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ABSTRACT 

 

Biomolecules, particularly proteins, are increasingly taking center stage as an area of 

research in myriad industries and disciplines. Deepening our understanding of how 

protein structure affects function will impact our approaches to modern medicine, 

environmental treatment, and chemical production. In the first part of this work, primary 

sequence similarity was used to classify all available thioesterases into families whose 

similarities were confirmed by sequence alignment and structure superimposition. Thirty-

five thioesterase families were identified, analyzed, and made available in the updated 

thioester-active enzyme (ThYme) database. In the second part of this work, a method was 

developed to determine spatially correlated residues between two protein structures 

without formal structural superimposition. This method was used to determine the 

mutation space of four sets of protein structures by correlating residues that occupy the 

same spatial position within their structures. A target structure was selected from each set 

to serve as a comparison point, and a scoring system was developed to quantify, for each 

residue in the target protein, the mutations in that spatial position. Results demonstrate 

that residues located on the exterior of a protein tend to have a greater diversity of 

composition than those located on interior surfaces, and that this contrast seems uniform 

across different secondary structures.  
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CHAPTER 1 

 

Introduction 

Proteins were identified to be polypeptides by Emil Fischer and Franz Hofmeister in 

1902, and the first crystal structures were determined by Max Perutz and John Cowdery 

in 1958. Since then, there has been a nearly exponential growth in the number of known 

protein sequences and resolved protein structures, allowing us to glean some 

understanding of their inner workings. Knowledge of protein structure has allowed 

researchers to improve the stability and effectiveness of insulin,1 design custom hyper-

stable central immune cytokine mimics that support development of therapeutic 

candidates, and improve production of various industrial products.2 Amino acid 

sequences have a large three-dimensional conformational space, yet each protein 

converges on a specific structure that defines its function. Further, protein structures are 

dynamic and can undergo conformational changes as reactions occur or solvent 

conditions shift.  

 Thioesterases catalyze the hydrolysis of thioester bonds and are present in many 

biochemical pathways including polyketide synthesis, lipid metabolism, and non-

ribosomal peptide synthesis. Thioesterases commonly act on acyl-acyl carrier protein 

(acyl-ACP) or acyl-coenzyme A (acyl-CoA) substrates and their substrate specificity 

plays an essential role in determining the composition of fatty acids produced by fatty 

acid synthases. These roles can be medically important, affecting obesity, diabetes, and 

nonalcoholic liver disease.3 Fatty acid metabolism is also relevant to the production of 

fatty acids from renewable feedstocks, where modification of thioesterases or their 
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expression can generate higher fatty acid yields.4 Enzymes with many different structural 

folds and structures can catalyze thioesterase activity.5  

 Catalytic residues and mechanisms of thioester hydrolysis are different according 

to the structural fold of the thioesterase enzyme, and can even be vary within some 

structural folds. Thioesterases with the α/β-hydrolase fold have conserved catalytic 

residues resulting in a consistent mechanism where the nucleophile forms a substrate 

intermediate after donating a proton to the histidine which is stabilized by a nucleophile.6 

However, HotDog fold enzymes lacks conserved catalytic residues and a defined non-

solvated binding pocket,7 resulting in a variety of potential mechanisms. 

Given that the number of known thioesterase primary sequences is rising to >105, 

an exhaustive study of enzymes is impractical, so it is important to develop methods to 

predict their structure, function, and mechanisms. The relationship between primary and 

tertiary structure is known to produce accurate predictions of tertiary structure from 

protein sequence, and prediction of catalytic residues through direct structural 

comparison is reliable. Application of these principles is essential to understand and 

predict enzymatic function when literature is unavailable, therefore the thioesterase 

enzymes were predicted into families according to the primary structure. Chapter 3 

presents the updated thioesterase families in the thioester active enzyme (ThYme) 

database. The ThYme database contains all available sequences and structures of 

enzymes that hydrolyze thioester-containing substrates and groups them into 35 families 

based on the similarity of their primary structure, as a high degree of primary structure 

similarity also gives a high degree of tertiary structure similarity. The structural similarity 

of these families is confirmed, and catalytic residue predictions are made. The families 
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are available in the ThYme database, which allows users to make detailed searches and 

download data for local use.  

 Effective protein engineering does not necessarily require knowledge of protein 

structure; directed evolution does not require knowledge of protein sequence or structure 

and is an option when high-throughput screening is available, though this can be cost and 

time intensive. Rational and semi-rational design, where mutations are selected through 

knowledge of protein structure and sequence, can be more cost and time efficient.2 The 

efficiency of these approaches is directly affected by the quantity and quality of 

information available; increasing our understanding of protein structure directly benefits 

effective protein design. Despite an abundance of tools available to align protein 

sequences and methods for protein structural superimposition, an approach that performs 

a spatial alignment to identify residues in different protein structures that spatially 

correspond is lacking. Sequence alignments do not take into account three dimensional 

structures, and protein superimposition approaches focus on superimposing the structures 

as nearly as possible, generally prioritizing the alignment of secondary structures. Here, 

we compare proteins by examining the relative positions of amino acids in three-

dimensional space within a protein structure to quantify the mutation space of an amino 

acid residue. Therefore, the Mutation Space Structural Comparison method, in which the 

relative positions of amino acids in three-dimensional space within a protein structure are 

analyzed to quantify the mutation space of an amino acid residue, was developed and is 

presented in Chapter 4. This tool takes a set of protein structures with a selected target 

structure as an input. Each residue in the target structure is scored with respect to the 

position and composition of residues from the other proteins in the set. This results in a 
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heat map of the target structure that differentiates residues by their degree of spatial and 

compositional conservation with respect to the set. 
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CHAPTER 2 

 

Methods Overview 

This work relies on access to reliable protein sequences and structures. To update the 

thioesterase (TE) families in the ThYme database, it was necessary to identify all known 

thioesterases that have been experimentally confirmed as having thioesterase function; 

these were obtained from Uniprot,1 where reviewed entries (SWISS-PROT) of protein 

sequences are denoted to have “Evidence at Protein Level”. The SWISS-PROT database 

is well curated and annotated, is designed to have a minimum level of redundancy, and 

was built to integrate thoroughly with other databases, providing users with a dependable 

source of information. All known thioesterase sequences that have been experimentally 

verified were obtained from SWISS-PROT and were grouped into possible families using 

the basic local alignment search tool (BLAST).2  

 BLAST is a highly efficient sequence comparison tool that finds regions of local 

similarity between a target sequence and all sequences present in the database that the 

user searches against. Highly similar sequences to the target are assigned high bit-scores 

and low expectation values. The expectation value, or E-value, given to a sequence 

represents the likelihood that a user will find a hit with that score by chance in searching 

a database of a similar size. Each TE family in the ThYme database is based on a 

representative protein sequence that has been experimentally confirmed to have 

thioesterase function, and the members of each family are identified based on the results 

of a BLAST search, with the representative sequence as the query searching in the NCBI 

GenBank nr peptide sequence database3 using the protein-protein algorithm. BLAST 
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searches were performed with a downloaded version of BLAST-2.9.0-2 against the 

GenBank nr database. The Max Target Sequences parameter was maximized, the E-value 

cutoff was set to 1x10-7, and other parameters were left on default settings. An E-value of 

1x10-7 was used due to the significant increase in the number of sequences in the nr 

database, which includes all known protein sequences. 

 The BLAST results of each of the experimentally characterized thioesterases from 

SWISS-PROT were compared to each other to identify an initial set of possible families 

and their representative sequences. A manual review was done to exclude sequences that 

lacked experimentally confirmed thioesterase activity or included improper structural 

models. From ~200 experimentally characterized TE sequences a minimal set of 

representative sequences was selected that resulted in possible TE families, which should 

have minimal overlap. An optimal set of representative sequences is the smallest subset 

of sequences that contain all other experimentally characterized sequences in their 

collective BLAST results. A random sampling method was applied, due to the high 

number of permutations in a set this size, to identify the optimal representative 

sequences; ~50 sequences were selected to represent possible families. A representative 

sequence was chosen at random and that sequence and any sequences remaining in the set 

that were present in its BLAST result were removed from the set. Families were selected 

in this manner until no sequences remained in the set, and the representative sequences 

were recorded. This process was repeated approximately 10,000 times, and the most 

optimal results were found to contain ~50 families. Thirty-five TE families were 

identified and assessed for redundancy, completeness, and structural similarity, and are 

described in Chapter 3. 
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The Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data 

Bank (PDB)4 has been instrumental in the completion of this work thanks to their 

expansive and well annotated library of resolved protein structures, mostly from 

crystallography. PDB structures were used to confirm the TE families identified in the 

ThYme database (Chapter 3), as well as for developing the quantification of mutation 

space (Chapter 4). 

To confirm structural similarity in TE families, all available PDB structures 

within each family were downloaded and superimposed using MultiProt, a highly 

efficient multiple structural alignment tool that can reliably superimpose a large numbers 

of protein structures.5 Multiprot was used with OnlyRefMol set to 1, scoring set to 2, and 

all other parameters left on default settings. The output of this program provided 

modified PDB files for each structure, with their cartesian coordinates appropriately 

translated and rotated to be superimposed with the reference molecule. 

The structural similarity within each family was quantified with the root mean 

square distance (RMSD) between each known PDB structure in a family and the 

reference structure of that family. For these calculations, the distances between 

corresponding α-carbon atoms for two superimposed structures were calculated. The 

average distance between adjacent α-carbon atoms in the reference structure was used as 

a cutoff distance, the maximum distance that could separate corresponding α-carbon 

atoms between the two structures while still considering them to be correlated. If the 

distance between these was greater than the cutoff, then they were not spatially 

correlated. The ratio of successfully correlated residues to the total number of reference 

structure residues was calculated as P for that comparison. This comparison was 
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completed for each family, each time comparing the representative structure to all 

available PDB structures found in that family. For each family, the RMSD and P for each 

of these comparisons was calculated as RMSDave and Pave and serve as quantification and 

confirmation of the structural similarity within these protein families.  

 A method of structural comparison was developed to study the diversity of amino 

acid residues that reside in the same relative spatial position in a set of structures. Four 

protein families were studied in this way, two thioesterase families, a glycoside hydrolase 

family, and a ketoacyl synthase family. For each family, a target three-dimensional 

structure was selected, and all other known tertiary structures from that family were the 

subject structures. The positions of the α-carbon atoms were extracted from the available 

PDB structures and used to represent the location of each residue. For each family, the 

sequences of the proteins that have resolved three-dimensional structures underwent a 

multiple sequence alignment using the MUSCLE.6 The sequence-conserved residues 

indicated by MUSCLE were identified for each structure. For each structure, the cartesian 

coordinates of these sequence-conserved residues were averaged and used as a center of 

mass reference point for that structure. The two sequence-conserved residues that were 

separated by the greatest spatial distance were selected as two other reference points, with 

care taken to select the same two residues for all structures in the set. Each molecule in 

the set was then rotated about its central reference point in a consistent manner with 

respect to the two other selected reference points such that all molecules in the set were 

oriented in nearly the same direction, regardless of their original location and orientation 

in cartesian space. Following this, the position of each residue in each protein structure 

was redefined from cartesian coordinates to a set of three vectors: one from the sequence-
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conserved center of mass to that residue, and one from each of the two selected reference 

points to that residue. This conversion is crucial for our intended method of study: by 

redirecting the structures in a consistent manner and defining each point as vectors in 

relation to common reference points, we can compare the spatial positions of residues by 

similarity of their vector fields, without requiring structural superimposition. This allows 

us to study the space that amino acids in proteins inhabit and the shape of the structure in 

a manner that sequence alignment does not directly offer.  

 A measure of how many different amino acid residues in a target structure can be 

found in a spatial site is quantified by the mutation space of spatially conserved residues 

(MSSC) score, defined by a formula of our design. The MSSC score utilizes Grantham’s 

distance to compare the physicochemical properties (composition, polarity, and 

molecular volume) of corresponding amino acid residues.7 A low Grantham’s distance 

indicates a greater degree of physicochemical similarity, and a high Grantham’s distance 

indicates a lower degree of similarity between those two amino acids. The MSSC formula 

also considers the number of residues that occupy the same spatial location to each target 

residue, and the number of unique, non-identical amino acids that were correlated to each 

target residue. The MSSC score quantifies the mutation space of each residue in the 

target structure based on the overall similarity of residues from structures in the 

comparison set that were located in the same spatial position as that target residue. These 

scores were used to create a normalized heat-map for each target structure, visualizing 

which residue positions had the most and least consistent composition with respect to the 

set of comparison structures. 
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Data analysis, when not specifically done using external software, was completed 

using custom scripts that were written primarily in python 3.8. Few external libraries 

were necessary for our analyses; standard libraries like os and regex were used for their 

expected functions, and numpy was used for non-trivial mathematical functions. 
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CHAPTER 3 

 

Thioesterase enzyme families: functions, structures, and mechanisms 

Benjamin T. Caswell, Caio C. de Carvalho, Hung Nguyen, Monikrishna Roy, Tin 

Nguyen, David C. Cantu  

 

Modified from a manuscript that was published in Protein Science with the same title and 

authors 

 

3.1. Introduction 

Thioesterases (TEs) hydrolyze thioester bonds and catalyze reactions in many different 

pathways such as fatty acid synthesis, polyketide synthesis, and non-ribosomal peptide 

synthesis. TEs are enzymes used in the biological production of tailored fatty acids and 

other medically relevant compounds such as macrolide antibiotics.1–4 TEs catalyze the 

hydrolysis of a wide variety of thioesters; for example acyl-coenzyme A (CoA) 

hydrolysis occurs in the biological production of 3-hydroxybutyrate,5 in fatty acid b-

oxidation,6,7 in vitamin K biosynthesis,8 and in 4-chlorobenzoate dehalogenation,9 among 

multiple pathways. TEs are also medically important, for example protein palmitoylation 

plays a role in malaria pathogenesis,10 and acyl-CoA thioesterases are involved with fatty 

acid metabolism that affects obesity, diabetes, and nonalcoholic fatty liver disease in 

humans.11  

Classifying enzymes by primary structure (amino acid sequence) into families allows 

to predict the tertiary structure of all enzymes in a family as well as to identify catalytic 
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residues and mechanisms. In 2010 the TE enzymes were classified into twenty-three 

families,12 and placed in the publicly available ThYme (Thioester-active enzYmes) 

database.13 This is particularly useful since known protein sequences vastly outnumber 

enzymes whose function has been experimentally characterized or whose structure has 

been experimentally determined.  

Enzyme family classification allows to infer the structure and function of an 

uncharacterized sequence in an organism of interest, based on a single enzyme with a 

known function and structure in a family. For example, structural knowledge of bacterial 

enzymes in thioesterase family 14 (TE14) led to understanding substrate-protein 

interactions in algal thioesterases,14 as well as to structure prediction and analysis of plant 

sequences in the same family.15 Further, structural predictions and analysis of plant 

sequences in TE14, combined with site-directed mutagenesis, resulted in identifying the 

catalytic residues of the C. viscosissima acyl-ACP TE, relevant for the biological 

production of tailored fatty acids.16 More recently, knowledge of enzyme sequences and 

their substrate specificity was used to predict function from structure, as recently done 

with acyl-ACP TEs.17  

Since we first classified the TEs into families, the number of known protein 

sequences has increased by about three orders of magnitude, and more thioesterases have 

been experimentally characterized. New thioesterase substrate specificities have been 

determined: as examples, i) in TE4, a preference toward short chain fatty acids was 

observed in acyl-CoA thioesterases;18  ii) RpaL, a TesB-like TE4 enzyme from R. 

palustris, was found to be active on aromatic and long and short aliphatic molecules 

bound to CoA;19 iii) in TE6, YciA enzymes from M. extorquens were shown to be 



	 15 

hydrolyze ethylmalonyl–CoA for dicarboxylic acid production;20 and , iv) aryl-CoA 

substrate specificity was observed for enzymes in TE13.21 

More thioesterases have been identified since we first classified TEs into families, 

some which form part of existing families. As examples, i) guanosine diphosphate 

regulation thioesterases from N. meningitidis appear in TE6;22 ii) acyl-lipid thioesterase 

(ALT) from A. thaliana in TE9;23 iii) methylketone synthases,24 which were originally 

characterized from tomato prior to the ThYme database, have also been found in S. 

melongena and G. max and form part of TE9;25,26 iv) S. oneidensis YbgC, which was 

found to primarily hydrolyze short chain acyl-CoA thioesters, also forms part of TE9;27 

v) BorB, required for borrelidin biosynthesis, is a member of TE18;28 and vi) the I. 

galbana thioesterase/carboxylesterase (IgTeCe) is in TE21.29 

Structural knowledge about how enzymes perform thioester hydrolysis has increased; 

an insightful, recent review describes thioesterase structures, with a particularly useful 

and clear connection of catalytic residues with enzyme topology.30 Since we first 

classified TEs into families, new thioesterase structures have been resolved, as examples: 

i) in TE4 the TesB enzyme in Y. pestis was crystallized;31 as were ii) the TesB enzymes 

in mycobacteria;32 iii) in TE6 the human ACOT12 enzyme structure was obtained;33 iv) 

in TE11 the tertiary structure of the thioesterase involved with azinomycin biosynthesis 

was determined;34 and v) in TE12, the Synechocystis 1,4-dihydroxy-2-naphthoyl-CoA 

thioesterase was crystallized.35 

Given the increase in known sequences, structures, and experimental characterization, 

TE families were updated. In this work, we report thirty-five TE families: their functions 

and mechanisms described, their structures analyzed, catalytic residues predicted, as well 
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as showing the phylogenetic analysis of TE enzymes with the main structural folds. The 

updated TE families are available in the new, updated ThYme database 

(http://thyme.engr.unr.edu). 

 

3.2. Results and discussion 

Based on sequence similarity, following the approach described in the Methods section, 

we identified thirty-five thioesterase families almost completely unrelated by primary 

structure. In the following sections we discuss their functions (3.2.1) and tertiary 

structures and catalytic residues (3.2.2). All the TE families are based on experimentally 

characterized enzymes, and most include tertiary structures from crystallization. 

 

3.2.1. Thioesterase families and their functions 

Enzymes in families TE1 to TE13, TE24 to TE26, TE28, TE31 to TE35 hydrolyze 

substrates with various functionalities bound by a thioester to CoA. Those in TE14 to 

TE19, and TE30 add a water to break the thioester bonds between acyl groups and an 

acyl carrier protein (ACP). The enzymes in TE20, TE21, TE27, and TE29 cleave the 

bonds between acyl groups and other proteins. Members of TE22 and TE23 break bonds 

between acyl groups and glutathione and its derivatives. The thioester-carrying moiety in 

CoA and ACP is a pantetheine residue, while glutathione itself carries the sulfur moiety, 

and in non-ACP proteins the sulfur-carrying moiety is built up mainly from a cysteine 

residue. 

For most TE families, the main function of their enzymes is thioester hydrolysis; 

however, TE is not the main activity for TE33 – TE35. All the reported TE families have 
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at least one member that has been experimentally confirmed to have thioesterase 

function, however some families have members that catalyze other reactions besides TE. 

Some TE families include enzymes that are the TE domains of larger, multimodular 

proteins such as fatty acid synthases (FASs), polyketide synthases (PKSs), or non-

ribosomal peptide synthases (NRPs). FASs, PKSs, and NRPs are large enzymes with 

multiple domains each having different functions. Only the TE domains were used to 

identify TE family members. 

The functions of enzymes in families TE1 – TE23 are described in detail in our 

previous work12, and those of families TE24 – TE35 are described here. Table 3.1 

includes common names and genes, their overall function, known substrate specificities, 

and references for all TE families. 

Enzymes in family TE24, assigned to EC 3.1.2.2, are able to hydrolyze fatty acyl-

CoA molecules with varying chain lengths (C4-C18), but they usually show a preference 

for long chain fatty acyl groups.36 TE24 members from M. tuberculosis are involved in 

the synthesis of mycolic acids, which are used by the organism to form a protective layer 

around pathogens.37 

Members of TE25, which include EC 3.1.2.29 among others, are able to breakdown 

fluoroacetyl-CoA, suggesting a key metabolic step in the resistance mechanism of S. 

cattley to fluoroacetate, a well know toxic substance produced by plants as a 

biodefense.38,39 

Family TE26 includes structures ybfF enzymes that hydrolyze palmitoyl-CoA and 

malonyl-CoA.40 TE26 also includes alcohol acetyl transferases which could produce 

industrially relevant esters. The yeast W. anomalus showed alcohol acetyltransferase 
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activity with ethanol and acetyl-CoA, releasing free CoA under high acetyl-CoA 

concentration. Although thioester hydrolysis is not the main function of the alcohol 

acetyltransferases in TE26, free CoA in absence of ethanol was also reported, confirming 

thioesterase activity by acetyl-CoA hydrolysis.41 

Enzymes in TE27 (EC 3.1.2.22), described as mitochondrial palmitoyl-protein 

thioesterases, present in mammals, include the a/b hydrolases 10 (ABHD10) enzymes. 

ABHD10 enzymes are related with S-palmytoilation, a reversible lipid post-translational 

modification.42 

Enzymes in TE28 include mpaH, responsible for making mycophenolic acid from 

mycophenolyl-CoA, a natural antibiotic produced in the P. brevicompactum peroxisome. 

These enzymes have a C-terminal cyclase/thioesterase domain that catalyzes the 

cyclization and release of the polyketide.43,44 

Family TE29 (EC 3.1.2.22) includes acyl-protein thioesterases (APTs). APT enzymes 

are known to remove palmitate from cytosolic cysteine residues, such as S-hexadecanoyl-

L-cysteinyl, in the Golgi complex of H. sapiens.45 

Enzymes in TE30 (EC 3.1.2.-) are known to be involved in the biosynthesis of 

citrinin, a mycotoxin, in Penicillium and Monascus species. Multi-domain polyketide 

synthases (PKSs) are associated in citrinin biosynthesis. Type I and type VII PKS 

enzymes have a TE domain (CitA) involved in hydrolysis of thioester bond tethered with 

an acyl carrier protein (ACP), releasing a free ACP and an aldehyde.46 

Family TE31 (EC 3.1.2.2) has thioesterases that break down long-chain acyl-CoA 

molecules, releasing acyl chains used for reacylation of precursors of cardiolipin, a 

mitochondrial phospholipid found in H. sapiens and other mammalians.47 
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Among enzymes from TE32 (EC 3.1.2.32), those from P. aeruginosa can hydrolyze 

2-aminobenzoylacetyl-CoA to form 2-aminobenzoylacetate and CoA, a reaction in the 

signaling system for the expression of virulence genes that affect the cell density.48,49  

TE33 (EC 2.3.1.84 and EC 3.1.2.20) includes alcohol acetyltransferase (AATase) 

enzymes, also known as alcohol-O-acyltransferase, that in S. cerevisiae hydrolyze 

thioesters, but whose main function is not thioesterase activity. These enzymes promote 

the esterification of isoamyl alcohol by acetyl-CoA. TE33 members, which prefer long- 

and straight-chain alcohol substrates over those with short and branched-chains, transfer 

the acyl group from an acyl-CoA donor to an acceptor alcohol, releasing acyl esters that 

can be applied in the food and beverage industry as flavoring agents. Some acetate ester 

products are: ethyl acetate, isoamyl acetate, isobutyl acetate, butyl acetate, hexyl acetate, 

heptyl acetate and octyl acetate.50,51 

Family TE34 includes citramalyl-CoA lyase (EC 2.3.3.9 or EC 3.1.2.30), a human 

mitochondrial enzyme involved in vitamin B12 metabolism that is expressed from 

polymorphic human genes known as CLYBL, which turns malyl-CoA into malate and 

free coenzyme A.52 Also present in TE34 are malyl-CoA lyase enzymes, which are 

structurally similar to CitE enzymes,53  were described as a multifunctional enzyme that 

plays a role in autotrophic CO2 fixation by C. aurantiacus. These enzymes catalyze steps 

to generate (S)-malyl-CoA and b-methylmalyl-CoA in the 3-hydroxipropionate pathway.  

Family TE35 (EC 3.1.1.4 and EC 3.1.2.2) includes enzymes encoded by the PLA2G6 

human gene. Also known as VIA calcium-independent phospholipase A2 (iPLA2b), they 

perform SN-2 acyl chain hydrolysis, producing free fatty acids and lysophospholipids. 

Also, although not their main function, these enzymes can hydrolyze the thioester bonds 
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from saturated long-chain fatty acyl-CoAs.54,55 

Other enzymes that have thioesterase function, but were not classified into a family, 

include human mitochondrial 3-ketoacyl-CoA thiolases that are active on short, medium, 

or long-chain substrates to release free CoA, with the fastest rate being attributed to 

butyryl-CoA.56 The main function of thiolases is a condensation of acyl groups, and not 

thioesterase. Ubiquitin carboxyl-terminal hydrolases57 were not classified into TE 

families because peptidase activity is their main function, and they can be found in the 

MEROPS database.58 

 

3.2.2. Thioesterase families and their structures, catalytic residues, and mechanisms 

The tertiary structures in each TE family were superimposed to confirm structural 

similarity. Each family that underwent this analysis exhibits members very highly similar 

in tertiary structure; their cores are nearly identical and their overall resemblance is high. 

This structural similarity is shown by RMSDave values of <1.4 Å and Pave values of >77% 

in all families (see Methods section for definitions). Table 3.2 reports the structural fold 

of the enzymes in each family, as well as the RMSDave and Pave values for families with 

more than two known tertiary structures. Table 3.3 describes the catalytic residues, and 

their corresponding literature, of the structures in each TE family. We predicted catalytic 

residues from tertiary structure superimposition as those which spatially correspond with 

known catalytic residues in superimposed structures, also reported in Table 3.3. Figures 

3.1 and 3.2 show how catalytic residues were predicted, based on structure 

superimposition and spatial correspondence, for TEs with HotDog fold (TE25) and an 

a/b-Hydrolase fold (TE20), respectively. Enzymes in TE23 and TE32 have available 
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tertiary structures, however their catalytic residues have not been proposed, and therefore 

predictions based on structural superimpositions were not done. Other families do not 

have any known tertiary structures: TE7, TE28, TE29, TE30, and TE33. Predicting 

catalytic residues was not necessary for TE13, TE14, TE17, TE18, TE19, TE24, TE26, 

and TE31 as every structure in these families has published literature indicating the 

catalytic residues, see Table 3.3. Within each of these families the catalytic residues are 

suitably conserved between structures, with the exception of TE19 and TE26, which each 

only have single known structures. 

 

 

 

Figure 3.1: The catalytic residues of a HotDog fold enzyme in TE25 from T. 
thermophilus (cyan) were predicted based on known residues from another TE25 enzyme 
from S. cattleya (orange). 
 

 

S. cattleya His76 T. Thermophilus His70

S. cattleya Glu50 T. Thermophilus Glu44

S. cattleya Thr42

T. Thermophilus Thr36
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Figure 3.2: The catalytic residues of an a/b-Hydrolase fold enzyme in TE20 from H. 
sapiens (cyan) were predicted based on known residues from another TE20 enzyme from 
B. taurus (orange). 
 

 

3.2.2.1. HotDog catalytic residues and mechanisms 

Families with HotDog59,60 fold structures (TE4 - TE15, TE24, TE25, TE31) have highly 

similar tertiary structures, indicated by the consistently low RMSDave and high Pave 

values. 

HotDog-fold enzymes lack defined non-solvated binding pockets and conserved catalytic 

residues,61 thus a variety of catalytic residues and mechanisms exist. 

In TE4, M. marinum TesB2 (3U0A) catalytic residues were predicted to be Asp194–

Ser216–Gln266, based on comparison to an E. coli thioesterase II enzyme (1C8U) in 

which Asp204–Gln278–Thr228 orient a water molecule for nucleophilic attack on the 

substrate.62. This is consistent with the catalytic residues found in Y. pestis TesB (4QFW, 

4R4U); a structure that presents an octameric quaternary structure, unique among 

HotDog families.31 A S. cerevisiae thioesterase I structure (1TBU) contains only residues 

H. sapiens Asp233 B. taurus Asp233

H. sapiens Ser115 B. taurus Ser115

H. sapiens His289

B. taurus His289
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from the N-terminal domain that does not include the residues that could be compared to 

the catalytic triad. Catalytic residues for the remaining family members, were predicted, 

see Table 3.3. Of note in these predictions are M. avium MAV2540 (3RD7) and 

MAP1729c (4R9Z); these inactive TesB enzymes contain a mutation in which the highly 

conserved Asp residue is substituted for an Ala residue. Within TesB thioesterases, this 

mutation appears to be unique to Mycobacterium species.32 

In TE6, M. musculus Acot7 N-terminal domain (2V1O) and C-terminal domain 

(2Q2B) catalytic residues are reported as Asn24 and Asp213 respectively.63 The 

structures for human Acot12 (3B7K, 4MOB, 4MOC) and M. musculus Acot7 (4ZV3, 

6VFY) contain both N and C-terminal domains. Our alignment placed both 2V1O and 

2Q2B over the C-terminal of these structures confirm catalytic residues in the C-terminal 

domain. Using this molecular symmetry, the N-terminal catalytic residues were predicted 

as well. This follows with literature which indicates that these structures form a 

functioning active site when joined as a dimer.33 A study on N. meningitidis thioesterase 

12 (5SZU) supported these findings, pointing to a covalent disulfide bond dimer linkage 

that is requisite for enzymatic activity.22 The Asn-Asp catalytic motif is highly consistent 

in this family, recently supported by findings on a B. cereus thioesterase (7CZ3).64 

Unique among the family is a S. aureus thioesterase (4NCP) that also relies on a Thr 

residue for catalysis.65 Also in TE6, YciA structures have and aspartic acid catalytic 

residues in the same structural position as those in C. jejuni Cj0915 (3D6L) and H. 

influenzae Rd KW20 HI0827 (1YLI, 3BJK).66,67 

Although TE7 has no known crystal structures, sequence analysis with other acyl-

CoA thioesterase (ACOT) enzyme suggests that Asp120 and Asn305 are catalytic 
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residues in the mouse ACOT9 enzyme.68 

It was proposed for TE8 enzymes, based on the crystal structure of a human Them2 

enzyme, that Gly57 and Asn50 bind and polarize the thioester carbonyl group while 

Asp65 and Ser85 orient and activate the water nucleophile.69,70 It was later proposed, 

based on mixed quantum mechanics / molecular mechanics simulations of the same 

human enzyme, that a His-Ser pair acts as the acid proton donor in a concerted 

mechanism where the Asp residue activates the water molecule.71 Based on 

superimposition with the crystal structure of the human Them2, the structures for M. 

musculus Acot13 (2CY9) and D. renio Acot13 (4ORD) are predicted to have the same 

Asn50, His56, Gly57, Asp65 catalytic structure.69 The position of these catalytic residues 

seem to be extremely highly conserved in this family; the position of the catalytic 

residues in 2CY9 and 2F0X are exactly the same and are only shifted by one position in 

4ORD (e.g. Asp65 to Asp66). 

In TE9, an E. coli enzyme (1S5U) is predicted to have catalytic residues Tyr14–

Asp18–His25, based on a strong spatial correlation with the catalytic structure (Tyr7–

Asp11–His18) of an H. pylori enzyme (2PZH) in the superimposed structures.72 

It was proposed for TE10 4-hydroxybenzoyl-CoA TEs (1LO7, 1LO8, 1LO9) that a 

helix dipole moment make the thioester carbonyl group more susceptible to a 

nucleophilic attack by Asp17.73 We predict that Asp16 in an A. halodurans enzyme 

(5WH9) is catalytic, based on the Asp17 residue of a Pseudomonas thioesterase 

(1BVQ).74 

TE11 thioesterases in Arthrobacter (1Q4S, 1Q4T, 1Q4U), E. coli K-12 (4K49), and 

A. thaliana At2g48320 (4K02) all have nearly identically positioned glycine and glutamic 
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acid catalytic residues.75,35 The crystal structures of other members of this family 

spatially align well, and are predicted to have the same Gly–Glu catalytic residues (Table 

3.3). Members of TE11 may also act as chain elongation and cyclization domains in 

certain synthetic pathways.34 

TE12 enzymes from Synechocystis (4K00) and Prochlorococcus (2HX5) bacteria 

have been crystallized. In 4K00, Asp16 was proposed to act as a nucleophile, while it is 

also possible that it acts as a base to attack the thioester through activation of a water 

molecule. The thioester oxygen atom could be stabilized by the amide hydrogen on 

Phe23. Also, Pro57, which positioned above the substrate moiety, may contribute to 

substrate specificity.35 

From the structures 1WLU, 1J1Y, 1WM6, 1WLV, and 1WN3, a study proposed that 

TE13 T. thermophilus PaaI thioesterase hydrolyze substrates with an Asp48-activated 

water nucleophile.76 By comparison an E. coli PaaI structure (2FS2) with the 

Arthrobacter TE11 structures and site-directed mutagenesis, a mechanism similar to that 

in TE11 was proposed: Gly53 prepares the thioester for a nucleophilic attack from 

Asp61.77  

TE14, which has many bacterial sequences that have been less characterized than 

their plant counterparts, has a surprising breath of substrate specificity.78 In TE14, a site-

directed mutagenesis study on a FatB enzyme from A. thaliana pointed to a Cys264, 

His229, and Asn227 papain-like catalytic triad.79 Another site-directed mutagenesis study 

on a FatB enzyme, from U. californica, proposed a catalytic network of Asp281, Asn283, 

His285, and Glu319.80 More recently, structural predictions and site-directed mutagenesis 

resulted in identifying the catalytic residues of the C. viscosissima acyl-ACP TE.16  
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In TE15, a mechanism based on CalE7 enzyme (2W3X), which has no acidic residues 

in the catalytic region, was proposed: Asn19 and Arg37 hold the substrate while a water 

molecule or hydroxide anion acts as a nucleophile, and Tyr29 assists in 

decarboxylation.81 Asn, Arg, and Tyr residues in a M. chersina tebC (2XEM, 2XFL), as 

well as S.s globisporus (4I4J) and A. verrucosospora (5VPJ) thioesterases are predicted 

to be catalytic based on spatial correspondence with the superimposed M. echinospora 

structure (2W3X). 

The crystal structure for TE24 is represented by PDB 2PFC and 3B18. The 

quaternary structure is formed by three dimers and has a long and narrow substrate-

binding site. The catalytic site is formed by Asn83, Tyr87, Tyr33 and Met118 for subunit 

A and Tyr66, Thr70, His72 and Asn74 for subunit B.36 Notably, the active site lacks 

acidic residues common to HotDog thioesterases, which is also observed in a TE24 

Streptomyces enzyme.82  

In TE25, a T. thermophilus thioesterase (2CWZ) is predicted to have Thr36, Glu44, 

and His70 as catalytic residues, see Figure 3.1, based on the spatial superimposition with 

the catalytic residues in S. cattleya fIK (3KUV).83 The specificity for fluorine-containing 

compounds could arise from substrate binding through a hydrophobic pocket formed by a 

helical lid structure (side chains of Val46 and Val54), as well as by Val23, Leu26, Phe33, 

and Phe36 in S. cattleya fIK.39 

Family TE31 has Them4 and Them5 isoforms, which have been crystalized and are 

reported by the 4AE8 and 4AE7 structures respectively, forming a homodimer unity. 

Their structures consist of a long central alpha helix surrounded by a six stranded curved 

antiparallel beta-sheets.69,84 Both isoforms are formed by two active sites per homodimer 
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at the end of each HotDog helix: His152, Gly153, Gly154 / His158, Gly159, Gly160 

(active site one), and Asp161, Thr177 / Asp167, Thr183 (active site two).47 

 

3.2.2.2. a/b hydrolase catalytic residues and mechanisms 

The a/b-hydrolase fold,85 found in TE2, TE16 to TE22, and TE26 to TE28, shows higher 

variation in RMSDave and Pave values than the HotDog fold. Most a/b-hydrolase fold 

proteins, not only TEs, are present in the ESTHER database.86 Two families, TE29 and 

TE30, based on sequence similarity, are likely to have a/b-hydrolase-like folds, however, 

there are no available structures to confirm. a/b hydrolases have conserved catalytic 

residues: a nucleophile–histidine–acid triad.85 Serine, cysteine, or aspartate can act as the 

nucleophile. There is a large variation of fold architecture and binding sites in a/b 

hydrolases.87 In their catalytic mechanism, the acid stabilizes the histidine, which acts as 

a base by accepting a proton from the nucleophile, which forms a substrate intermediate 

that attacked by water. In PKSs or NRPs that make cyclic products, for example in 

erythromycin biosynthesis,88 a hydroxyl group from the substrate chain is used instead of 

a water molecule. Different cyclization mechanisms lead to a wide variety of PKS or 

NRP products.89  

The structure of TE2 is represented by 3HLK, which comes from human ACOT2, 

and 3K2I, which comes from human ACOT4. These structures are somewhat unique for 

this fold: in the primary structure for these enzymes the Asp residue precedes the His 

residue, where in all other a/b hydrolase thioesterases the His residue precedes the Asp 

residue.90 The catalytic residues of 3K2I (Table 3.3) are predicted based on alignment 
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with 3HLK. 

In TE16 most structures show a consistent Ser–Asp–His catalytic triad: seen in the 

human fatty acid synthase TE domain,91–94 the TE domain in Bacillus NRPSs surfactin 

and fengycin synthetases,95,96 the TE domain of the Aspergillus aflatoxin polyketide 

synthase,97 the TE domain of Mycobacterium polyketide synthases involved in making 

mycolic acids,98 and in the TE domain of NocB enzyme in Nocardia.99 However, based 

on structural superimposition with TE16 structures with identified catalytic residues, we 

predict that the thioesterase domain of an A. baumannii NRPS enzyme (4ZXH, 4ZXI)100 

has a Cys–Asp–His catalytic triad (Table 3.3). 

TE17 has enzymes, which are the TE domain of macrocycle-forming polyketide 

synthases, such as of 6-deoxyerythronolide B synthase from S. erythraea,101–104 

picromycin synthase from S. venezuelae,101,105,106 and tautomycin synthase.107 They all 

show a consistent Ser–Asp–His catalytic triad. 

Member of TE18 with crystal structures are type II thioesterases, a class of enzyme 

responsible for a variety of functions, primarily maintenance of biosynthetic pathways 

through release of undesired intermediates from carrier protein domains.28,108–114 A lid-

flip conformational change is present in these enzymes and the Ser-Asp-His catalytic 

triad is conserved. This can be seen in the surfactin synthase from B. subtilis,115 from the 

rifamycin biosynthetic cluster from A. mediterranei,114 the borrelidin biosynthetic cluster 

from Streptomyces,28 in the prodiginine biosynthetic pathway in S. coelicolor,112 and in 

ClbQ and YbtT enzymes in E. coli.109,110 This also holds true in a human thioesterase II 

and in a TesA from M. tuberculosis.108,111 

In family TE19 a single structure is known, that of a V. harveyi thioesterase, which 
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also has the Ser–Asp–His catalytic triad.116 

Families TE20, TE21, and TE22 all share the characteristic Ser–Asp–His catalytic 

triad. Comparison of tertiary structures within each family leads us to predict that this 

Ser–Asp–His catalytic triad is consistent for all structures, see Table 3.3 and Figure 3.2. 

TE21 includes mainly eukaryotic acyl-protein hydrolases, as well as enzymes with 

different functions. The carboxylesterase from P. fluorescens has very little activity on 

triacylglycerides with fatty acids longer than four carbons, likely due to the loops 

constraining the active-site cleft.117 A closely related human enzyme, hAPT1, originally 

thought to be a lysophospholipase, has been shown to have stronger thioesterase 

activity.118 Another acyl protein thioesterase (APT), from F. tularensis, has a similar 

substrate specificity profile to both of the aforementioned enzymes, though unlike P. 

fluorescens it lacks a lid domain.119 This was confirmed by another study that examined 

the mechanism of isoform-selective inhibitors on human APT1.120 The carboxylesterase 

from P. aeruginosa was shown to have no activity on triacylglycerols, and a preference 

for eight-carbon acyl substrates. The human lypophospohlipase A2 is a cystolic serine 

hydrolase partially responsible for lysophospholipid metabolism.121 All of these 

structures follow the Ser-Asp-His catalytic motif. 

Members of TE22 are involved in glutathione-dependent formaldehyde 

detoxification, and many of the crystal structures in this family are of S-

formylglutathione hydrolase (SFGH) enzymes. These have been studied in a variety of 

species: S. cerevisiae,122 A. fabrum str. C58,123 P. translucida TAC125,124 S. 

frigidimarina,125 and N. meningitidis MC58.126 Other functions are present in this family 

as well: i) a human esterase has been studied because it is relevant to retinoblastoma,127 
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and ii) an oil-degrading bacterium, O. antarctica, expresses an enzyme with 

carboxylesterase and thioesterase activity.128 TE22 enzymes have the characteristic Ser-

Asp-His catalytic triad. Based on this, the catalytic structure of a S. cerevisiae SFGH 

(4FLM) is predicted as Ser161–Asp241–His276 (Table 3.3).   

A study on the only crystal structures found for this family, ybfF from E. coli (3BF7, 

3BF8), suggests that this family is unique within the a/b hydrolase thioesterases: rather 

than the typical Ser–Asp–His catalytic triad, this family seems to have a Ser89–Asp113–

Ser206–His234 catalytic tetrad. The a/b hydrolase domain of these structures gives good 

alignment with other canonical a/b hydrolases. However, the Asp113 residue, which 

normally lies above or parallel to the His234 imidizole rings, is located in the lower 

section of the His imidazole ring. The expected position for the Asp113 residue is instead 

occupied by Ser206, which is well conserved in the ybfF enzymes.40  

The structure of TE27 enzymes is described by a M. musculus ABHD10, which 

shows a Ser–His–Asp catalytic triad. The location of the catalytic serine residue suggests 

a hydrophobic interaction between the lipid substrate and the interior surface of the 

protein. A “cap domain” above the catalytic triad forms a binding pocket and affects 

substrate accessibility.42 We predict that Ser113–Asp216–His246 is the catalytic triad in 

an A. vitis enzyme based on comparison to the M. musculus ABHD10 enzyme.42 

Families TE28 and TE29 have no crystal structures. TE28 shows sequence similarity 

with a putative a/b hydrolase fold enzyme, and their structure and mechanisms still 

unknow despite a close relationship with fatty acid synthases.43  TE29 may also have an 

a/b hydrolase fold, as was predicted from gene ABHD17C.44  

The structure of an CitA enzyme in TE30, predicted by homology from a co-
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expression of the PKS gene, suggests a Ser122-His235-Asp207 as catalytic triad.46 

 

3.2.2.3. Catalytic residues and mechanisms in other folds 

TEs are found in the NagB (TE1) and SGNH (TE3) folds.129–133 In TE1, which also 

includes acyl-CoA transferases, we predict that the catalytic residues of a putative acetyl-

CoA hydrolase from P. givgivalis (2NVV) and a CoA transferase from P. aeruginosa 

(2G39) are Val259–Glu284–Asn337–Gly378 and Ile264–Glu288–Asn341–Gly382, 

respectively, based on those known from A. aceti AarCH6 structures (4EU3, 

5DDK).134,135  

In TE3, comparison to available structures – E. coli tesA (e.g., 1IVN, 1JRL)136 and  

Pseudoalteromonas estA (3HP4)130 – reveals the likely catalytic residues for an E. coil 

thioesterase (6LFB, 6LFC) and A. indicum AlinE4 esterase (6IQ9, 6IQA, 6IQB) are 

Ser10–Asp154–His157 and Ser13–Asp162–His165 respectively. TesA enzymes were 

found to have a Ser–His–Asp catalytic triad similar to those in a/b hydrolases,136 and a 

switch loop movement that occurs during catalysis.137 The crystal structure of TesA from 

E. coli was found to be particularly compact and rigid, which likely pushes the substrate 

specificity toward smaller chain lengths.131 It has also proved to be a useful candidate for 

attempts at engineering thioesterases to produce specific lengths of free fatty acids.132 

Other SGNH fold thioesterases, CrmE10 and AlinE4 were similarly susceptible to 

engineering for increased enzymatic activity.133  

Two families have the b-lactamase fold: TE23 and TE32. The structures in TE23 are 

significantly less well conserved than those in TE32. TE23 hydroxyglutathione 

hydrolases, which include glyoxalase II enzymes, have a metallo-b-lactamase fold, and 
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their mechanisms are very different from the rest of TEs that do not have catalytic metal 

ions. Crystal structures of human glyoxalase II (1QH3, 1QH5) reveal two zinc ions with 

octahedral coordination, interacting with His and Asp residues. Based on this, a study 

proposed that a hydroxide ion bonded with both ions attacks the carbonyl carbon atom of 

the glutathione thioester substrate, forming a tetrahedral intermediate, followed by 

breakage of the C–S bond.138 In mitochondrial glyoxalase II from A. thaliana (1XM8, 

2Q42) the zinc ions were also coordinated by His and Asp residues, but were in trigonal 

bipyramidal and tetrahedral geometries.139 Another glyoxylase II enzyme, from S. 

typhimurium (2QED), was proposed to have an uncommon metal affinity: a diiron, 

dimanganese, or hybrid Fe/Mn.140 A unique member of the family, a persulfide 

dioxygenase from M. xanthus (4YSB), has a single ion in the active site with a two-His 

and one-carboxylate triad coordination pattern.141 

Enzymes in TE32 have monomeric metallo-β-lactamase fold structures, with an 

Fe(II)Fe(III) center in the active site and an αβ/αβ sandwich core. All the resolved 

structures in this family are PqsE enzymes from P. aeruginosa, a human pathogen of 

particular interest due to its tendency for antibiotic resistance.142 The active center of the 

enzyme is covered by a lid formed by two α-helices in the C-terminal region, affecting 

substrate access.49 It has also been demonstrated that PqsE has a role in alkylquinolone 

biosynthesis.143 

Although TE33 includes no crystal structures, a mechanism has been proposed, which 

shows an active site His acting as a base, with the substrate hydroxyl forming a hydrogen 

bond with a histidinde residue.144–146 A nucleophilic attack from a deprotonated hydroxyl 

at the carbonyl of an acyl-CoA thioester was described, as was the involvement of an Asp 
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residue in the stabilization of the structure within the active site.51,144,145,147 

Crystal structure 5VXS represents a member from TE34 and reveals a homotrimer 

with a substrate-bound cavity located between the N-terminal from one subunit and the 

C-terminal from the subsequent subunit. The N-terminal forms a b8a8 -TIM barrel fold 

and the C-terminal is characterized by a lid-domain consisting of two helices connect by 

a b-hairpin loop. The b-hairpin loop presents a highly conserved Asp320 that removes a 

proton from the substrate during the catalytic activity.52,53,148,149 In TE34, the catalytic 

residues for a M. tuberculosis (6AQ4), C. sphaeroides (4L9Y, 4L9Z), and M. extorquens 

(5UGR) enzymes are predicted to be Asp261, Asp299, and Asp304, respectively, based 

on comparison to human CLYBL structure (5VXS).52 The catalytic residues for the 

remaining family members could not be confidently predicted by structural comparison. 

Two of these are CitE proteins from M. tuberculosis: one study (1U5H) predicts that the 

catalytic site is in a hydrophobic cavity formed by the C-terminal tips of the TIM β-

barrel,150 while another study (6AQ4) shows that the active site contains an Mg2+ ion 

coordinated by the ligand, Glu112, Asp138, and two water molecules.151 Closely related 

to 1U5H is Y. pestis RipC (3QLL), for which the active site is similarly predicted. 

However, it is also suggested that the active site for 3QLL may be formed through an 

intermonomer interaction.152 

The structure 6AUN in TE35 is characterized by the presence of an Ankyrin domain, 

a 33-residue helix-turn-helix structure followed by a hairpin-like loop, and a catalytic 

domain. Regarding the catalytic mechanisms, a dyad formed by Ser-Asp is responsible 

for the lipid hydrolysis.153,154  
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3.2.4. Updated ThYme database 

All the sequences and structures in the TE families described here appear in the ThYme 

database,13 which is in the process of being completely updated and has a new home at 

the University of Nevada, Reno (http://thyme.engr.unr.edu). Families, their member 

sequences, taxonomical data, accession codes, and protein names can be viewed using the 

ThYme database online interface. The database has links to UniProt155, GenBank156, and 

Protein Data Bank157 databases. Although the content of families will be updated 

automatically, human judgement will still be necessary for adding, merging, or deleting 

families.  

In the new ThYme website, each enzyme class (e.g., TEs) will have an interactive 

interface where users can narrow to viewing content of a single family or multiple 

families. Each unique sequence is displayed as a row containing: the family, the 

organism, protein names, protein identifiers, protein evidence information, crystal 

structures, gene names, and finally gene and pathway identifiers. Each entry will display, 

at the minimum, the family and a protein identifier; all other fields will be populated if 

suitable data is available. The content has multiple search fields such as name or 

identifier, and results can be narrowed to show only entries with evidence at protein level 

or known crystal structures.  

 

3.3. Conclusions 

Thioesterase families have been updated through analysis of the primary structures of all 

known thioesterase sequences. New families have been proposed, and all sequences and 

structures are classified into new, or previously identified, families. This system of 
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classification provides a standardized nomenclature and a means to predict the tertiary 

structure, function, and mechanism of a thioesterase sequence that has not been 

experimentally characterized. These assertions are supported by family members 

displaying a high degree of primary and tertiary structural similarity, highly conserved 

active sites and catalytic residues, and consistent mechanisms. Examination of families 

that share a fold reveals some similarity in primary and tertiary structures, catalytic 

residues and active sites, and mechanisms. Convergent and divergent evolution is 

suggested from phylogenetic analyses of thioesterases whose structures have the two 

main structural folds. 

 

3.4. Methods 

For a sequence to be considered a member of a family it must have a strong sequence 

similarity (~30%), a nearly identical tertiary structure to other structures in the family, 

and catalytic residues in the same locations as the other members of that family.  

 The protocol by which the new thioesterase families were identified is described: i) 

enzyme sequences experimentally confirmed to have thioesterase activity are gathered 

and those present in a previously existing family (TE1 – TE23) were discarded; ii) each 

of the remaining thioesterase sequences are independently processed by the Basic Local 

Alignment Search Tool (BLAST)158 and results were compared with the other sequences’ 

results to identify the representative sequences that will originate new families; iii) the 

catalytic domains of the representative sequences were processed by BLAST to populate 

potential new families; iv) the number of shared sequences were counted for all 

permutations of pairs of potential new families, highly similar families (>15% sequences 
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in common) were merged; v) intra-family congruity and inter-family uniqueness were 

confirmed by tertiary structure superimposition, comparison of catalytic residue position 

and identity, multiple sequence alignments (MSAs), and final examination of shared 

sequences between all possible pairs of families; vi) sequences common to multiple 

families are assigned to the family with the highest sequence similarity. 

 

3.4.1. Sequence selection and BLAST searches 

Enzyme sequences experimentally confirmed to have thioesterase activity were extracted 

from the Swiss-Prot database in Uniprot159 which contains only reviewed sequences and 

has a higher level of annotation. Possible thioesterases were identified by a label of EC 

3.1.2.1 to EC 3.1.2.32, EC 3.1.2.–, or having “thioesterase” in the description, as well as 

having “Evidence at Protein Level”. Less stringently verified sequences, like those with 

“Evidence at Transcript level” or “Inferred from Homology”, as well as fragments or 

theoretical proteins, were disregarded. The primary sequences meeting the criteria, and 

not in TE1 – TE23, were collected, resulting in ~200 new query sequence candidates. 

 Each of these sequences was subjected to a BLAST search against the National 

Center for Bio-technology Information’s (NCBI) GenBank nr peptide sequence database 

using the protein-protein algorithm.160 These BLAST searches were completed using a 

local instance of blast-2.9.0-2 and the nr database, both downloaded from NCBI on a 

Unix system. Previously, an E-value cutoff of 1x10-3 was used;12 however, due to the 

growth of the nr database by ~3 orders of magnitude, an E-value of 1x10-7 was used to 

capture as many sequences with the required similarity as possible while minimizing the 

number of redundant sequences. The highest Max Target Sequences was used to capture 
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all sequences within an E-value of 1x10-7. Other parameters were left at default settings. 

 BLAST results were compared against each other to check for common sequences 

and identify the representative sequences that results in the lowest number of BLAST 

results with no overlapping, common sequences. The query sequences of unique, non-

redundant BLAST results become the representative sequences that will originate new 

families from all confirmed thioesterase sequences. The referenced literature in Uniport is 

checked to confirm experimental thioesterase activity. The catalytic domain of each of 

the new representative sequences, identified in Pfam-A,161 were used to populate the 

prospective new families with BLAST as described above.  

 

3.4.2. Comparison of tertiary structures 

All known tertiary structures in each family was obtained from the Research 

Collaboratory for Structural Bioinformatics Protein Data Bank (PDB).157 Enzyme tertiary 

structures were reviewed to exclude fragments, putative proteins, and non-TE domains 

from multidomain proteins from any structural comparisons. 

All monomer structures were extracted, and for each family a reference structure was 

selected, which served as the pivot around which other monomers were superimposed. 

The shortest monomer in each family was selected as the pivot to ensure consistent 

alignment of the core structure and allow for uniform structural similarity calculations. 

All monomers within each family were superimposed using MultiProt162 with 

OnlyRefMol set to 1, Scoring set to 2, and all other parameters left at default. 

A root mean square distance (RMSD) of the superimposed tertiary structures in each 

family with more than one structure was done to quantify structural similarity. For 
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RMSD calculations, the distances between corresponding alpha carbon atoms (Ca) from 

two superimposed structures (pivot and subject) were calculated. A cutoff distance, 

calculated as the average distance between sequential Cas in the pivot structure, was used 

to determine corresponding Cas between the pivot and subject structures. Any pairs more 

distant than the cutoff were not considered to be corresponding and were not used in the 

RMSD calculation. The percentage value (P) of Cas used to calculate the RMSD implies 

the significance of the RMSD calculation. For a given family, the pivot structure was 

superimposed to all other structures, resulting in n – 1 calculations, where n is the number 

of monomers being compared within that family. For families where n > 2, the average 

RMSD and P values (RMSDave and Pave respectively) were calculated.  
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Chapter 3 Tables 
 
Table 3.1. Thioesterase Families, Gene and Enzyme Names, Functions, and Substrate 
Specificities 

Family Genes and/or Enzyme 
Names  

General Function Known Substrate 
Specificities 

References 

TE1	 Ach1 Acyl-CoA 
hydrolase 

Acetyl-CoA 163,164 

TE2	 Acot1–Acot6 
BAAT thioesterase 

Acyl-CoA 
hydrolase 

Palmitoyl-CoA 
Bile-acid-CoA 

165,166 

TE3 tesA 
estA 
acyl-CoA thioesterase I 
protease I 
lysophospholipase L1 

Acyl-CoA 
hydrolase 

Medium- to long-chain 
acyl-CoA 

167,168 

TE4 tesB 
acyl-CoA thioesterase II 
Acot8 

Acyl-CoA 
hydrolase 

Short-chain acyl-CoA 
Short- to long-chain acyl-
CoA 
Palmitoyl-CoA 
Choloyl-CoA 

18,169,170 

TE5 tesC (ybaW) 
acyl-CoA thioesterase III 

Acyl-CoA 
hydrolase 

Long-chain acyl-CoA 
3,5-tetradecadienoyl-CoA 

171 

TE6 Acot7 (BACH) 
Acot11 (BFIT, Them1) 
Acot12 (CACH) 
YciA 

Acyl-CoA 
hydrolase 

Short- to long-chain acyl-
CoA, C4 to C18 

Ethylmalonyl-CoA 

20,33,61,67,172–

174 

TE7 Acot9, 
Acot10 

Acyl-CoA 
hydrolase 

Short- to long-chain acyl-
CoA 

68,175 

TE8 Acot13 (Them2) Acyl-CoA 
hydrolase 

Short- to long-chain acyl-
CoA, C6 to C18 

176 

TE9 YbgC 
acyl-lipid thioesterase 
(ALT) 
metylketone synthases 
(MKS) 

Acyl-CoA 
hydrolase 

Short-chain acyl-CoA 
Short- to long-chain acyl-
CoA 
4-hydroxybenzoyl-CoA 

23,27,72,177,178 

TE10 4HBT-I Acyl-CoA 
hydrolase 

4-Hydroxybenzoyl-CoA 74 

TE11 4HBT-II 
EntH (YbdB) 
menI 
DHNAT1 
1,4-Dihydroxy-2-
naphthoyl-CoA hydrolase 
AziG 

Acyl-CoA 
hydrolase 

4-Hydroxybenzoyl-CoA 34,179 

TE12 1,4-Dihydroxy-2-
naphthoyl-CoA hydrolase 

Acyl-CoA 
hydrolase 

1,4-Dihydroxy-2-napthoyl-
CoA 

180 

TE13 paaI 
paaD 

Acyl-CoA 
hydrolase 

Short and medium-chain 
acyl-CoA, 
Hydroxyphenylacetyl-CoA 
Aryl-CoA 

21,181 

TE14 FatA 
FatB 

Acyl-ACP 
hydrolase 

Short- to long-chain acyl-
ACP 

78,182 
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TE15 Thioesterase CalE7 Acyl-ACP 
hydrolase 

— 81 

TE16 Thioesterase I 
type I thioesterase 
TE domain of FAS 
TE domain of PKS or NRP 

Acyl-ACP 
hydrolase 

Long-chain acyl-ACP 
Polyketides 
Non-ribosomal peptides 

183–185 

TE17 TE domain of PKS Acyl-ACP 
hydrolase 

Polyketides 184 

TE18 Thioesterase II 
type II thioesterase (TE II) 
tesA 
rifR 
OLAH 
SAST 

Acyl-ACP 
hydrolase 

Medium-chain acyl-ACP 
Polyketides 
Non-ribosomal peptides 

108,114,186–188 

TE19 luxD Acyl-ACP 
hydrolase 

Myristoyl-ACP 189 

TE20 ppt1 
ppt2 
palmitoyl-protein 
thioesterase 

Acyl-protein 
hydrolase 

Palmitoyl-protein 190–192 

TE21 apt1 
apt2 
acyl-protein thioesterase 
phospholipase 
carboxylesterase 

Acyl-protein 
hydrolase 

Thioacylate proteins 
Palmitoyl-protein 

193,194 

TE22 S-formylglutathione 
hydrolase 
esterase A 
esterase D 

Glutathione 
hydrolase 

S-formylglutathione 195 

TE23 Hydroxyglutathione 
hydrolase 
glyoxalase II 

Glutathione 
hydrolase 

D-lactoylglutathione 196,197 

TE24 Fcot-like thioesterase 
Type III thioesterase 
CmiS1 

Acyl-CoA 
hydrolase 

Palmitoyl-CoA 
Stearoyl-CoA 
Lauroyl-CoA 
Hexanoyl-CoA 

36,37,82 

TE25 Fluoroacetyl-CoA 
thioesterase 

Acyl-CoA 
hydrolase 

Fluoroacetyl-CoA 38,39 

TE26 EAT1 
ybfF  

Acyl-CoA 
hydrolase 

Acetyl-CoA 
Palmitoyl-CoA 
Malonyl-CoA 

40,41 

TE27 ABHD10 
Palmitoyl-protein 
thioesterase 

Acyl-protein 
hydrolase 

S-palmitoyl-protein 42 

TE28 mpaH 
Type I acyl-CoA 
thioesterase 

Acyl-CoA 
hydrolase 

Malonyl-CoA 43,44 

TE29 ABHD17A, 
ABHD17B 
ABHD17C 

Acyl-protein 
hydrolase 

S-hexadecanoyl-L-
cysteinyl 

45 

TE30 citA 
lovG 
mlcF 
mpL1 

Acyl-ACP 
hydrolase 

Malonyl-ACP 
Acetoacetyl-ACP 

46 
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afoC 
mokD 

TE31 Them4 
Them5 

Acyl-CoA 
hydrolase 

Long-chain acyl-CoA 47 

TE32 ACAA2 
3-ketoacyl-CoA thiolase 

Acyl-CoA 
hydrolase 

2-aminobenzoylacetyl-
CoA 

48,49 

TE33 ATF1 
Alcohol O-
acetyltransferase 

Alcohol acetyl 
transferases 

Acyl-CoA 50,51 

TE34 CLYBL 
Citramalyl-CoA lyase 
citE 
RipC 

Citramalyl-CoA 
lyase 

Malyl-CoA 52,84,151,152 

TE35 PLA2G6 
Calcium-independent 
phospholipase A2 

Calcium-
independent 
phospholipase 

Long-chain fatty acyl-
CoAs 

54,55 
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Table 3.2. Thioesterase Folds and Structure Superimposition 
Family Fold RMSDave, 

Å 
Pave, % Structures in the Protein Data Bank 

TE1	 NagB	 0.92	 95.7	 2G39, 2NVV, 4EU3, 4EU4, 4EU5, 4EU6, 4EU7, 
4EU8, 4EU9, 4EUA, 4EUB, 4EUC, 4EUD, 
5DDK, 5DW4, 5DW5, 5DW6, 5E5H	

TE2	 a/b-
Hydrolase	

0.86	 94.6	 3HLK, 3K2I	

TE3 SGNH 0.92 87.4 1IVN, 1J00, 1JRL, 1U8U, 1V2G, 3HP4, 4JGG, 
5TIC, 5TID, 5TIE, 5TIF, 6IQ9, 6IQA, 6IQB, 
6LFB, 6LFC, 7C23, 7C29, 7C2A, 7C82, 7C84 

TE4 HotDog 1.09 81.6 1C8U, 1TBU, 3RD7, 3U0A, 4QFW, 4R4U, 4R9Z 
TE5 HotDog — — 1NJK 
TE6 HotDog 1.09 86.9 1YLI, 2EIS, 2G6S, 2Q2B, 2QQ2, 2V1O, 3B7K, 

3BJK, 3D6L, 4IEN, 4MOB, 4MOC, 4ZV3, 
5DM5, 5SZU, 5SZV, 5SZY, 5SZZ, 5T02, 5V3A, 
4NCP, 5EGJ, 5EGK, 5EGL, 5HWF, 5HZ4, 
6VFY, 7CZ3 

TE7 Putative 
HotDog 

— — — 

TE8 HotDog 0.56 97.7 2CY9, 2F0X, 2H4U, 3F5O, 4ORD 
TE9 HotDog 0.48 96.7 1S5U, 2PZH, 5KL9, 5T06, 5T07 
TE10 HotDog 1.01 94.2 1BVQ, 1LO7, 1LO8, 1LO9, 1Z54, 5WH9 
TE11 HotDog 0.90 98.4 1Q4S, 1Q4T, 1Q4U, 1SBK, 1SC0, 1VH5, 1VH9, 

1VI8, 2B6E, 3LZ7, 3R32, 3R34, 3R35, 3R36, 
3R37, 3R3A, 3R3B, 3R3C, 3R3D, 3R3F, 3S4K, 
3TEA, 4K02, 4K49, 4K4A, 4K4B, 4K4C, 4K4D, 
4M20, 4QD7, 4QD8, 4QD9, 4QDA, 4QDB, 
4YBV, 5EP5, 5HMB, 5HMC 

TE12 HotDog 0.92 88.3 2HX5, 4K00 
TE13 HotDog 0.49 98.8 1J1Y, 1PSU, 1WLU, 1WLV, 1WM6, 1WN3, 

2DSL, 2FS2 
TE14 HotDog 1.36 81.3 2ESS, 2OWN, 4GAK, 5X04 
TE15 HotDog 0.85 96.2 2W3X, 2XEM, 2XFL, 4I4J, 5VPJ 
TE16 a/b-

Hydrolase 
1.40 64.5 1JMK, 1XKT, 2CB9, 2CBG, 2K2Q, 2PX6, 3ILS, 

3TJM, 4Z49, 4ZXH, 4ZXI, 5V3W, 5V3X, 5V3Y, 
5V3Z, 5V40, 5V41, 5V42, 6OJC, 6OJD 

TE17 a/b-
Hydrolase 

1.23 79.2 1KEZ, 1MN6, 1MNA, 1MNQ, 1MO2, 2H7X, 
2H7Y, 2HFJ, 2HFK, 3LCR, 5D3K, 5D3Z, 6MLK 

TE18 a/b-
Hydrolase 

1.16 77.0 3FLA, 3FLB, 3QMV, 3QMW, 4XJV, 5UGZ, 
6BA8, 6BA9, 6FVJ, 6FW5, 6VAP 

TE19 a/b-
Hydrolase 

— — 1THT 

TE20 a/b-
Hydrolase 

0.69 90.6 1EH5, 1EI9, 1EXW, 1PJA, 3GRO 

TE21 a/b-
Hydrolase 

1.03 85.6 1AUO, 1AUR, 1FJ2, 3CN7, 3CN9, 3U0V, 4F21, 
4FHZ, 4FTW, 5KRE, 5SYM, 5SYN, 6AVV, 
6AVW, 6AVX, 6AVY, 6BJE, 6QGN, 6QGO, 
6QGQ, 6QGS 

TE22 a/b-
Hydrolase 

0.90 95.6 1PV1, 3C6B, 3E4D, 3FCX, 3I6Y, 3LS2, 3S8Y, 
4B6G, 4FLM, 4FOL, 6JZL 

TE23 Lactamase 1.24 82.6 1QH3, 1QH5, 1XM8, 2Q42, 2QED, 3TP9, 4YSB, 
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6RZ0, 6S0I 
TE24 HotDog 0.85 93.1 2PFC, 3B18, 5WSX, 5WSY 
TE25 HotDog 0.71 99.5 2CWZ, 3KUV, 3KUW, 3KV7, 3KV8, 3KVI, 

3KVU, 3KVZ, 3KW1, 3KX7, 3KX8, 3P2Q, 
3P2R, 3P2S, 3P3F, 3P3I 

TE26 a/b-
Hydrolase 

—a — 3BF7, 3BF8 

TE27 a/b-
Hydrolase 

1.06 85.2 3LLC, 6NY9 

TE28 Putative a/b-
Hydrolase 

— — — 

TE29 Putative a/b-
Hydrolase 

— — — 

TE30 Putative a/b-
Hydrolase 

— — — 

TE31 HotDog 0.54 98.5 4AE7, 4AE8, 4GAH 
TE32 Lactamase 0.31 1.00 2Q0I, 2Q0J, 2VW8, 3DH8, 5HIO, 5HIP, 5HIQ, 

5HIS 
TE33 — — — — 
TE34 Beta-hairpin 

(C-terminal) 
TIM barrel 
(N-termina) 

1.15 87.4 1SGJ, 1U5H, 1U5V, 1Z6K, 3QLL, 4L9Y, 4L9Z, 
5UGR, 5VXC, 5VXO, 5VXS, 6AQ4 

TE35 — — — 6AUN 
a RMSD and Pave for TE26 were not calculated because the two PDB entries are of the 
same protein structure. 
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Table 3.3. Thioesterase Families and Catalytic Residues 
Family Catalytic Residues Corresponding 

Structure 
Producing Organism Reference 

TE1 Val270, Glu294, 
Asn347, Gly388 

4EU3, 4EU4, 4EU5, 
4EU6, 4EU7, 4EU8, 
4EU9, 4EUA, 4EUB, 
4EUC, 4EUD 

Acetobacter aceti 134 

Val270, Glu294, 
Asn347, Gly388 

5DDK, 5DW4, 5DW5, 
5DW6, 5E5H 

Acetobacter aceti 135 

Val259, Glu284, 
Asn337, Gly378 

2NVV Porphyromonas givgivalis Predicted in 
this work 

Ile264, Glu288, 
Asn341, Gly382 

2G39 Pseudomonas aeruginosa Predicted in 
this work 

TE2 Ser294, His422, 
Asp388 

3HLK Homo sapiens 90 

Ser232, His360, 
Asp326 

3K2I  Homo sapiens Predicted in 
this work 

TE3 Ser10, Asp154, 
His157 

1IVN, 1JRL, 1J00, 
1U8U, 1V2G 

Escherichia coli 136 

Ser11, Asp158, 
His161 

3HP4 Pseudoalteromonas sp. 130 

Ser9, Asp156, His159 4JGG Pseudomonas aeruginosa 131 
Ser10, Asp154, 
His157 

5TIC, 5TID, 5TIE, 5TIF Escherichia coli 132 

Ser10, Asp154, 
His157 

6LFB, 6LFC Escherichia coli Predicted in 
this work 

Ser29, Asp178, 
His181 

7C23, 7C29, 7C2A, 
7C82, 7C84 

Croceicoccus marinus 133 

Ser13, Asp162, 
His165 

6IQ9, 6IQA, 6IQB Altericroceibacterium 
indicum 

Predicted in 
this work 

TE4 Asp204, Thr228, 
Gln278 

1C8U Escherichia coli 62  

Asp194, Ser216, 
Gln266 

3U0A Mycobacterium marinum 
M 

Predicted in 
this work 

Asp204, Thr228, 
Gln278 

4QFW, 4R4U Yersinia pestis 31 

— 1TBU Saccharomyces cerevisiae — 
Ala202, Leu225, 
Gln275a 

3RD7 Mycobacterium avium 104 Predicted in 
this work 

Ala197, Gln 216, 
Gln266a 

 

4R9Z 
 

Mycobacterium avium 
subsp. paratuberculosis K-
10 

Predicted in 
this work 
 

TE5 — 1NJK Escherichia coli — 
TE6 Asp213 2Q2B Mus musculus 63 

Asn24 2V1O 
Asp44 1YLI, 3BJK Haemophilus influenzae 

Rd KW20 
66 

Asp34 3D6L Campylobacter jejuni 67  
Asp36, Asn195 3B7K, 4MOB, 4MOC Homo sapiens Predicted in 

this work 
Asp245 2QQ2 Homo sapiens Predicted in 

this work 
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Asp46 5DM5 Yersinia pestis Predicted in 
this work 

Asp31 2EIS Thermus thermophilus Predicted in 
this work 

Asn70, Asp259 4ZV3, 6VFY Mus musculus Predicted in 
this work 

Asn24, Asp39 4IEN, 5SZU, 5SZV, 
5SZY, 5SZZ, 5T02, 
5V3A 

Neisseria meningitidis 22 

 Asn28, Asp43, Thr60 4NCP, 5EGJ, 5EGK, 
5EGL, 5HWF, 5HZ4 

 Staphylococcus aureus, 
subsp. Aureus Mu50 

65 

Asn23, Asp38 7CZ3 Bacillus cereus ATCC 
14579 

64 

TE7 — — — — 
TE8 Asn50, His56, Gly57, 

Asp65 
2F0X, 3F5O, 2H4U Homo sapiens 69,70 

Asn50, His56, Gly57, 
Asp65 

2CY9 Mus musculus Predicted in 
this work 

Asn51, His57, Gly58, 
Asp66 

4ORD Danio rerio Predicted in 
this work 

Asp65, Ser83, His134 Simulation% Homo sapiens 71 
TE9 Tyr7, Asp11, His18 2PZH Helicobacter pylori 72  

Tyr14, Asp18, His25 1S5U, 5KL9, 5T06, 
5T07 

Escherichia coli Predicted in 
this work 

TE10 Asp17  1BVQ, 1LO7, 1LO8, 
1LO9 

Pseudomonas sp. 73 

Asp16 5WH9 Alkalihalobacillus 
halodurans C-125 

Predicted in 
this work 

TE11 
 

Gly65, Glu73 1Q4S, 1Q4T, 1Q4U Arthrobacter sp.  75  

Gly55, Glu63 1VH9, 1VH5, 1VI8, 
1SBK 

Escherichia coli Predicted in 
this work 

Gly55, Glu63 2B6E, 1SC0, 3LZ7 Haemophilus influenzae Predicted in 
this work 

Gly39, Glu47 4M20, 4YBV, 5EP5 Staphylococcus aureus, 
subsp. Aureus Mu50 

Predicted in 
this work 

Gly65, Ala73 3R32, 3R34, 3R35, 
3R36, 3R37, 3R3A, 
3R3B, 3R3C, 3R3D, 
3R3F, 3TEA 

Arthrobacter sp. Predicted in 
this work 

Gly52, Glu60 3S4K Mycobacterium 
tuberculosis 

Predicted in 
this work 

Gly55, Glu63 4K49, 4K4A, 4K4B, 
4K4C, 4K4D 

Escherichia coli K-12 198 

Gly56, Glu64 4QD7, 4QD8, 4QD9, 
4QDA, 4QDB 

Pseudomonas aeruginosa Predicted in 
this work 

Gly49, Glu57 5HMB, 5HMC Streptomyces sahachiroi Predicted in 
this work 

Gly49, Glu57 4K02 Arabidopsis thaliana 35 
TE12 Asp16 2HX5 Prochlorococcus marinus Predicted in 

this work 
Asp16 4K00 Synechocystis sp. PCC 35 
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6803 substr. Kazusa 
TE13 
 

Gly40, Asp48 1WLU, 1J1Y, 1WM6, 
1WLV, 1WN3, 2DSLb 

Thermus thermophilius 76  

Gly53, Asp61 2FS2, 1PSU Escherichia coli 77  
TE14 Asp281, Asn283, 

His285, Glu319 
2ESS Bacteroides 

thetaiotaomicron VPI-
5482 

80 

Asp281, Asn283, 
His285, Glu319 

2OWN Lactiplantibacillus 
plantarum 

80 

Asp281, Asn283, 
His285, Glu319 

4GAK Spirosoma linguale DSM 
74 

80 

Asp281, Asn283, 
His285, Glu319 

5X04 Umbellulaia californica 80 

TE15 Asn19, Tyr29, Arg37  2W3X Micromonospora 
echinospora 

81 

Asn23, Tyr33, Arg41 2XEM, 2XFL Micromonospora chersina Predicted in 
this work 

Asn21, Tyr31, Arg39 4I4J Streptomyces globisporus Predicted in 
this work 

Asn17, Tyr27, Arg35 5VPJ Actinomadura 
verrucosospora 

Predicted in 
this work 

TE16 Ser2308, Asp2338, 
His2481 

1XKT, 2PX6, 3TJM, 
4Z49 

Homo sapiens 91 

Ser80, Asp107, 
His207 

1JMK Bacillus subtilis 95 

Ser84, Asp 111, 
His201 

2CB9, 2CBG Bacillus subtilis 96 

Ser1937, Asp1964, 
His2088 

3ILS Aspergillus parasiticus 97 

Cys1135, Asp1162, 
His1295 

4ZXH, 4ZXI Acinetobacter baumannii 
AB307-0294 

Predicted in 
this work 

Ser1533, Asp1560, 
His1699 

5V3W, 5V3X, 5V3Y, 
5V3Z, 5V40, 5V41, 
5V42 

Mycobacterium 
tuberculosis 

98 

Ser1790, Asp1806, 
His1901 

6OJC, 6OJD Nocardia uniformis subsp. 
tsuyamanensis 

99 

TE17 Ser142, Asp169, 
His259 

1KEZ, 1MO2, 5D3K, 
5D3Z, 6MLK 

Saccaropolyspora 
erythaea 

102  

Ser148, Asp176, 
His268 

1MN6, 1MNA, 1MNQ, 
2H7X, 2H7Y, 2HFJ, 
2HFK 

Streptomyces venezuelae 101 

Ser132, Asp159, 
His255 

3LCR Streptomyces sp. CK4412 107 

TE18 Ser86, Asp189, 
His216 

2K2Q, 2RON Brevibacillus parabrevis, 
Bacillus subtilis 

199 

Ser94, Asp200, 
His228 

3FLA, 3FLB Amycolatopsis 
mediterranei 

114 

Ser107, Asp213, 
His241 

3QMV, 3QMW Streptomyces coelicolor 112 

Ser101, Asp212, 
His237 

4XJV Homo sapiens 111 

Ser78, Asp186, 
His215 

5UGZ Escherichia coli 110 
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Ser89, Asp197, 
His225 

6BA8, 6BA9 Escherichia coli 109 

Ser104, Asp208, 
His236 

6FVJ, 6FW5 Mycobacterium 
tuberculosis 

108 

Ser98, Asp204, 
His232 

6VAP Streptomyces sp. 
WAC02707 

28 

TE19 Ser114, Asp211, 
His241 

1THT Vibrio harveyi 116 

TE20 Ser115, Asp233, 
His289 

1EH5, 1EI9, 1EXW Bos taurus 200 

Ser111, Asp228, 
His283 

1PJA, 3GRO Homo sapiens Predicted in 
this work 

TE21 Ser114, Asp168, 
His199 

1AUO, 1AUR Pseudomonas fluorescens 117 

Ser114, Asp169, 
His203 

1FJ2 Homo sapiens 118  

Ser113, Asp166, 
His197 

3CN7, 3CN9 Pseudomonas aeruginosa 201 

Ser124, Asp179, 
Glu212 

3U0V Homo sapiens Predicted in 
this work 

Ser116, Asp170, His 
202 

4F21 Francisella tularensis 
subsp. tularensis SCHU S4 
 

119 

Ser165, Asp216, 
His248 

4FHZ, 4FTW Cereibacter sphaeroides Predicted in 
this work 

Ser119, Asp174, 
His209 

5SYM Homo sapiens 120 

Ser122, Asp176, 
His210 

5SYN Homo sapiens 

Ser106, Asp160, 
His192 

6AVV, 6AVW, 6AVX Arabidopsis thaliana Predicted in 
this work 

Ser126, Asp197, 
His230 

6AVY Zea mays Predicted in 
this work 

Ser122, Asp176, 
His210 

6BJE Homo sapiens 121 

Ser119, Asp174, 
His208 

6QGN, 6QGO, 6QGQ, 
6QGS 

Homo sapiens Predicted in 
this work 

TE22 Ser161, Asp241, 
His276 

1PV1, 3C6B Saccharomyces cerevisia 122 

Ser147, Asp223, 
His256 

3E4D Agrobacterium fabrum str. 
C58 

123 

Ser153, Asp230, 
His264 

3FCX Homo sapiens 127 

Ser148, Asp224, 
His257 

3I6Y, 3S8Y Oleispira antarctica 128 

Ser147, Asp225, 
His258 

3LS2 Pseudoalteromonas 
translucida TAC125 

124 

Ser145, Asp221, 
His254 

4B6G Neisseria meningitidis 
MC58 

126 

Ser161, Asp241, 
His276 

4FLM, 4FOL Saccaromyces cerevisia Predicted in 
this work 

Ser148, Asp224, 
His257 

6JZL Shewanella frigidimarina 125 
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TE23 — —b — — 
TE24 Asn83, Tyr87, Tyr33, 

and Met118 (subunit 
A) and Tyr66, Thr70, 
His72, and Asn74 
(subunit B)  

2PFC, 3B18 Mycobacterium 
tuberculosis 

36 

Tyr53, Ile54, His59, 
Asn61, and Ser62 
(subunit A) and 
Tyr20, Asn70, Met73, 
Tyr74, and Ile107 
(subunit B) 

5WSX, 5WSY Streptomyces avermitilis 
MA-4680 = NBRC 14893 
 

82 

TE25 Thr42, Glu50, His76, 
and a water molecule 

3KUV, 3KUW, 3KV7, 
3KV8, 3KVI, 3KVU, 
3KVZ, 3KW1, 3KX7, 
3KX8  

Streptomyces cattleya 83 
 

Thr36, Glu44, His70 2CWZ Thermus thermophilus 
HB8 

Predicted in 
this work 

Thr42, Glu50, His76 3P2Q, 3P2R, 3P2S, 
3P3F, 3P3I 

Streptomyces cattleya 39 

TE26 Ser89, Asp113, 
Ser206, His234 

3BF7, 3BF8 Escherichia coli 40 

TE27 Ser100, Asp197, 
His227 

6NY9 Mus musculus 42 

Ser113, Asp216, 
His246 

3LLC Agrobacterium vitis S4 Predicted in 
this work 

TE28 — — — — 
TE29 — — — — 
TE30 — — — — 
TE31 Thr308, Ser473 4AE7, 4AE8, 4GAH Homo sapiens 47 

 
TE32 — —b — — 
TE33 — — — — 
TE34 Asp320 5VXS, 5VXC, 5VXO Homo sapiens 52 

— 1SGJ Deinococcus radiodurans — 
— 1U5H, 1U5V, 1Z6K Mycobacterium 

tuberculosis 
— 

Glu49 6AQ4 Mycobacterium 
tuberculosis 

151 

— 3QLL Yersinia pestis — 
Asp299 4L9Y, 4L9Z Cereibacter sphaeroides 

2.4.1 
 

Predicted in 
this work 

Asp304 5UGR Methylorubrum 
extorquens AM1 

Predicted in 
this work 

TE35 Ser465, Asp598 6AUN Cricetulus griseus 153 
 

%Predicted from mixed quantum mechanics / molecular mechanics simulations based on 
the 3F5O crystal structure 
a Catalytic residue prediction for 3RD7 was based purely on their high degree of spatial 
correlation with the catalytic residues of 1C8U and 4QFW. It is noted that these residues 
do not have a high degree of chemical similarity.  
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b Even though structures are known, catalytic residues have not been determined, so none 
are predicted  
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CHAPTER 4 

 

Mutation space of spatially conserved amino acid sites in proteins 

Benjamin T. Caswell and David C. Cantu  

 

Modified from a manuscript in preparation that will be submitted to Protein Science with 

the same title and authors 

 

4.1. Introduction 

An important question about protein structure, that affects protein engineering, is how the 

three-dimensional structure of a protein will be affected by specific mutations. In this 

work, we present a method to quantify the likelihood that a specific point mutation will 

affect the tertiary structure of a protein. 

Proteins can be compared by different approaches. A well-established approach is 

to predict mutation effects on protein function through examination of genetic and protein 

sequences and comparison to function, largely focusing on single nucleotide 

polymorphism. Amino acid sequence-based approaches tend to not rely on direct protein 

tertiary structure comparisons, instead utilizing the comparatively massive amount of 

available sequencing data to attain higher precision and resolution in their results.1–6 

These are certainly not the only means through which sequences are used to compare 

proteins,7,8 but generally sequence data alone is not sufficient to make specific structural 

predictions.  
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Proteins can also be compared by superimposing their three-dimensional 

structures that focus on attaining the best global fit by minimizing the distance between 

residues or substructures in different proteins. Tertiary structure superimposition methods 

provide consistent and useful information for comparing protein structure through direct 

tertiary structural comparison,9–11 and allow to make inferences on the how specific 

amino acids affect function. To compare highly divergent proteins that may share only a 

small conserved core or region, structural comparisons can be performed through 

superimposing only highly similar structural fragments.12 Both three-dimensional 

comparison approaches directly compares structures through minimizing the distance 

between structural elements to obtain the best superimposition. Tertiary structure 

comparison is desirable as it provides data that sequence driven methods struggle to 

attain, but, like sequence-based comparison methods that seek to optimize the local or 

global alignment, tertiary structure superimposition methods minimize distances between 

structures to optimally superimpose protein structures. 

In this work, we present the mutation space of spatially conserved (MSSC) amino 

acid sites in proteins. The MSSC compares protein tertiary structures without any formal 

superimposition. This method quantifies how many mutations occur in each spatially 

conserved amino site in a target protein in a group of multiple protein structures. The 

MSSC examines each residue in a target protein, compares it to the residues present in 

the same relative position in other protein structures from that group, and uses the 

physicochemical criteria of mutations found in each conserved spatial site to quantify the 

mutation space of that residue. The MSSC provides a unique perspective because it does 
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not seek to identify the best sequence fit or the best structural superimposition, but rather 

only inform how many amino acid mutations occur in a spatial site in a protein structure. 

 

4.2. Results 

The mutation space of a spatially conserved amino acid site is a quantification of the 

overall conservation of a specific spatial location for a group of similar proteins, 

accounting for the diversity of amino acids found in a particular site and the degree of 

spatial and physicochemical conservation of that site. This is analogous to scoring 

conserved sites in a multiple sequence alignment, but in three-dimensional space 

considering the spatial location of residues, instead of solely the order in which they 

appear in a protein sequence. To be able to quantify the mutation space for a site in three-

dimensional space for several proteins, corresponding residues for a spatial site must be 

identified. At most one residue from each protein in a group of protein structures can 

occupy a site in three-dimensional space: these are the spatially corresponding residues, 

and how they are identified is described in Section 4.2.1. Once spatially corresponding 

residues are identified the mutation space is calculated based on the residues that appear 

in each spatial site in three-dimensional space; this is described in Section 4.2.2. 

 

4.2.1. Identifying spatially corresponding residues in the tertiary structure of 

proteins 

A method to identify spatially corresponding residues was developed to avoid relying on 

protein structure superimposition approaches and external software, since the goal is not 

to superimpose structures, but rather to identify spatially corresponding residues between 
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two protein structures based on the relative position of each residue in its protein 

structure. Within a set of structures (i.e., group of proteins), a target protein structure is 

selected, while the remaining ones are the subject protein structures. All the amino acid 

sequences in the group of proteins are used to obtain a multiple sequence alignment, and 

sequence-conserved residues in the whole group are identified. For each three-

dimensional structure in the group of proteins, the average position of sequence-

conserved residues is labeled as the center of mass of conserved residues for that protein 

structure (COM), which is then defined as its origin in cartesian space. For each three-

dimensional structure in the group of proteins, the two sequence-conserved residues in 

that set that are separated by the greatest spatial distance are then selected as reference 

points, CR1 and CR2, keeping assignments consistent between each protein structure in 

the group. Each protein structure is then rotated about its COM origin such that CR1 is 

aligned with the z-axis and CR2 is on the {(𝑥, 0, 𝑧)|𝑥 ≥ 0, 𝑧	 ∈ ℝ} plane. 

Following this spatial realignment, the position of each residue j within a protein 

structure s, rj,s, is redefined by the vectors:  

𝑣!,#$00000⃑ = 𝐶𝑅#$𝑟!,#0000000000000⃑      Eq. 1 

𝑣!,#%00000⃑ = 𝐶𝑅#%𝑟!,#0000000000000⃑      Eq. 2 

𝑣!,#&'(000000000⃑ = 𝐶𝑂𝑀#𝑟!,#00000000000000000⃑      Eq. 3 

The initial spatial realignment and vector conversion results in that protein structures that 

are highly similar will have highly similar vector fields, regardless of the absolute 

position and orientation of each protein structure in cartesian space. Each residue from a 

subject protein structure s, rj,s, is compared to each residue from the target protein 
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structure t, ri,t. 

The similarity of the spatial positions of two residues is determined through 

examination of related defining vectors. The position of each residue is defined by three 

vectors which originate at the selected reference points, CR1, CR2, and COM. These 

reference points, for the groups of similar proteins studied, have highly conserved spatial 

positions in all structures. Therefore, if the vectors defining a residue in a subject 

structure, 𝒗),𝒔𝟏000000⃑ , 𝒗),𝒔𝟐000000⃑ , and 𝒗),𝒔𝒄𝒐𝒎000000000⃑ , are all oriented in the same direction and have the same 

magnitudes as the vectors defining a residue in the target structure, 𝒗0,𝒕𝟏00000⃑ , 𝒗0,𝒕𝟐00000⃑ , and 𝒗0,𝒕𝒄𝒐𝒎000000000⃑  

respectively, then the two residues must occupy the same spatial position relative to their 

reference points. To determine the similarity of orientation of related defining vectors, 

their cosine similarity is determined: 

𝑐𝑠𝑖𝑚2,3
$ =

𝑣!,#$00000⃑ 	 ⋅ 	𝑣4,5$00000⃑

>𝑣!,#$00000⃑ 	> >𝑣4,5$00000⃑ >
					Eq. 4 

𝑐𝑠𝑖𝑚2,3
% =

𝑣!,#%00000⃑ 	 ⋅ 	𝑣4,5%00000⃑

>𝑣!,#%00000⃑ 	> >𝑣4,5%00000⃑ >
					Eq. 5	

𝑐𝑠𝑖𝑚2,3
&'( =

𝑣!,#&'(000000000⃑ 	 ⋅ 	𝑣4,5&'(000000000⃑

>𝑣!,#&'(000000000⃑ 	> >𝑣4,5&'(000000000⃑ >
					Eq. 6	

which are subsequently averaged as:  

𝑐𝑠𝑖𝑚2,3
678 =

𝑐𝑠𝑖𝑚2,3
$ + 𝑐𝑠𝑖𝑚2,3

% + 𝑐𝑠𝑖𝑚2,3
&'(

3 					Eq. 7 

Then, the similarity of magnitudes of defining vectors is determined by comparing the 

root mean squared difference (RMSD) of the vector magnitudes from the subject residue:  
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𝑅𝑀𝑆𝐷3,# =
J>𝑣!,#

$00000⃑ >
%
+ >𝑣!,#%00000⃑ >

%
+ >𝑣!,#&'(000000000⃑ >

%

3 					Eq. 8 

with the RMSD from the target residue. The difference in their magnitudes is determined 

as: 

𝑚𝑑𝑖𝑓2,3 = N𝑅𝑀𝑆𝐷3,# − 𝑅𝑀𝑆𝐷2,5N					Eq. 9 

For a residue in a subject protein structure rj,s to be spatially correlated with a residue in 

the target protein structure ri,t, the following condition must be met:  

𝑚𝑑𝑖𝑓2,3 ≤ 2.6 ∗ 𝑐𝑠𝑖𝑚2,3
678 − 1.35					Eq. 10 

This criterion is selected based on two points,  

U𝑐𝑠𝑖𝑚2,3
678, 𝑚𝑑𝑖𝑓2,3V = (0.90, 1.00)     Exp. 1 

U𝑐𝑠𝑖𝑚2,3
678, 𝑚𝑑𝑖𝑓2,3V = (0.99, 1.25)					Exp. 2 

The point shown in Exp. 1, when used as the sole condition for correlation:  

𝑚𝑑𝑖𝑓2,3 ≤ 1.00 and 𝑐𝑠𝑖𝑚2,3
678 < 0.90					Exp. 3 

was sufficient to identify most possible spatially correlated residues. Examination of the 

oriented structures confirmed this, but also revealed that some correlations were not 

identified properly using only this condition. Incorporation of the latter point provides the 

model with flexibility to trade a degree of vector magnitude similarity for orientation 

similarity, generating more complete spatial correlation sets.  

This analysis is run for every target-subject protein structure pair, where the 

subject proteins are proteins in the group that are not the target. For each residue in the 

target protein, a list of possible subject residue matches is generated for each subject 

protein. For a given subject-target protein pair, each target residue may be possibly 
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correlated to zero or more subject residues. 

For a given subject-target pair, only one subject residue can be considered to 

occupy the same spatial position as a given target residue. The following algorithm was 

developed to, for all residues in a target structure, make a final assignment of at most one 

subject residue from each subject structure to each target residue. First, for a given 

subject-target pair, target residues that have only one possible spatially correlated subject 

residue, according to the criteria described, are identified, and those subject residues are 

assigned as being spatially correlated to their respective target residues. Then, the subject 

residues in these 1:1 correlations are removed as possible matches from the possible-

correlations set. This process is repeated until no more 1:1 (subject residue: target 

residue) matches are found. The second step identifies 2:2 correlations, meaning when 

two adjacent target residues are possibly spatially correlated to two adjacent subject 

residues, e.g. r15,t and r16,t are both possibly correlated to r23,s and r24,s. These are assigned 

to minimize the total 𝒎𝒅𝒊𝒇𝒊,𝒋, e.g., r23,s is assigned to r15,t and r24,s is assigned to r16,t if:  

𝑚𝑑𝑖𝑓$;,%< +𝑚𝑑𝑖𝑓$=,%> <	𝑚𝑑𝑖𝑓$=,%< +𝑚𝑑𝑖𝑓$;,%>					Exp. 4 

These subject residues are assigned as spatially correlated to target residues and 

removed from the possible correlation set as in the 1:1 cycle. This cycle is repeated until 

no more 2:2 matches are found. The 1:1 and 2:2 cycles are alternately repeated until no 

more changes are made to the assignment of spatially correlated residues. This 

macrocycle assigns most of the final target-subject residue pairs; the remaining residues 

are assigned in a manner which retains the sequential alignment between the target and 

subject protein structures. 
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4.2.2. Quantifying the mutation space in spatially conserved sites 

For each residue in the target protein structure, the spatially correlated residues of each 

subject protein structure are identified (Section 4.2.1); now the mutation space of each 

residue in the target protein structure needs to be quantified. In a set of structures (i.e., 

group of proteins), there are x+1 structures in a set: one target structure against which x 

subject structures are compared. A residue in any subject protein structure is a spatially 

conserved residue if it occupies the same location in three-dimensional space as a 

corresponding target protein residue, for both relative to their respective structures since 

structures are not superimposed. Each subject protein residue can be spatially correlated, 

or conserved, to at most one residue from the target protein structure. Also, it is possible 

that a target protein residue does not spatially correlate with any residues from a subject 

structure: if the criteria described in Section 4.2.1 is not met, then a target protein residue 

does not have a spatially corresponding subject protein residue. 

To quantify the mutation space of each residue i in the target protein structure we 

developed the mutation space of spatially correlated residues (MSSCi): 

𝑀𝑆𝑆𝐶2 =
𝑛?@AB?C
𝑐 _𝑛2,D𝐷2,D

$E

DF$

					Eq. 12 

which is used to score each residue in the target structure. Each target protein residue can 

have at most x correlated subject protein residues, where x is the number of subject 

protein structures. When a target residue is found to be spatially correlated to c subject 

residues, at most one per subject protein structure, then there are x – c instances of 

subject structures having no spatially correlated residue for that specific residue of the 

target protein. At the core of this equation is the Grantham’s distance13, Di,r, indicating 
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the distance between target residue i and one of the 𝒓 = 19 other standard amino acids. 

Grantham’s distance is based purely on physicochemical criteria. For scoring purposes, 

any non-standard amino acids are treated as their nearest relative, e.g., selenomethionine 

is scored as if it were methionine. In the Grantham’s distance matrix, there are ni,r 

instances of a given mutation, such as Cys-Trp or Cys-Glu, on each target residue such 

that:  

𝑐 =_𝑛2,D

$E

DF$

					Eq. 13 

the number of unique mutations, nunique, gives the count of unique, non-equivalent amino 

acid correlations. That is, given a set of 11 proteins with one target structure and 𝒙 =

10	subject structures, for a Cys residue in the target protein structure that is spatially 

correlated to 3 Cys in three different subject structures, 1 Ser in another subject structure, 

and 6 Gly in six different subject structures, it has 𝒄 = 10	spatially correlated residues 

and 𝒏𝐮𝐧𝐢𝐪𝐮𝐞 = 2 unique mutations (Cys – Gly, Cys – Ser). The mutational space score of 

residue i in the target protein structure, MSSCi, is low for target residue that has fewer 

and more similar mutations among its spatially correlated subject residues and high for a 

target residue that has many different mutations and more dissimilar mutations. The 

MSSCi, can also be low if c is small (approximately 𝒄
𝒙
= 0.5) since the scores for the x - c 

non-correlated subject residues are counted as zero. A convenient value to observe is the 

sample occurrence ratio: 

𝑆𝑂𝑅 =
𝑐
𝑥 					Eq. 14 

which indicates the proportion of the subject protein structures that were found to have a 



73 

correlated residue for a given target residue. 

4.3. Discussion 

To illustrate how MSSC analysis can lead to valuable structural insights in proteins, we 

present four example cases from different protein folds and enzyme functions: two 

thioesterase enzymes, one ketoacyl synthase enzyme, and one glycoside hydrolase 

enzyme. Examination of the mutations space of the four test cases reveals a common 

trend: mutations are more common and pronounced on the protein surface than the 

interior. This is observed for all cases with different structural folds, and enzymatic 

functions, suggesting that interior residues (e.g., not in contact with solvent) play a role in 

maintaining the three-dimensional structure of proteins. Exterior α	helices display this 

phenomenon clearly; positions on an α helix that lie closer to the main bulk of the protein 

are consistently more conserved than positions that are more exposed to the solvent. This 

pattern is less pronounced in α helices that are ‘buried’ in the structure, suggesting that 

the likelihood of solvent interaction may play a role in selecting/promoting mutations. In 

β sheets amino acid that are exposed to solvent have a higher mutation space than those 

exposed to protein structure core. Even in loops, their inherent disorder results in this 

pattern being less clear, but it is still present. Therefore, regardless of secondary structure, 

solvent exposed residues have a higher mutation space than internal ones. 

Enzyme family TE119 protein is a HotDog fold thioesterase enzyme that 

hydrolyses acyl-CoA thioester bonds in many pathways, for example enterobactin 

biosynthesis. PDB 1SC0 is a TE11 Haemophilus influenzae enzyme and is the target 

structure for which MSSCi is calculated with respect to the other thirty-seven TE11 
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structures. (Figure 4.1). The MSSC of each residue in the target structure was calculated. 

The scores, both absolute and relative, can vary depending on the size and composition of 

the set of proteins studied, so it is convenient to visualize the results in relative terms. 

Therefore, in Figure 4.1 the mutation space scores of residues in 1SC0 are expressed as a 

heatmap, where the darkest red represents the highest MSSC for that target structure. 

Inspection of the mutation space of 1SC0 shows a notable asymmetry: there is an 

orientation to the MSSC scores in secondary structures. Residues that lie on the exterior 

of protein, or those that are more solvent exposed, tend to have higher MSSC scores than 

those facing the interior. This phenomenon is clear in the beta sheet present in 1SC0: the 

26 residues residing on the exterior surface have an average MSSC of 210 and SOR of 

0.978, while the 23 residues interior residues had an average MSSC of 110 and SOR of 

0.998. 

 

Figure 4.1. TE11 structure 1SC0 with a HotDog fold. Darker red indicates higher MSSC 
with more mutational space. Color scheme is normalized to the highest MSSC score in 
the protein. Residue side chains as sticks are shown to highlight the difference between 
interior and exterior residues.  
 

TE219 is also a thioesterase enzyme family, however their proteins have an α/β 
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hydrolase fold. The second example is the twenty-one structures in TE21 with the Homo 

sapiens enzyme (PDB 1FJ2) as the target structure (Figure 4.2). As in the TE11 example, 

secondary structures have higher MSSC scores (i.e., greater mutation space) in positions 

that are more solvent exposed, as shown in the α helices present in 1FJ2. Residues side 

chains on an α helix have been represented as sticks to demonstrate the consistency of 

this phenomenon across secondary structures. 

 

 
Figure 4.2. TE21 structure 1FJ2 with an α/β hydrolase fold. Darker red indicates higher 
MSSC with more mutational space. Color scheme is normalized to the highest MSSC 
score in the protein. Residue side chains as sticks are shown to highlight the difference 
between interior and exterior residues. 
 

Ketoacyl synthase enzyme family KS114 has a Thiolase-like fold, and currently 

has 46 resolved protein structures. The third example is the 46 KS1 structures with the 

Paraburkholderia xenovorans structure (PDB 4EFI) as the target protein (Figure 4.3). Of 

the four examples studied, KS1 enzymes show the most homogeneous mutation space 

with less variation between solvent-exposed and protein-exposed residues. Protein 

conformational changes and flexibility may play a role in the consistency with which 

some residues interact with one another, homogenizing the mutation space distribution. 
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Further study may reveal that homogeneity of mutation space distribution is fold 

dependent.  

Figure 4.3. KS1 structure 4EFI. Darker red indicates higher MSSC with more mutational 
space. Color scheme is normalized to the highest MSSC score in the protein.  

GH8, a glycoside hydrolase enzyme family15 and has 44 known structures with 

an (α/α)6 barrel fold. The fourth example is the 44 GH8 structures with PDB 1H12 from 

Pseudoalteromonas haloplanktis as the target protein (Figure 4.4). The mutation space of 

residues lying in closer proximity to other residues is generally lower than those that are 

more solvent exposed. There is not a significant difference in mutation space between 

secondary structures. It is worth noting that the ‘core’ of this structure, likely the 

substrate binding site, is a region of very low mutation space (very low MSSC scores). 

This suggests that residues involved with substrate specificity may also have low MSSC 

scores even if they are solvent exposed.  
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Figure 4.4. GH8 structure 1H12. Darker red indicates higher MSSC with more 
mutational space. Color scheme is normalized to the highest MSSC score in the protein. 

MSSC has a limitation since correlated residues are determined based on the 

similarity of their locations relative to common reference points, the position of these 

reference points relative to each other and relative to their respective protein structures 

must be highly conserved. In this work we studied protein structures within protein 

families, i.e., structures that have the same fold and a high degree of structural similarity; 

therefore sequence-conserved residues are very highly conserved in their spatial 

positions, which gives consistent structural realignments and comparisons. If the set of 

proteins studied were more varied, the sequence-conserved residues would likely not be 

spatially conserved and the approach of identifying spatially conserved residues (Section 

4.2.1) may not accurately determine spatially correlated residues.   

It is worth noting that some residues that are fully conserved in a multiple 

sequence alignment did not receive an MSSC of zero (i.e., fully conserved spatially as 

well), as one might expect. As an example, KS1 Gln274 is fully conserved in the multiple 

sequence alignment, however, its MSSC score in the Paraburkholderia xenovorans target 

protein is 1.69, which means that, in at least one other structure, a different residue 
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occupies the spatial position that the target Gln274 residue does in its structure. MSSC 

focuses on the positions of residues relative to other residues and reference points within 

the structure. Therefore, minor variations in bond angles and residue size can shift 

residues from their expected spatial position, resulting in an MSSC that points to a 

different mutation space than expected. However, this is a natural consequence of our 

intent; we aim to examine and compare proteins through the space that their amino acid 

residues occupy, offering a different perspective than current methods. The function and 

stability of a protein are both intimately tied to its structure, and MSSC provides a novel 

lens through which to compare and examine protein structures. 

 

4.4. Conclusions 

The mutation space of spatially conserved amino acid sites (MSSC) is a quantity for 

protein structural analysis that was developed in this work. The mutation space of four 

protein structures in their respective families have been analyzed and presented. This 

analysis has revealed that mutations are not uniform throughout the protein structure; 

rather, the composition of amino acid positions in a target structure vary in ordered ways. 

Regardless of secondary structure, residue positions in closer proximity to other residues 

are more highly conserved, and those that lie further or are more solvent exposed are 

more commonly mutated. These results demonstrate how quantifying the MSSC of 

residues in a protein can be used for protein structural comparison to make informed 

decisions when selecting point mutations for their proteins, or to understand the structural 

similarity of a protein more thoroughly within a set of related proteins. 
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4.5. Methods 

Multiple sequence alignments were performed using MUSCLE7 using the default settings 

and output for processing in the CLUSTALW format. Other than when specifically 

mentioned, data processing was performed with Python 3.8. Custom scripts were written 

for all data processing and the NumPy math package was utilized for non-trivial math 

functions. Throughout this work, the spatial position of residues within a protein structure 

are defined by the cartesian coordinates of or reference vectors ending at the α-carbon 

atom of that residue.  
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CHAPTER 5 

 

Conclusions 

This work presented how protein structure analysis plays a role in classifying proteins by 

defining the thioesterase families, and presented a new quantity, the mutation space of 

spatially conserved sites in a protein structure, to analyze which amino acids are more 

structurally significant. 

All known thioesterase sequences were classified into thirty-five distinct, non-

redundant families based on the similarity of their primary structures. This method is 

shown to result in families whose members share a high degree of structural and 

enzymatic similarity, from which structures, catalytic residues, and enzymatic 

mechanisms can be predicted. This similarity was confirmed through multiple sequence 

alignments and superimposition of three-dimensional structures. The thioesterase families 

are available in the ThYme database, along with other enzyme groups (e.g. ketoacyl 

synthases) that act on thioester-containing substrates. The approach and methods 

developed with the thioesterases will be instrumental to update all the enzyme groups in 

the ThYme database. 

The development of a structural comparison method that forgoes superimposition 

to identify spatially corresponding residues is reported in this work. The positions of 

amino acids are described in terms of their relative positions within a protein structure, 

and are used to quantify the similarity of the relative positions of amino acid residues in a 

different protein structure, resulting in an examination of the mutation space that each 

amino acid in a structure. This method provides meaningful information about a target 
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protein structure within a set of similar protein structures. Four example target structures 

from different protein folds and with different enzymatic functions were scored by the 

similarity of residues found in the same relative spatial position in each respective set of 

comparison structures. A heat map for each target structure was generated, showing the 

relative compositional conservation of residue positions with respect to the set. In the 

examples that the MSSC were applied show that residue positions in closer proximity to 

other residues are more highly conserved, and those that lie further or are more solvent 

exposed are more commonly mutated. 

Mutation space analysis could benefit researchers in related fields by providing 

information that could help them make more informed decisions when selecting point 

mutations. Work is ongoing to improve the ability to meaningfully compare sets of more 

dissimilar structures, as well as to improve consistency of structural realignment and 

vectorization.  
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