATIONAL Coq6 model re face tunnel 2 (blue volume) Ghost tunnels are shown in beige; re face tunnel 1 in purple, and si face tunnel in red. The FAD is represented in green, the substrate is represented in cyan sticks, and the substrate bottleneck residues in orange.

Figure 4 .

 4 Figure 4.28B shows docking into a conformation with a maximum in the diameter of re face tunnel 2, revealing that it is not traversable.

Figure 4 .

 4 Figure 4.28C shows the results of docking into the si face tunnel, which reveals that it is not traversable either.

FIG 4. 29 :

 29 FIG 4.29:The active site of PHBH structure 1PBE. The substrate, para-hydroxybenzoate, is shown in cyan stick with its hydroxylation target carbon shown as a cyan sphere. The FAD is shown in green, with its C4a carbon (which will bear the reactive peroxo group) shown as a green sphere. Residues binding the substrate through hydrogen bonds are shown in grey sticks. The substrate's hydroxyl group is hydrogen bonded to three residues (Y201, P293, T294), two of which (P293 and T294) bond through backbone oxygens. The substrate's carboxyl group forms hydrogen bonds with different residues (S212, R214, Y222). Most notable is R214, presenting the bidentate guanidinium group to bind the carboxyl oxygens.

FIG 4 .

 4 FIG 4.30: A) The active site of PHBH structure 1PBE showing the receptor based interatomic distances used in creating the geometric descriptor and scoring function. B) The active site of the RATIONAL Coq6 model (before MD) showing the distances between homologous atoms. We note the absence of an equivalent to PHBH R214, used to engage the substrate's carboxyl group.

  FIG 4.31: A) A plot of the active site descriptor scoring function over the 20 ns trajectory of the RATIONAL Coq6 model. Low scoring conformations from the latter half of the simulation were selected for the

FIG 4. 32 :

 32 FIG 4.32: Resulting poses for docking of 4-HP6 into a RATIONAL Coq6 model conformation selected using the two criteria of access channel diameter and active site geometry score. A) The top 10 substrate poses (in cyan stick). B) The docked substrate pose showing the best FAD C4a -substrate C5 distance: 4.68 Å. This compares favorably to the homologous distance of 4.32 Å in the PHBH 1PBE crystal structure. Active site substrate hydrogen bonding residues P381 and T261 are shown in orange stick, as are re face tunnel 1 bottleneck residues L382 and P249.

Figure

  FIG 5.3: A) Effective diameter of the re face tunnel 1 in the yeast Coq6 G248R mutant, as measured between the R248 CZ atom and the L382 CG atom, shown on the pre-MD RATIONAL model. The green line shows the center-to-center distance between the monitored bottleneck atoms. The blue line indicates the effective channel diameter corrected for the VDW radii. B) The effective diameter is usually too low to give a functional channel, but occasionally becomes large enough to admit passage of the substrate. The red arrow indicates the frame selected from G248R mutant model for substrate docking.

Figure 5 .

 5 FIG 5.4: Coq6 models illustrating the effect of the G248R mutant on re face tunnel 1. A) Coq6 wild-type (WT) model with the re face tunnel 1 (purple volume) bottleneck residues L382 and P249 shown as spheres. B) Coq6 G248R mutant model with the R248 sidechain in a non-blocking conformation. C) Coq6 G248R mutant model with the R248 sidechain in a tunnel blocking conformation.

Figure

  FIG 5.6: Rational design of the G284R-L382E double mutation. The sidechains of positions L382 and R248 are oriented towards each other across the channel lumen. The electrostatic complementation is intended to maintain the R248 sidechain extended across the channel entrance to constitutively block it.

Figure 5 .

 5 FIG 5.7: A) Effective diameter of the re face tunnel 1 in the yeast Coq6 L382E mutant, as measured between the E382 sidechain and the P249 sidechain, shown on the pre-MD RATIONAL model. The green line shows the center to center distance between the monitored bottleneck atoms; the blue line indicates the effective channel diameter corrected by their VDW radii. B) The diameter is usually too low give a traversable channel, but occasionally becomes large enough to admit passage of the substrate. The green arrow indicates frame 6874 selected for substrate docking.

FIG 5. 9 :

 9 FIG 5.9: A) Effective diameter of the re face tunnel 1 in the yeast Coq6 G248R-L382E double mutant, as measured between the E382 sidechain and the R248 sidechain, shown on the pre-MD RATIONAL model. The green line shows the center to center distance between the monitored bottleneck atoms; the blue line indicates the effective channel diameter corrected by their VDW radii. B) The salt bridge is stable over the course of the simulation, giving an effective channel diameter of nearly zero.

Figure 5 .

 5 FIG 5.11: A) 10 fold serial dilution of the Δcoq6 strain carrying an empty plasmid (vec) or plasmids coding for yCoq6, yCoq6-G248R, yCoq6-L382E and yCoq6-G248R-L382E. The plates contained YNB-pABA agar medium supplemented with the indicated carbon source and vanillic acid (VA) or not. The plates were imaged after incubation at 30°C for 2 days (glucose) or 6 days (lactate-glycerol). B) Representative electrochromatogram of lipid extracts from Δcoq6 cells expressing either yCoq6, yCoq6-G248R, yCoq6-L382E and yCoq6-G248R-L382E (1 mg of cells). The elution position of the Q4 standard, of 3-hexaprenyl-4hydroxyphenol (4-HP6) and Q6 are indicated. C) Q6 amounts (in pmoles per mg of wet weight) in Δcoq6 cells expressing either yCoq6, yCoq6-G248R, yCoq6-L382E or yCoq6-G248R-L382E. Cells were grown in YNB-pABA (para-aminobenzoic acid, or 4-aminophenol) 2% lactate-glycerol containing 10 μM 4HB. The results are the average of 3-4 independent experiments and the error bars represent standard deviation.

  quantities of Q synthesized by each mutant are measured by electrochemical detection, as presented in Figure 5.11 panels B and C.

FIG A3. 2 :

 2 FIG A3.2: Evolutionary residue conservation calculated by ConSurf from the 2X3N PDB structure of PqsL. The backbone cartoon is colored by the ConSurf color scheme. FAD is shown in green stick. Also shown is the tunnel system calculated by CAVER. Ghost tunnels are shown in beige. This structure also shows three main types of tunnels recurrent in enzymes of this global fold: re face tunnel 1 (purple), another tunnel which may exit via the re face in blue (but in 2X3N the C-terminus residues are not resolved), and a si face tunnel (red). A) view from the re face, B) view through the sheet face, C) view from the "top" of the FAD binding pocket, tunnels omitted for clarity, D) residue conservation projected onto the surface of the 2X3N structure.

FIG A4. 1 :

 1 FIG A4.1:The active site of PHBH structure 1PBE. The substrate, para-hydroxybenzoate, is shown in cyan stick with its hydroxylation target carbon shown as a cyan sphere. The FAD is shown in green, with its C4a carbon (which will bear the reactive peroxo group) shown as a green sphere. Residues binding the substrate through hydrogen bonds are shown in grey sticks. The substrate's hydroxyl group is hydrogen bonded to three residues (Y201, P293, T294), two of which (P293 and T294) bond through backbone

FIG A5. 5

 5 FIG A5.5 Presentation of the multiple-template Gen2 Coq6 WT WI models, backbone trace only. Grey: Nterminus, orange, C-terminus. Models are named after their coordinate sources for N-terminus and Cterminus respectively. A) Based on 2X3N_1PBE, B) Based on 2X3N_4N9X, C) Based on 4K22_1PBE, D)Based on 4K22_4N9X.

FIG A5. 6

 6 FIG A5.6 Generation 2 4K22-1PBE based Coq6 homology model: molecular dynamics stability screening review. A) The model before dynamics, B) After 20ns dynamics, C) secondary structure persistence plot as calculated by the Timeline plugin for VMD.
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  Coq8 in regulating other Coq proteins through phosphorylation is still unclear, its general presence is essential to Q synthesis. Beyond this, Coq8 overexpression is able to stabilize other Coq proteins in Coq knockout mutants, making it a tool which has allowed the accumulation of previously unobserved Q biosynthesis intermediates.18 

38 

Our preliminary bioinformatics analysis with Phyre2 indicate that it has a central kinase domain, flanked on the N-terminal and C-terminal sides by helix-bundle domains which may be involved in protein-protein contacts. The central kinase domain is very similar (43% sequence identity) to that of human mitochondrial ADCK3 whose structure was recently solved 39 as PDB entry 4PED. While the precise enzymatic role of

  Table 1.1 below. Since most Coq proteins have not been resolved structurally, we present the homologous proteins from bacterial model organisms, typically E. coli. This table shows the generally low sequence identity between the S. cerevisiae Coq proteins and their orthologs. Low sequence identity (less than 30%, as computed by the Phyre2 server) is generally indicative of a difficult homology modeling scenario.

TABLE 1

 1 The Coq6 sequence encodes a protein 479 residues long (UniProt accession number P53318). The first 17 residues comprise the mitochondrial signal sequence, giving the mature form of the protein an effective in vivo length of 462 residues. While our preliminary bioinformatics survey of the Coq proteins (see Annex 1) indicated that it is of the same global fold as PHBH, Coq6 (and the larger eukaryotic Coq6-family of proteins) differs significantly from known bacterial homologs by the presence of a large (sometimes greater than 50 residue) sequence not found in other enzymes of the same global fold. This structural feature is explored in more depth in Chapter 3 (Construction of homology models and stability screening through molecular dynamics). Despite this, existing sequence studies of Coq6 49 have grouped it with several Class A flavoprotein monooxygenases.42 The key characteristics of Class A enzymes are that they are encoded by a single gene encoding a single polypeptide chain containing a Rossmann fold domain (used to bind an FAD cofactor), which they reduce with NAD(P)H. Sequence alignment with similar monooxygenases identifies three sequence motifs that are conserved in this class. These three motifs are used for binding the ADP moiety of FAD, binding the ribityl moiety of FAD, and binding NAD(P)H, as shown in Figure1.8 below The Coq6 amino acid sequence contains three easily recognizable sequence features: the GxGxxG motif in orange, the GxDGxxx motif in blue, and the GDAxH motif in green. These motifs are involved in FAD binding. The mitochondrial signal sequence is highlighted in beige.

	S. cerevisiae			E. coli			Other homologs
	Coq		PDB			PDB	
	protein	Structure	code	Ubi protein	Structure	code	Seq. ID

.1 A summary of experimentally resolved Q biosynthesis protein structures from S. cerevisiae. The functional homologs from E. coli are shown for comparison. When examples from neither model organism are available we list structurally similar proteins determined through a hidden Markov-model based search. Sequence identities are shown with respect to the S. cerevisiae Coq proteins.

TABLE 2 .1: Fundamental

 2 questions of the thesis and the tasks necessary to answer them.

TABLE 3 . 1 :

 31 Top 20 template hits specified with their PDB codes found by Phyre2's hidden Markov model (HMM) ranked by a combination of sequence coverage and sequence identity from the HMM alignment.

	Rank	PDB code	Coverage (%) Sequence ID (%) Function
	1	2DKH	91	18	3-HB monooxygenase
	2	2QA2	93	17	polyketide monooxygenase
	3	4K2X	93	19	polyketide monooxygenase
	4	2QA1	94	18	polyketide monooxygenase
	5	3FMW	93	22	premithramycin B monooxygenase
	6	1PN0	88	20	phenol 2-monooxygenase
	7	2R0G	92	21	7-carboxy-K252c monooxygenase
	8	3IHG	88	16	aklavinone-112 monooxygenase
	9	4N9X	94	29	DDMQ6 monooxygenase
	10	1PHH	93	15	p-hydroxybenzoate hydroxylase
	11	4K22	87	28	Q C5 monooxygenase
	12	4BK2	91	16	3-HB 6-monooxygenase
	13	3E1T	94	12	chondrochloren halogenase
	14	3I3L	88	14	Alkylhalidase
	15	3NIX	93	15	Unknown
	16	1K0I	93	23	p-hydroxybenzoate hydroxylase
	17	2X3N	88	22	alkyl-quinolone monooxygenase
	18	3ALL	87	21	MHPC monooxygenase
	19	2RGJ	86	15	5-methyl PCA monooxygenase
	20	3GMB	86	20	MHPCO monooxygenase

Despite having such low sequence identity, the templates found for Coq6 through sequence based searches are structurally very similar. They all have a PHBH-like global fold centered on the Rossmann fold for binding the FAD which faces a large beta sheet. This is shown graphically in Figure 3.1 below. FIG 3.1: 3D structures of the top 20 template hits specified with their PDB codes found by Phyre2's hidden Markov model.

TABLE 3 .

 3 We can see that 4K22 and 4N9X have the highest mutual geometric similarity, as they are each other's top result. However, both 4K22 and 4N9X have structural details (such as conformational distortions and missing coordinates) which affect their applicability as direct templates for homology modeling of Coq6. Therefore we will review the structure function features present in the top templates. The results of this review will inform our subsequent choices in templates for modeling Coq6. We

	DALI search using				
	4K22 as input				
	Rank Structure	Z-score	RMSD	Sequence ID Function
	1	4K22 5	61.6	0	100	Q biosynthesis monooxygenase
	2	4N9X 6	38.9	1.8	67	Q biosynthesis monooxygenase
	3	2X3N 8	32	2.7	22	alkyl-quinolone monooxygenase
	4	1BF3 9	31.8	3	17	para-hydroxybenzoate hydroxylase
	5	3E1T 10	30.3	3.6	17	chondrocloren halogenase
	DALI search using				
	4N9X as input				
	Rank Structure	Z-score	RMSD	Sequence ID Function
	1	4N9X 6	64.5	0	100	Q biosynthesis monooxygenase
	2	4K22 5	38.9	1.8	67	Q biosynthesis monooxygenase
	3	1DOE 11	28.7	3.2	17	para-hydroxybenzoate hydroxylase
	4	3NIX 12	28.5	3.3	13	putative flavoprotein dehydrogenase
	5	2X3N 8	26.8	3	20	Alkyl-quinolone monooxygenase

2: Top 5 template hits from DALI's structure-based search. Results are ranked by their RMSD Zscores, which indicate the statistical significance of the computed RMSDs. Higher Z-scores indicate closer structural matches.

note the presence of para-hydroxybenzoate hydroxylase, a key reference enzyme of this family. It is represented in the DALI search by PDB structure 1BF3, which is a crystal structure of an R42K-C116S double mutant. We would prefer to use a structure of the wild-type PHBH if necessary in any modeling, represented by PDB structure 1PBE, which has the added value of being co-crystallized with its substrate.

  

hydroxylase (400 residues, full sequence of PDB entry 4K22)

  .3 below. In Coq6 this region contains 167 residues, whereas in the templates from E. carotovora and E. coli it is 119 residues; in PHBH it is 121 residues, and in the alkylquinolone hydroxylase from P. aerguinosa it is 125 residues.

	Coq6 (479 residues)
	MFFSKVMLTRRILVRGLATAKSSAPKLTDVLIVGGGPAGLTLAASIKNSPQLKDLKTTLV
	DMVDLKDKLSDFYNSPPDYFTNRIVSVTPRSIHFLENNAGATLMHDRIQSYDGLYVTDGC
	SKATLDLARDSMLCMIEIINIQASLYNRISQYDSKKDSIDIIDNTKVVNIKHSDPNDPLS
	WPLVTLSNGEVYKTRLLVGADGFNSPTRRFSQIPSRGWMYNAYGVVASMKLEYPPFKLRG
	WQRFLPTGPIAHLPMPENNATLVWSSSERLSRLLLSLPPESFTALINAAFVLEDADMNYY
	YRTLEDGSMDTDKLIEDIKFRTEEIYATLKDESDIDEIYPPRVVSIIDKTRARFPLKLTH
	ADRYCTDRVALVGDAAHTTHPLAGQGLNMGQTDVHGLVYALEKAMERGLDIGSSLSLEPF
	WAERYPSNNVLLGMADKLFKLYHTNFPPVVALRTFGLNLTNKIGPVKNMIIDTLGGNEK
	E. carotovora Q hydroxylase (403 residues, full sequence of PDB entry 4N9X)
	MQSFDVVIAGGGMVGLALACGLQGSGLRIAVLEKQAAEPQTLGKGHALRVSAINAASECL
	LRHIGVWENLVAQRVSPYNDMQVWDKDSFGKISFSGEEFGFSHLGHIIENPVIQQVLWQR
	ASQLSDITLLSPTSLKQVAWGENEAFITLQDDSMLTARLVVGADGAHSWLRQHADIPLTF
	WDYGHHALVANIRTEHPHQSVARQAFHGDGILAFLPLDDPHLCSIVWSLSPEQALVMQSL
	PVEEFNRQVAMAFDMRLGLCELESERQTFPLMGRYARSFAAHRLVLVGDAAHTIHPLAGQ
	GVNLGFMDVAELIAELKRLQTQGKDIGQHLYLRRYERRRKHSAAVMLASMQGFRELFDGD
	NPAKKLLRDVGLVLADKLPGIKPTLVRQAMGLHDLPDWLSAGK
	E. coli Q MQSVDVAIVGGGMVGLAVACGLQGSGLRVAVLEQRVQEPLAANAPPQLRVSAINAASEKL
	LTRLGVWQDILSRRASCYHGMEVWDKDSFGHISFDDQSMGYSHLGHIVENSVIHYALWNK
	AHQSSDITLLAPAELQQVAWGENETFLTLKDGSMLTARLVIGADGANSWLRNKADIPLTF
	WDYQHHALVATIRTEEPHDAVARQVFHGEGILAFLPLSDPHLCSIVWSLSPEEAQRMQQA
	SEDEFNRALNIAFDNRLGLCKVESARQVFPLTGRYARQFASHRLALVGDAAHTIHPLAGQ
	GVNLGFMDAAELIAELKRLHRQGKDIGQYIYLRRYERSRKHSAALMLAGMQGFRDLFSGT
	NPAKKLLRDIGLKLADTLPGVKPQLIRQAMGLNDLPEWLR
	P.

fluorescens pHB hydroxylase (394 residues, full sequence of PDB entry 1PBE)

  

	MKTQVAIIGAGPSGLLLGQLLHKAGIDNVILERQTPDYVLGRIRAGVLEQGMVDLLREAG
	VDRRMARDGLVHEGVEIAFAGQRRRIDLKRLSGGKTVTVYGQTEVTRDLMEAREACGATT
	VYQAAEVRLHDLQGERPYVTFERDGERLRLDCDYIAGCDGFHGISRQSIPAERLKVFERV
	YPFGWLGLLADTPPVSHELIYANHPRGFALCSQRSATRSRYYVQVPLTEKVEDWSDERFW
	TELKARLPAEVAEKLVTGPSLEKSIAPLRSFVVEPMQHGRLFLAGDAAHIVPPTGAKGLN
	LAASDVSTLYRLLLKAYREGRGELLERYSAICLRRIWKAERFSWWMTSVLHRFPDTDAFS
	QRIQQTELEYYLGSEAGLATIAENYVGLPYEEIE
	P. aerguinosa alkykquinolone hydroxylase (full sequence of PDB entry 2X3N)
	MTDNHIDVLINGCGIGGAMLAYLLGRQGHRVVVVEQARRERAINGADLLKPAGIRVVEAA
	GLLAEVTRRGGRVRHELEVYHDGELLRYFNYSSVDARGYFILMPCESLRRLVLEKIDGEA
	TVEMLFETRIEAVQRDERHAIDQVRLNDGRVLRPRVVVGADGIASYVRRRLLDIDVERRP
	YPSPMLVGTFALAPCVAERNRLYVDSQGGLAYFYPIGFDRARLVVSFPREEARELMADTR
	GESLRRRLQRFVGDESAEAIAAVTGTSRFKGIPIGYLNLDRYWADNVAMLGDAIHNVHPI
	TGQGMNLAIEDASALADALDLALRDACALEDALAGYQAERFPVNQAIVSYGHALATSLED
	RQRFAGVFDTALQGSSRTPEALGGERSYQPVRSPAPLG
	FIG 3.3: The top templates, as well as Coq6, all come from the PHBH-like family. The family contains three
	easily recognizable sequence features. In orange, the GxGxxG motif. In blue, the GxDGxxx motif. In green,

the GDAxH motif. The top templates are about 400 residues long, whereas the Coq6 sequence is 479 residues. The segment between the GxDGxxx motif and the GDAxH, highlighted in purple, is the region likely to contain the ~50 extra residues of Coq6. The Coq6 mitochondrial signal sequence is highlighted in beige.

2.

5 Coq6 contains an additional subdomain not present in known structural homologs

  Comparison of the sequences of Coq6 and the various bacterial homologs immediately reveals that the Coq6 sequence in S. cerevisiae is significantly longer: it contains about 80 extra residues. The N-terminus of the sequence contains the mitochondrial localization signal and consists of 17 residues (MFFSKVMLTRRILVRGL), a region absent in the bacterial homolog templates. This leaves about 50 extra residues which have no homologous residues among the bacterial templates.

	The complete primary
	sequence of 4K22 (UbiI) contains 400 residues; 4N9X (a putative Q biosynthesis intermediate) contains
	403 residues; 2X3N (a putative alkyl-quinolone hydroxylase) contains 398; 1PBE (p-hydroxybenzoate
	hydroxylase) contains 394.

TABLE 3 . 3 :

 33 Table of the multi-template homology model coordinate sources for the N-terminal and Cterminal regions of Coq6. Three generations of target-template alignments were made. The first generation alignments were based on Coq6 and 4K22; the second generation was based on Coq6 and2X3N. Generation 1 models are not physically relevant and their dynamics are not presented here. Generation 2 models without the Coq6 insert were used to determine which template combinations gave stable models. Generation 3 models add the Coq6-family insert.

	Coq6 Target sequence	N-ter	C-ter
	Generation 1 Without Insertion	4K22	none
		4K22	4N9X
		4K22	1PBE
	Generation 2 Without Insertion	2X3N	1PBE
		2X3N	4N9X
	Generation 3 Full Length	2X3N	4N9X
		2X3N	I-TASSER
		1PBE	ROBETTA

TABLE 4 . 1 :

 41 VDW radii for selected atoms as represented by the Amber forcefield in molecular dynamics and by AutoDock Vina in molecular docking.

	Atom	Amber VDW radius (Å)	Vina VDW radius (Å)
	C	1.7	2
	N	1.625	1.75
	O	1.5	1.6
	H	1	1

TABLE 5 . 1 :

 51 Human Coq6 mutations documented in the work ofHeeringa 2011, Ozeir 2011, Zhang 2014, and Doimo 2014. The human Coq6 mutations are clinically known to result in a decrease of Coq6 function. Since we would like to develop a molecular understanding of how a number of these mutations affect Coq6 function, we used our alignment between H. sapiens Coq6 and S. cerevisiae Coq6 to identify the homologous residues in our model.

	Human Coq6 mutations	Source	Yeast Coq6 homologs
			mapped in this work
	G255R	Heeringa 2011 1	G248R
	A353D	Heeringa 2011	A361D
	R162X	Heeringa 2011	K155X
	W188X	Heeringa 2011	W181X
	W447X	Heeringa 2011	F455X
	Q461fsX478	Heeringa 2011	M469X
	D208H	Zhang 2014 2	D201H
	Y412C	Doimo 2014 3	F420C
		Ozeir 2011 4	G202V
		Ozeir 2011	G386A
		Ozeir 2011	N388D

We manually aligned the human H. sapiens Coq6 sequence onto the S. cerevisiae Coq6 multiple sequence alignment computed by ConSurf (presented in Annex 2) and the homologous mutations are highlighted in Figure 5.1 below. FIG 5.1: Sequence alignment of H. sapiens Coq6 and S. cerevisiae Coq6. Manually curated in the context of the multiple sequence alignment of Coq6 family members identified by the ConSurf analysis (presented in Annex 2). Point mutations from human clinical literature are highlighted in green; truncation mutations from human clinical literature are highlighted in red; point mutants created only in yeast are highlighted in cyan.

TABLE A5 . 1 :

 A51 Table of the multi-template homology model coordinate sources for the N-terminal and Cterminal regions of Coq6. Here we present the coordinate sources for Generation 2 Coq6 models.

	Coq6 Target sequence	N-ter	C-ter
	Generation 2 Without Insertion	2X3N	1PBE
		2X3N	4N9X

Ozeir, Mohammad, Ulrich Mühlenhoff, Holger Webert, Roland Lill, Marc Fontecave, and Fabien Pierrel. "Coenzyme Q Biosynthesis: Coq6 Is Required for the C5-Hydroxylation Reaction and Substrate Analogs Rescue Coq6 Deficiency." Chemistry & Biology 18, no. 9 (September 23, 2011):

1134-42. doi:10.1016/j.chembiol.2011.07.008. 

Gin, Peter, Adam Y. Hsu, Steven C. Rothman, Tanya Jonassen, Peter T. Lee, Alexander Tzagoloff, and Catherine F. Clarke. "The Saccharomyces Cerevisiae COQ6 Gene Encodes a Mitochondrial Flavin-Dependent Monooxygenase Required for Coenzyme Q Biosynthesis." Journal of Biological Chemistry 278, no. 28 (July 11, 2003): 25308-16. doi:10.1074/jbc.M303234200. 6

Ozeir, Mohammad, Ulrich Mühlenhoff, Holger Webert, Roland Lill, Marc Fontecave, and Fabien Pierrel. "Coenzyme Q Biosynthesis: Coq6 Is Required for the C5-Hydroxylation Reaction and Substrate Analogs Rescue Coq6 Deficiency."Chemistry & Biology 18, no. 9 (September 23, 2011): 1134-42. doi:10.1016/j.chembiol.2011.07.008. 

1T17 22% unkown / Q chaperone COQ11 no no homolog known 2ZKL 21% unknown / Rossmann fold

Top templates: a structural review

In this section we will review the main structural features of the top four templates identified through the structure based search. Figure 4.27A shows the poses resulting from docking to a frame selected for maximum diameter of the re face tunnel 1 (in purple). As can be seen in the figure, this tunnel has a bottleneck (at the site of the residues in orange stick) too small to admit passage of the polyprenyl tail, disallowing even partial occupancy.

can either traverse the tunnel or curl up entirely inside the active site volume. The aromatic head hydroxyl groups consistently form hydrogen bonds with the backbone oxygens of P381 (at a distance of 2.49Å ) and T261 (at a distance of 2.38Å). The hexaprenyl tail forms contacts with the re face tunnel 1 bottleneck residues L382 and P249.

These four residues are highly conserved as computed in the ConSurf MSA as well. Indeed, the residues lining the re face channel are all highly conserved, as shown in Figure 4 The procedure manages to find enzyme conformations where the substrate can traverse the channel, including a docking pose where the substrate's aromatic head is placed in front of the FAD isoalloxazine. This suggests that the L382E mutation can be tolerated by the structure of the enzyme, and partially preserves the integrity of the substrate access channel. As can be seen from 

A B

C

Chapter 6 Research perspectives

Conclusion of the current work

The goal of molecular modeling of Coq6 has been to establish a structure-function characterization of the enzyme-cofactor-substrate system. The structural characterization has sought to answer three questions:

 What is the atomic resolution structure of Coq6?  How does Coq6 bind its cofactor?  How does Coq6 bind its substrate?

We have answered these three questions through the creation of a homology model of Coq6 and the characterization of the enzyme structure through a strategy of molecular dynamics, evolutionary residue conservation calculation, accessible volume detection, and docking of a rationally selected substrate model.

Homology modeling of the Coq6 sequence was non-trivial due to the low sequence identity between Coq6 and any of its templates, and further complicated by the conformational variety among the templates, and missing coordinates for major regions of some templates. These regions are functionally important, such as the FAD binding GDAxH loop (likely to be mal-formed in PDB structures 4K22 and 4N9X), and the substrate binding C-terminus (coordinates absent in 4K22 and 2X3N PDB structures). We addressed this through the creation of a panel of several homology models exploring several template combinations (using both a knowledge-based approach as well as the automated homology modeling servers I-TASSER and ROBETTA). We then tested their physical plausibility through molecular dynamics, leaving us with three stable models: one each from I-TASSER and ROBETTA, as well as a knowledgebased construction.

A realistic enzyme model should recapitulate molecular structure features important for enzymatic function. In the case of Coq6 it is easy to recognize the binding site for the enzyme's essential cofactor (FAD) as it is a fundamental feature of the enzyme's global fold. However, the binding site for the substrate is harder to recognize, and there are no experimentally solved structures of Q biosynthesis hydroxylases bound to substrates. Despite this, we have one key piece of information regarding the region of the protein likely to bind the substrate: the location of the FAD isoalloxazine moiety, which bears the reactive peroxo group necessary for catalysis. This is a position buried near the center of the protein structure, about 14Å away from the protein's exterior surface. In a well characterized enzyme of this general family (Class A flavoproteins), para-hydroxybenzoate hydroxylase (PHBH), it is known that a small aromatic substrate enters the buried active site through a channel which closes after substrate binding. This structural feature isolates the active site from the solvent, which is essential for catalysis in this family of enzymes. A functional Coq6 enzyme should also have a path for substrate access to the active site. However, the Coq6 substrates proposed in the literature are all hexaprenylated benzoquinones, with the covalently linked hexaprenyl tail accounting for most of the extended length of the chain (38.4Å) -a length longer than the burial depth (14 Å) of the active site. This strongly suggests that there must be a passage which allows the substrate, including at least part of its polyprenyl chain, to traverse from the exterior of the protein to the buried active site.

Protein-membrane interactions

Molecular simulation also makes it possible to explore interactions between proteins and membranes. While the mature Coq6 enzyme does not contain obvious membrane association domains, it may interact with the membrane in the context of the in vivo protein complex. Again, setting up this type of simulation is likely to require experimentally derived identification of residues likely to interact with the membrane, as there are many possible relative orientations between protein and membrane.

A phylogenetic study of the evolution of the Coq6-family insert

The application of molecular modeling to the Coq6 system has been largely focused on enzymesubstrate interactions, but there are other research avenues to explore. A major distinguishing feature of the Coq6 family of enzymes is the presence of the large insert region which has no experimentally solved structural homolog.

The insert region is of intrinsic structural interest because it is clearly not required for catalysis in the homologous bacterial enzymes we used as templates. Our work has suggested that the insert likely evolved from the elaboration of an existing element of secondary structure, an alpha helix on the outer surface of the beta sheet domain. A multiple sequence alignment of the Coq6 family enzymes shows that the insert is highly variable in composition and length. The ConSurf method, which was used to compute the MSA, also produces a phylogenetic tree which could be used in such a study.

We can envisage a more systematic study of the structure of the insert in the context of the Coq6 proteins by making and testing homology models for representative Coq6 sequences. Just as we did for S. cerevisiae Coq6, secondary structure prediction can be used to generate secondary structure assignments for the insert during the model building process, and molecular dynamics can be used to assess their structural stability. Performing this systematically on a selection of Coq6 family proteins can help us learn about the evolution of this structure.

Modeling of C-terminal truncation mutants: a role in the deamination of 3-hexaprenyl-4aminobenzoate?

The C-terminus of the Coq6 protein has been shown to be important for deamination of C4-aminated substrates, but not for the C5 hydroxylation of C4-hydroylated substrates. Substrate docking results into the full length wild type Coq6 from S. cerevisiae indicate that the polyprenyl tail can play a role in the shielding of the active site from bulk solvent, particularly in the structural context of the CoQ synthome. There is also experimental evidence for interaction with Coq9 through the Coq6 C-terminus. 4 This suggests that contact with Coq9 may help seal the active site as well. Nonetheless, it would be interesting to see how truncation of the 11 C-terminal residues affects the isolated protein structure.

Molecular dynamics over longer timescales

The molecular dynamics simulations used in this project were 20 ns long. This was long enough to observe structural stabilization of some models, and long enough to allow sufficient conformational sampling of the models' tunnel systems. In our particular case, the best homology model indicated that the putative substrate access tunnel's transition between open and closed is mainly a function of sidechain motion, not requiring larger scale motions of secondary or super-secondary structural elements. However, it would still be of interest to run longer simulations in order to investigate motions that may be implicated in function.

Annex 3

Template study: Accessible volumes of the 2X3N structure

Introduction

The 2X3N PDB entry is the structure of the PqsL enzyme from Pseudomonas aerguinosa. The PqsL enzyme is from the 4-quinolone biosynthesis pathway in this organism. 1 2 Quinolones are used as signaling molecules in this organism and many other bacteria.