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ABSTRACT 

Thioesterases are present in all living cells and perform a wide range of important biological 

functions by catalysing the cleavage of thioester bonds present in a diverse array of cellular 
substrates. Thioesterases are organised into 25 families based on their sequence conservation, 

tertiary and quaternary structure, active site configuration, and substrate specificity. Recent 
structural and functional characterisation of thioesterases has led to significant changes in our 
understanding of the regulatory mechanisms that govern enzyme activity and their respective 

cellular roles. The resulting dogma changes in thioesterase regulation include mechanistic 
insights into ATP and GDP-mediated regulation by oligomerisation, the role of new key 

regulatory regions, and new insights into a conserved quaternary structure within TE4 family 
members. Here we provide a current and comparative snapshot of our understanding of 
thioesterase structure, function, and regulation across the different thioesterase families.   

 

1. INTRODUCTION 

Thioesterases are a large superfamily of enzymes that play important cellular roles. They 
catalyse the cleavage of thioester bonds that are present in a wide range of activated fatty acyl-
coenzyme A (CoA) substrates, acyl-carrier proteins (ACPs), glutathione, and other cellular 

molecules (Figure 1). CoA-bound substrates are found as intermediates in many cellular 
biosynthesis pathways, including β-oxidation and synthesis of fatty acids, steroid synthesis, 

mevalonate and ketogenesis pathways, and include molecules such as acetyl-CoA, malonyl-CoA, 
acetoacetyl-CoA, propionyl-CoA, and arachidonoyl-CoA. In addition to these CoA-bound fatty 
acid substrates and cleaved reaction products being important intermediates and indicators of 

biological pathways, over-accumulation of these compounds can be toxic to the cell [1-8]. The 
toxicity of these acyl-CoA products can be reduced by binding to acyl-CoA binding proteins and 

membranes, and has been reviewed in [9]. Additionally, recent evidence has pointed towards 
acyl-CoA thioesterases playing a role in metabolic diseases, and as targets for management of 
obesity, diabetes, and non-alcoholic fatty liver disease [10]. 

  
Due to their widespread distribution, varied subcellular localisation (particularly in isoforms and 

spliced variants), vast substrates, and long history since their initial discovery in the 1950s [11, 
12], one challenge in the thioesterase literature has been devising a consistent nomenclature for 
describing and categorising these enzymes. To better understand the structural and catalytic 

similarities shared within these enzymes, a classification system was devised whereby 
thioesterases were grouped into families based on sequence conservation, tertiary structure, 

active site configuration and catalytic mechanism [13]. Thioesterase families (TE) 1-13, and 24-
25 are active against sulfhydryl bonds within fatty acyl-CoAs, TE14-19 cleave bonds between 
acyl-ACPs, TE20 and TE21 are protein-acyl hydrolases, and TE22 and 23 are glutathione-acyl 

hydrolases (Figure 2). Structurally, these families share common folds and oligomerisation 
states, which bring together requisite, but often varied active site configurations. Families TE4-

15, and 24-25 possess a hotdog fold domain [13], with either single or double domains within 
their primary structure that self-associate to form higher order complexes. These hotdog domain 
thioesterases are found in both prokaryotes and eukaryotes (Figure 3). Families TE2 and TE16-

22 contain an α/β hydrolase fold (Figure 2), are predominantly monomeric, and are found in 
both prokaryote and eukaryotes (Figure 3). The remaining families form three unrelated folds, 

NagB (TE1), Flavodoxin (TE3) and Lactamase (TE23) (Figure 2), and have evolved to perform 
the same catalytic function as hotdog and α/β hydrolase folds, representing examples of both 
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convergent and divergent evolution [14]. Moreover, the presence of domain duplication in a 
number of TE families is suggestive of a gene duplication event, whereby genes which were 

once in separate reading frames have been combined to form a single open reading frame 
containing multiple domains [15].  

 
New insights into the regulatory mechanisms of thioesterase families have been elucidated 
recently through structural and molecular approaches. Here, we provide a snapshot of the 

structural and functional elements that govern thioesterase biology, including new mechanisms 
of regulation and focus on areas where our understanding has been challenged through recent 

literature reports. 
 
 

 
2. STRUCTURE, FUNCTION, AND REGULATION OF THIOESTERASE FAMILIES 

2.1. Hotdog fold thioesterases 

The hotdog domain is the most common structural fold within the TE superfamily, present 
within TE4-15, 24 and 25 thioesterase families. The fold is comprised of an α-helix (representing 

the ‘sausage’ of the hotdog domain) surrounded by an antiparallel β-sheet (forming the ‘bun’). 
The fold was first described in 1996 [16] for the Escherichia coli β-hydroxydecanoyl thiol ester 

dehydrase FabA, and there are now currently >85 depositions in the Protein Data Bank. The 
active site configurations and oligomerisation states vary considerably within thioesterases 
containing hotdog folds (described below). The active site is often found at the dimer interface of 

two hotdog domains, mediated through either intra- or inter-domain interactions depending on 
the domain organisation.  

2.1.1 Acyl-CoA thioesterases 

TE4 Family 

Members of the TE4 thioesterase family, also known as TesB, acyl-CoA thioesterase II, and 
ACOT8 thioesterases, exhibit substrate specificity for short- to long-chain acyl-CoA, palmitoyl-
CoA, and choloyl-CoA substrates [17-19]. TE4 thioesterases contain a conserved double hotdog 

fold, and structures have been solved from both prokaryotes E. coli (PDB 1C8U; [20]), Yersinia 
pestis (PDB 4QFW; [17]), Mycobacterium avium (PDB 3RD7; [21]), Mycobacterium. marinum 

(PDB 3U0A; [21]), M. avium subsp. paratuberculosis (PDB 4R9Z; [22]) and eukaryotes 
Saccharomyces cerevisiae (PDB 1TBU; [23]). Both prokaryotes and eukaryotes encode fused 

double hotdog domains (Figure 3), with a topology of 1-1-2-2-3-4-5-6-3-7-8-4-

9-10-11-12, where the hotdog domain boundary is indicated by italics (Figure 4). Active 

site residues within TE4 family members, confirmed through structure-guided mutagenesis, are 

conserved and comprised of an Asp located in the middle of the α4-helix, and Gln and Thr on -

strands 9 and 12, respectively [20] (Figure 4).  
 
New insights into a conserved and unique quaternary structure within TE4 family members was 

reported in 2015 [17]. An octamer of hotdog domains (or tetramer of the double hotdog domain 
protomers) was identified in the TesB from Y. pestis (PDB 4QFW) and confirmed using a range 

of biophysical and structural approaches including analytical ultracentrifugation, size exclusion 
chromatography, small angle X-ray scattering data, mutagenesis, and X-ray crystallography. The 
same arrangement was identified in E. coli (PDB 1C8U), and M. marinum (PDB 3U0A). All 

members possess the Asp active site residue within a π-helix, centrally located in the α4-helix in 
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the second hotdog domain. An additional, distinctive structural feature of TE4 members is that 
they lack the C-terminal α-helix which is commonly found in other TE families. 

 
The most functionally characterised TE4 eukaryotic family member is ACOT8. This enzyme  

localises to peroxisomes within humans, mice, and rats, where it is speculated to play a role in 

the catabolism of long-chain fatty acids (-oxidation) [18] and branched-chain fatty acids [19]. 

ACOT8 expression is also increased in hepatocellular carcinoma development, possibly through 
lipolysis altering cellular levels of non-esterified fatty acids [24]. Subsequent knockdown of 
ACOT8 resulted in inhibited cell growth, which could be rescued by the addition of the non-

esterified fatty acid myristic acid [24]. Prior to this report, a link between ACOT8 and metastatic 
lung cancer was proposed by Jung, Kim [25], however, whether over-expression is caused by, or 

results in the differences in tumor cell phenotype remains to be established. That ACOT8 is 
located in the peroxisome and has broad activity against short, medium and long acyl-CoAs, 
trihydroxycoprostanoyl-CoA and hydroxymethyl-glutaryl-CoA, with greatest activity levels for 

CoA esters of primary bile acids choloyl-CoA and chenodeoxycholoyl-CoA suggests that 
ACOT8 is a regulator of peroxisomal lipid metabolism [26]. These activities suggest ACOT8 can 

play a role in regulating bile acid formation and excretion, control the -oxidation of a range of 
acyl-CoA metabolites, and regulate intracellular levels of free CoASH. Regulation of ACOT8 by 

binding of peroxisome proliferator activated receptor  (PPAR) to the promoter region 
provides a link between lipid metabolism and bile acid production [26]. Within mammals, the 

regulation of fatty acid concentrations is controlled by a range of transcription factors, with a 
number of these identified through binding and regulation studies including PPARs, sterol 

regulatory element binding protein-1c (SREBP-1c), and hepatic nuclear factors (HNF-4 and ) 

[27]. PPAR is a key regulator of lipid metabolism [28]. PPAR is part of a steroid hormone 

nuclear receptor family, consisting of PPAR, PPAR and PPAR, which act as transcription 
factors regulating the expression of target genes by binding with promoter regions [29].  Finally, 

Liu et al. [30] showed ACOT8 interaction with the product of the HIV Nef gene may play a role 
in the down-regulation of CD4 during HIV infection. More recently, molecular characterisation 
of the ACOT8: HIV-1 Nef interaction was studied through in silico structural predictions and 

confirmed using in vitro functional assays [31]. It was shown that ACOT8 regions Arg45-Phe55 
and Arg86-Pro93 were involved in Nef binding, with Lys91 playing a critical role in the interaction 

and when bound to ACOT8, degradation of Nef may be reduced. 
 

TE5 Family  

In contrast to members of the TE4 family, TE5 thioesterases (also known as thioesterase III, 
ybaW or FadM) are found solely in bacteria (Figure 3). They exhibit substrate specificity for 

long-chain acyl-CoA’s and 3,5-tetradecadienoyl-CoA [32], and possess a single hotdog fold 
domain. To date, the structure of only one member from this family has been solved, FadM from 
E. coli (PDB 1NJK; [33]). This structure remains to be published, and since this limits our 

knowledge of the structural features of this family, here we provide a brief preliminary analysis 
of the deposited structure. The secondary structural elements of this enzyme are arranged in the 

topology 1-1-2-3-2-3-4-5-4 (Figure 5). The active site residues have not been 
formally tested, however the highly conserved Asp13 is predicted to be involved in catalysis 

based on structural superposition of related thioesterases (Figure 5) [13]. This family contains a 
single hotdog domain that likely associates as a “face-to-face” tetramer of hotdog domains 
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(Figure 5) based on the binding interface analysis (PISA [34]), and structural homology with 
other tetrameric hotdog thioesterases. 

 
The function of FadM was first identified through deletion experiments in E. coli involving TesA 

and TesB [35]. These deletion mutants, when grown on oleate were shown to excrete 3,5-cis-
tetradecadienoic acid, establishing that presence of a long-chain thioesterase other than TesA and 
TesB. When E. coli was grown using oleic acid as the sole carbon source, 90% of the oleic acid 

was completely metabolised by β-oxidation, and the remaining 10% only partially degraded to 
3,5-cis-tetradecadienoyl-CoA. FadM prevents the accumulation of 3,5-cis-tetradecadienoyl-CoA, 

which cannot be further metabolised by β-oxidation, by hydrolysing 3,5-cis-tetradecadienoyl-
CoA to 3,5-cis-tetradecadienoic acid which is subsequently released into the growth medium. It 
is proposed that the removal of 3,5-cis-tetradecadienoyl-CoA is required to prevent sequestration 

of CoA, and/or alleviate inhibition of enzymes controlling β-oxidation [32]. 
 

Regulation of FadM expression occurs through transcriptional regulation by the fatty acid global 
regulator, FadR [36]. The binding of FadR to a 17 bp promoter region immediately preceding the 
FadM gene has been shown to directly repress protein expression [36]. When fatty acids are the 

sole carbon source, long-chain acyl-CoA species (C16 and C18) bind the acyl-CoA binding 
domain of FadR, inducing conformational changes in the DNA binding domains, displacing it 

from the promoter and allow transcription and fatty acid metabolism to proceed [36, 37]. It is 
also worth noting that FadR transcription regulator has also been shown to activate the fatty acid 
synthesis promoter fabH which controls expression of the fatty acid biosynthesis operon fabHDG  

making FadR a regulator of both fatty acid degradation and synthesis [38].  
 

TE6 Family 

Family members of TE6 thioesterases have been well characterised both structurally and 
functionally. Members include ACOT7 (BACH, ACH1, ACT, CTE-II, LACH), ACOT11 (BFIT, 

Them2, STARD14), ACOT12 (STARD15) and YciA. TE6 thioesterases exhibit broad substrate 
specificity, ranging from short (C2; [39]) to long (C20:4; [4])-chain saturated fatty-acyl CoA’s. 

A clear distinction exists in the domain organisation between prokaryotic and eukaryotic 
homologues. Prokaryotic TE6 thioesterases, exemplified by structures from Campylobactor 
jejuni (PDB 3D6L; [40]), Haemophilus influenzae (PDB 1YLI) and Neisseria meningitidis (PDB 

5V3A, 5SZZ, 5SZY, 5TO2 and 5SZU; [39]), contain a single hotdog domain, whilst eukaryotic 
family members contain two fused hotdog fold domains, with representative structures 

determined from mouse ACOT7 (PDB 2Q2B, 2V1O; [4], 2QQ2; [41], 4ZV3; [42]) and ACOT12 

(PDB 4MOB, 4MOC, 3B7K; [43]). The secondary structure topology is arranged as 1-1-2-

3-4-5 for prokaryotes and 1-1-2-3-4-5-2-6-3-7-8-9-10-4 for eukaryotes, 
where the second hotdog domain is in italics (Figure 6). A consensus active site for TE6 family 

members remains to be established, in part due to the differences in domain architecture. From 
mutagenesis studies and structural alignments of both prokaryote and eukaryote TE6 members, 

an Asp residue located on the central -helix (1 in prokaryotes, and 1 or 3 in eukaryotes), 

appears to be critical for catalysis (Figure 6). Eukaryotes also require an Asn for catalysis, 

located on a loop region connecting 1 and 1. Despite these differences in domain organisation 

and duplication, superposition of structures originating from prokaryotic and eukaryotic TE6 
members highlight a conserved biological assembly (Figure 6) (see also below). The first 

eukaryotic TE6 member to be resolved structurally was Acot7 [4]. The N- and C- thioesterase 
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domains, both solved independently, formed the same hexameric quaternary structure [4]. Since 
the N- and C-terminal hotdog domains formed highly similar hexameric arrangements (“trimer 

of double hotdog dimers”), a model of the full-length protein was generated by superimposing 
and alternating the domains. The full-length model satisfied biophysical data including analytical 

ultracentrifugation, size exclusion chromatography, chemical crosslinking and mass-
spectrometry [4]. The full-length structure revealed two non-identical putative active sites, and 
through mutagenesis, it was shown that one of two possible active sites was responsible for 

catalysis and comprised of Asn24 and Asp213. The other non-conserved putative active site had no 
effect on thioesterase activity when residues Glu39 and Thr198 were mutated to Ala. This half-of-

sites activity has been described subsequently in other TE6 members and across TE family 
members, however the cellular role remains to be elucidated [4].  
 

The cellular roles of ACOT7 have been investigated using a range of approaches. The enzyme is 
expressed highly in the brain [44] (giving rise to its synonym brain acyl-CoA hydrolase 

(bACH)). In mouse conditional knockout trials, upon fasting, mice express a phenotype 
concurrent with neurodegeneration, and alterations in behaviour and physiology such as 
hypermetabolism, hepatic steatosis, dyslipidemia and behavioural hyperexcitability [45]. Other 

studies have established that ACOT7 is the predominant source of thioesterase activity in the 
brain, providing neurons the capacity to regulate fatty acid metabolism [45]. The enzyme is also 

highly over-expressed in activated macrophages and displays specificity for arachidonoyl-CoA. 
Here, ACOT7 releases arachidonic acid [4], the precursor for prostaglandins and eicosanoids 
[46], where it may supplement the well-characterised PLA2-mediated pathway for inflammation. 

In support of this role, a recent report has established that overexpression of ACOT7 in 
mesenteric lymph nodes mediates a fat-induced inflammatory response [47].  

 
The structural and functional role of ACOT12 has also been reported [48]. Together with ATP-
citrate lyase [49] and cytosolic acetyl-CoA synthetase [50], ACOT12 regulates cytosolic levels 

of acetyl-CoA. Over-expression of ACOT12 has been characterised in the liver of mice [51], rats 
[52] and humans [53], where acetyl-CoA plays an important role in fatty acid synthesis [54, 55] 

and production of signalling molecules [56, 57]. The recent crystal structure of ACOT12 has 
highlighted a domain switching event in the hotdog domains when compared with ACOT7 [43]. 
This may result in reversal of the active site architecture, with the Asp active site residue located 

on the -helix of the N-terminal hotdog domain, and Asn harboured within the C-terminal 
domain [43]. Interestingly, ACOT12 also contains a steroidogenic acute regulatory domain 

(START domain), positioned at the C-terminus to the two fused hotdog domains (Figure 7). 
START domains have been shown to function in binding and transport of lipids between 

membranes, and contain a deep lipid-binding pocket, shielding the lipid from the aqueous 
environment. A full length model of the ACOT12 was established through superposition of 
overlapping regions between the thioesterase domains of ACOT12, and the START domain of 

ACOT11, allowing analysis of the interactions between the START domain and thioesterase 
domains [43]. The structural basis for ACOT12 regulation was also elucidated in the same study, 

providing clarity in the literature regarding the mechanism of regulation of TE6 members. 
ACOT12 and ACOT11, both reciprocally regulated by ADP and ATP, were thought to be 
regulated by nucleotide-induced changes in the oligomeric assembly of the hotdog domains. 

ACOT12 was believed to be monomeric (and inactive) in the presence of ADP, and an active 
dimer and tetramer in the presence of ATP [51-53, 58, 59]. Similarly, ACOT11 was believed to 
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exist as an inactive monomer, with ATP binding inducing an active dimer formation [60]. 
However, the structure of ACOT12 revealed the oligomeric state is unaltered in the absence or 

presence of nucleotides. In both ligand bound and unbound forms, ACOT12 was a trimer of 
double hotdogs, similar to all TE6 thioesterases [43]. Rather than disruption of the quaternary 

structure, the mechanism of regulation occurred through two regulatory regions within the 
thioesterase domains. When bound to ADP, the C-terminal α-helix is constrained by these 
regulatory loop regions which tether the C-terminal α-helix (Figure 7). Upon binding with ATP, 

the γ-phosphate prevents the C-terminal helix from being locked through these regulatory 
domains. Since flexibility of the C-terminal α-helix is important for activity, the switch between 

ADP and ATP bound forms establish a structural basis for regulation [43]. 
 
Closely related to ACOT12, ACOT11 shares 55% sequence identity and similar domain 

architecture. The function of ACOT11 in brown adipose tissue was described recently in a 
double knockout mouse model, where ACOT11-deficient mice were shown to be resistant to 

obesity and associated diet-induced inflammation in white adipose tissue, displayed increases in 
energy expenditure, and diminished endoplasmic reticulum (ER) stress [61]. These observations 
were attributed to ACOT11 function in conserving calories by decreasing energy consumption 

within brown adipose tissue, a role that in conditions of nutritional excess promotes obesity and 
the production of excess non-esterified fatty acids which act to promote inflammation, insulin 

resistance and ER stress [60, 61].  
 
The function of prokaryote TE6 members have also been well characterised. The YciA-type 

thioesterases have been investigated from both E. coli and H. influenzae, and show substrate 
specificity for a broad range of fatty acyl-CoAs including short, medium and long-chain acyl-

CoAs. These functional studies, which in addition to the co-location of these genes within operon 
clusters have led to putative roles in membrane biogenesis during division, or insertion of 
transporter proteins [62, 63]. Despite encoding only single hotdog domains in the primary 

structure, prokaryote TE6 members form the same quaternary architecture as eukaryotic TE6 
thioesterases [63] (Figure 6). An interesting corollary of prokaryote and eukaryote thioesterases 

containing one and two hotdog domains, respectively, in the primary structure, is that 
prokaryotic TE6 members contain six identical active sites, whilst eukaryote thioesterases 
contain non-identical active sites. Despite this, many TE6 enzymes characterised to date appear 

to utilise half of potential active sites. For example, in eukaryotes TE6 family members such as 
ACOT7 and ACOT12, half of the potential active sites are catalytically active, while the 

structurally related (but sequence disparate) site, is catalytically inactive [4]. In contrast, TE6 
thioesterases from prokaryotes achieve a similar half-of-sites reactivity through a different 
mechanism since they are comprised of a single hotdog domain, and all six of the putative active 

sites are identical. Within related hotdog families several crystal structures have shown only half 
of the domains contain CoA, despite all domains containing equivalent active site configurations 

(PDBs: 4MOB, 4MOC [43], 3B7K, 4ZV3). Moreover, other single hotdog domain TE family 
members also exhibit CoA bound at only a fraction of the sites (PDBs 4R4U [17], 4ZRB [64], 
5BYU, 5KL9). Substrate-induced structural rearrangements have been described in other 

thioesterase families [17, 64], although the exact functional role for half-of-sites activity from 
prokaryotes through to eukaryotes remains to be established. A half-of-sites reactivity has also 

been described more broadly, with a large number of enzymes including aldehyde 
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dehydrogenase [65], thymidylate synthase [66], aspartate receptors [67] and bacterial 
adenylyltransferase [68], all displaying a half-of-sites activity.  

 
That thioesterases from disparate ends of the evolutionary spectrum have retained a half-of-sites 

reactivity through different mechanisms implies an important role in regulation and/or function, 
despite a clear cellular role being determined fully. Common mechanisms were identified 
between the N. meningitidis acyl-CoA thioesterase (NmACT) and human ACOT12 [39]. The 

NmACT enzyme, comprised of a hexamer of single hotdog domains and was shown to possess a 
GDP binding pocket at the dimer interface, and in close proximity to a disulfide bond. 

Mutational analysis of the GDP binding residues established Arg93 as an important binding 
determinant for the GDP interaction, with an R93E mutation resulting in a marked decrease in 
activity, suggesting GDP binding is important for the thioesterase activity of NmACT. Structural 

superposition of NmACT with the human ACOT12 enzyme identified significant similarities 
between the structural arrangement of hotdog domains and nucleotide binding sites suggesting a 

conserved regulatory mechanism [39].   
 
TE7 Family  

TE7 enzymes include members such as ACOT9 (also known as MT-ACT48) and ACOT10 (MT-
ACT48.2), and display substrate specificity against short to long chain acyl-CoA’s. These 

thioesterases exhibit a double hotdog domain structure, however there are currently no structures 
or active site architectures available. Based on sequence similarities of ACOT9 and ACOT10 
thioesterases with known TE structures, we have produced a representative model of ACOT9 

(Figure 8) using PHYRE with a 100% confidence level in the overall fold [69, 70]. The 
modelling suggests that ACOT9 is likely to exhibit a hotdog fold that assembles into a hexamer, 

or “trimer of double hotdog domains”, similar to ACOT7 [4] and ACOT12 [43]. A putative 
active site residue based on superposition with ACOT7 suggests that Asp150, positioned in the 
middle of the central α-helix of ACOT9 is potentially involved in catalysis. 

 
Expression studies have shown ACOT9 is expressed widely in both mouse and human tissues 

whilst ACOT10, specific to the mouse genome, is expressed at very low levels. ACOT9 is 
localised in the mitochondria, with highest activity observed in brown adipose tissue and kidney 
mitochondria. Thioesterase activity was noted against both short and long chain acyl-CoA’s, 

with activity against C12-CoA enhanced in the presence of the short chain acyl-CoA isobutyryl-
CoA, as well as intermediate substrates of amino acid metabolism. As a result of its activity 

against short chain acyl-CoA’s, ACOT9 is thought to be a “multi-purpose” thioesterase 
regulating lipid and amino acid metabolism in mitochondria. Regulation of ACOT9 activity is 
mediated by NADH and CoA, both of which are potent inhibitors, however no structural basis 

for this regulation has been determined [71].  
 

TE8 Family 

The TE8 thioesterase family is typified by thioesterases such as ACOT13 (also known as 
thioesterase superfamily member 2 (Them2)), which exhibit activity against long chain acyl-

CoA’s. These thioesterases contain a single hotdog fold domain, as exhibited across a number of 
structures including human ACOT13 (PDB 2F0X, [72]; 2H4U; [73]), human undecan-2-one-

CoA bound ACOT13 (PDB 3F5O; [74]), mouse apo-Acot13 (PDB 2CY9; [75]) and zebra fish 
apo-Acot13 (PDB 4ORD; [76]). The secondary structural elements within this family are 
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arranged as 1-1-2-2-3-4-5-6, and the catalytic active site is comprised of residues at 

the interface of a hotdog dimer involving an Asp, positioned within the middle of the central 2-

helix, a Ser residue located on 3-strand of one hotdog chain, and an Asn residue located on a 

loop connecting 2-2 of the other chain [74, 76]. The structures of both the apo- and substrate-
bound ACOT13 reveal a tetramer of hotdog domains arranged in a back-to-back configuration of 

double hotdog dimers (Figure 9).  
 

ACOT13 exhibits thioesterase activity against long chain fatty acyl-CoA substrates. Its 
expression is enriched in oxidative tissues and is associated with mitochondria. Cellular roles of 
ACOT13 in regulating hepatic glucose [77] and lipid metabolism [6] have been demonstrated 

using Them2−/− mice. Zebra fish embryos deficient in Them2 demonstrated retarded cell division 
[76], and more recently, a direct regulatory role was demonstrated in heat production and 

thermogenesis with likely functions in brown adipose tissue to suppress adaptive increases in 
energy expenditure [78]. Regulation of ACOT13 and its binding partner STARD2 
(phosphatidylcholine transfer protein (PC-PT)), a fatty acid metabolism regulator, is mediated by 

PPARα [78, 79].  
 

TE9 Family 

The TE9 thioesterases are represented by acyl-CoA thioester hydrolase YbgC, and exhibit 
activity across a broad range of short to long chain acyl-CoAs, and 4-hydroxybenzoyl-CoA. 

They contain a single hotdog fold domain, and structures have been determined from E. coli 
(PDB 1S5U; [80], 5KL9; [81], 5T06 and 5T07; [82]), Thermus thermophilus (PDB 1Z54; [83]), 

Helicobacter pylori (PDB 2PZH; [84]), Bartonella henselae (PDB 3HM0; [85]), P. aeruginosa 
(PDB 5V10; [86]) and Aquifex aeolicus (PDB 2EGR, 2EGJ; [87]). TE9 thioesterases exhibit a 

topology of 1-1-2-3-2-3-4-5-6-4, and active site residues Tyr, Asp, His (Figure 

10). The Tyr and Asp residues are positioned on a loop connecting 1-1, and the His located on 

1. All TE9 quaternary structures exist as homo-tetramers, with the central α-helices positioned 
in a “face-to-face” configuration. 

 
Whilst the function of YbgC thioesterases remain to be characterised fully, their gene 
organisation within the Tol-Pal gene cluster is suggestive of putative roles in cell envelope 

integrity. The Tol-Pal system is found in the majority of gram-negative bacteria, and consists of 
five core proteins (TolQ, TolR, TolA, TolB and Pal) with the additional genes for YbgC and 

YbgF located in the operon. This Tol-Pal system spans across the cell envelope and functions to 
maintain structure and function of the cell envelope and cell division [88, 89]. Whilst not 
consistently part of the Tol-Pal operon loss of YbgC function results in poor cell envelope 

integrity, cell division [90], increased sensitivity to drugs and detergents, and a phenotype 
indicative of defects in cell separation [91]. A proteomics analysis of the YbgC protein in 

Salmonella enterica serovar Enteritidis identified that the ybgC gene is required for survivability 
in the presence of whole egg white. Moreover, there was decreased expression of tolR and tolA 
in the ΔybgC mutant strain providing evidence of a link between the Tol-Pal system and YbgC 

[92]. 
 

 
The thioesterase activity of YbgC have been characterised in E. coli, H. influenzae, and H. 
pylori, with suggested roles in phospholipid metabolism [84, 93]. YbgC protein from H. 
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influenza exhibits preference for short-chain substrates [94], while H. pylori YbgC exhibts 
specificity for stearoyl-CoA (C18:0), correlating with the unusual fatty-acid profile within this 

organism, but also suggesting that YbgC’s have evolved different substrate preferences. YbgC 
interacts with ACP in vivo, also suggestive of putative roles in phospholipid metabolism [95]. 

TE10 Family 

The TE10 family members are represented by 4-hydroxybenzoyl-CoA thioesterase-I (4HBT-I), 
and exhibit activity towards 4-hydroxybenzoyl-CoA. They contain a single hotdog domain as 

characterised by the structures from Pseudomonas sp. (PDB 1BVQ; [96], 1LO7, 1LO8 and 

1LO9; [97]) . The topology of this family is arranged as 1-1-2-3-2-3-4-5-6-7-8-

4 (Figure 11). Only one active site residue has been reported to date, involving a nucleophilic 

Asp17 located on the loop connecting 1-1 which proceeds via an anhydride intermediate [97, 

98]. The structure supports a homo-tetramer of hotdog domains arranged in a face-to-face 
orientation similar to TE9 family members (Figure 11).  

 
Functionally, 4HBTs catalyse the final step in the 4-chlorobenzoate degradation pathway which 

converts 4-chlorobenzoate to 4-hydroxybenzoate in soil dwelling bacteria. This enzymatic 
pathway has the potential to play an important role in environmental detoxification, by 
degradation of 4-chlorobenzoate which is prevalent in from herbicide and pesticide use [99, 

100].   
 
TE11 Family 

TE11 family members comprise 4HBT-II, EntH (YbdB) and YdiI type thioesterases, and exhibit 

activity towards 4-hydroxybenzoyl-CoA, 2,4-dihydroxybenzoate-holo-EntB (for enterobactin 
biosynthesis) and 1,4-dihydroxynapthoyl-CoA (for menaquinone biosynthesis), respectively 

[101]. They possess a single hotdog fold and representative structures have been determined 
from Arthrobacter sp. (PDB 1Q4S, 1Q4T, 1Q4U; [102], 3R32, 3R34, 3R35, 3R36, 3R37, 3R3A, 
3R3B, 3R3C, 3R3D, 3R3F and 3TEA; [103]) for 4HBT-II; E. coli (PDB 1VH9; [104], 4K4C and 

4K4D; [105]), H. influenzae (PDB 2B6E; [106] and 1SC0; [107]) and P. aeruginosa (PDB 
4QD9; [108]) for YbdB; and E. coli for YdiI (PDB 4K4A, 4K4B, 4K49; [105], 1VH5, 1VI8; 

[104] and 1SBK; [109]). The secondary structural elements of this family are organised as 1-

2-1-2-3-4-5-3-4-5-6, and active site residues are comprised of a nucleophilic Glu73 

located on the central -helix while Gly65 located between 2 and 2 from the neighbouring 
protomer polarises the thioester C=O via a hydrogen bond to the backbone amide [102]. The 

reported quaternary structure of this family is a back-to-back tetramer of hotdog domains 
(Figure 12).  

 
Functionally, 4HBT-II perform catalysis of 4-hydroxybenzoyl-CoA for the removal of 4-
chlorobenzoate [102, 110], appearing to have evolved to fulfil the same role as members of TE10 

and utilise the same active site mechanism, however containing a different active site 
architecture. Extensive mutational and biochemical studies of the E. coli YbdB and YdiI 

thioesterases identified that differences in substrate specificity are the result of subtle differences 
in the alkyl/aryl binding sites. For example, residue M68 in YbdB is equivalent to V68 in YdiI, 
and a M68V in YbdB increased the catalytic efficiency of YbdB towards 1,4-dihydroxynapthoyl-

CoA by ~50-fold. This increase in efficiency is thought to be the result of either the increased 
size of the substrate binding site or that by reducing the hydrophobic packing of the side chains 
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within the binding site promotes an open conformation similar to that seen in the YdiI structure 
[105].    

 
TE12 Family 

Members of the TE12 family comprise thioesterases that hydrolyse 1,4-dihydroxy-2-naphthoyl-
CoA (DHNA-CoA) releasing 1,4-dihydroxy-2-naphthoate (DHNA). They exhibit a single 

hotdog fold domain, and the structures from A. thaliana (PDB 4K02; [111]), and two bacteria, 
Synechocystis (PDB 4K00; [111]) and Campylobacter (PDB 2HX5; [112]), have been 

determined. The topology of TE12 family members are arranged as 1-1-2-3-4-2-3-4-

5-6-7-5 and contain either an Asp or Glu catalytic residue located on a flexible loop 

between 2 and 3. TE12 members form a tetramer in a face-to-face arrangement (Figure 13). 
  

The release of DHNA is an essential step in the synthesis of phylloquinone (vitamin K1) and 
menaquinone (vitamin K2), catalysed by thioesterases of the TE12 family, in photosynthetic 

organisms. Consequently, these thioesterases are expressed frequently in cyanobacteria and 
plants [111].  This activity provides the naphthoquinone ring that is coupled subsequently to the 
polyisoprenol side chain of vitamin K and then methylated. The role of vitamin K differs 

amongst photosynthetic organisms and mammals: in bacteria vitamin K2 is used as an electron 
transporter in the respiratory chain; plants use vitamin K1 as the one-electron carrier in 

photosystem I; while mammals, which cannot synthesise their own vitamin K1 require it for 
blood coagulation, bone and vascular metabolism, cell signalling and cell cycle regulation [113].  
 
TE13 Family 

The TE13 thioesterase family members are PaaI type thioesterases, named for their presence in 

the phenylacetic acid paa gene cluster, and exhibit activity against short and medium chain acyl-
CoA, as well as several hydroxyphenylacetyl-CoA substrates. They exhibit a single hotdog fold, 

and representative structures have been solved from E. coli (PDB 1PSU and 2FS2; [114]), P. 
aeruginosa (PDB 1ZKI; [115]), S. pneumoniae (PDB 4I82, 4ZRF, 4ZRB, 4XY5 and 4XY6; 
[64]), S. mutans (PDB 3LBB and 3LBE; [116]), S. aureus (PDB 4M20, 5EP5; [117], 4YBV; 

[118]) and T. thermophilus (PDB 1J1Y, 1WLU, 1WLV, 1WM6, 1WN3; [119] and 2DSL; 

[120]). The topology of this family is arranged as 1-1-2-2-3-3-4-5-6 with residues 

important for catalysis including Asn, Asp and Thr (SpPaaI). The location of these active site 
residues is shown in Figure 14 [64, 115]. The quaternary structure is a tetramer of hotdog 

domains in a back-to-back arrangement (Figure 14). 
 
The mechanism by which bacteria metabolise phenylacetate has been described previously [121, 

122], and involves a large enzyme pathway encoded by the gene cluster 
PaaABCDEFGHIJKXYZ. Phenylacetate is converted into phenylacetyl-CoA by phenylacetate-

CoA ligase, and this product then undergoes a series of degradative steps through ring 

hydroxylation, ring opening and -oxidation type degradation [123]. The PaaI thioesterases 

release CoA from phenylacetyl-CoA, as well as mono- and dihydroxylated compounds 4-
hydroxyphenylacetyl-CoA, 3-hydroxyphenylacetyl-CoA, 3,4-dihydroxyphenylacetyl-CoA, and 
3,5-dihydroxyphenylacetyl-CoA. These are early intermediates of the pathway and are thought to 

assist in avoiding CoA depletion in the bacterial cell as a result of dead-end products [114]. 
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A structural basis for regulation of the PaaI thioesterases revealed an induced fit mechanism, 
involving a half-of-sites reactivity [119]. Binding of CoA at two of the four protomer sites in the 

T. thermophilus PaaI was shown to be mediated through a rigid-body rearrangement of the 
subunits, resulting in negative cooperativity by preventing further binding in the remaining two 

sites [119]. The induced fit mechanism was explored further in the S. pneumoniae PaaI 
thioesterase (SpPaaI) [64]. Interestingly, the SpPaaI thioesterase demonstrated higher activity 
towards medium chain-length fatty acyl-CoA substrates and when crystallised with CoA this was 

shown to bind at half the possible binding sites. Within the CoA bound subunits this induced a 

34Å conformational change in the first 11 N-terminal residues changing 1 to an α-helix 

displacing Tyr38 and Tyr39 away from the substrate binding site allowing for the fatty acyl-CoA 
substrate to bind [64].  

 

TE24 Family 

Members of the TE24 family include fatty long-chain acyl-CoA thioesterase (Fcot) and type III 

thioesterases. They are found only in prokaryotes and contain a single hotdog fold. The Fcot 
thioesterase of Mycobacterium (Rv0098) is part of an operon with five other genes. The operon 

is conserved in pathogens Mycobacterium leprae, M. bovis, and M. avium, and the genes express 
a member of the PPE (Pro-Pro-Glu motif) family, an oxidoreductase, a fatty acid AMP ligase, an 
acyl carrier protein, and a nonribosomal peptide synthase. The genes are not essential for the 

growth of Mycobacterium, but are required for the survival of Mycobacterium in mice [124, 
125]. 

The TE24 family members display activity against long-chain acyl-CoAs, with the greatest 
activity observed for palmitoyl-CoA [94]. The enzyme is proposed to be part of a lipopeptide-
synthesis pathway, and in M. bovis, the operon was demonstrated to be essential in the synthesis 

of the virulence-enhancing lipids. 
 

The only structure of a TE24 thioesterase available is from M. tuberculosis (PDB 2PFC; [94]). 

The topology of the structural elements is arranged as 1-1-2-2-3-3-4-5-6. The 

quaternary structure is distinctly different to other TE family members, displaying a hexamer 
with three dimers arranged ‘head to tail’ [126].  This was shown to be consistent with the elution 
profile during size exclusion chromatography. In the trimer of dimer configuration, each dimer is 

comprised of two identical protomers, with the dimers joining together in a head to tail 
arrangement, forming a triangle. Whilst a trimer of dimer arrangement of hotdog domains has 

been characterised in TE families TE6 and TE7, the arrangement of these dimers into a triangle 
is distinctly unique.  
 

The structure was also solved with bound dodecenoate, assisting with the mutational analysis to 
describe active site molecules. Each dimer contains two putative symmetrically related active 

sites at the interface. Putative active site residues positioned near the thioester were considerably 
different to known active site residues of other thioesterases families. For example, neither Asp 
or Glu were in close proximity to the active site to act as a general base, and Thr or Ser, 

commonly associated with type II thioesterases, was also missing. From a total of seven 
structure-guided mutants, Tyr66, Tyr33, and Asn74 were shown to abolish activity of the enzyme 

[126]. Overall, these family members lack a nucleophile or a general base that is characteristic of 
other TE families, but rather, contain active site residues involving a Tyr located on the central 

-helix, and Tyr and Asn residues located on a flexible loop (Figure 15). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

14 
 

 
TE25 Family 

The most well characterised TE25 thioesterase is a flouroacetyl-CoA thioesterase (FlK). These 
enzymes harbour a single hotdog domain, and representative structures have been solved from 

Streptomyces cattleya (PDB 3KUV, 3KUW, 3KV7, 3KV8, 3KVI, 3KVU, 3KVZ, 3KW1, 3KX7, 
3KX8; [127], 3P2Q, 3P2R, 3P2S, 3P3F and 3P3I; [128]) and T. thermophilus (PDB 2CWZ). The 

conserved secondary structural elements of this family are arranged as 1-1-2-3-4-5-2 

and the active site is comprised of residues from two monomers, formed at the dimer interface of 

residues Thr and His located on the central 1-helix of one domain, and a flexible loop region 

between 2 and 3 [127]. These thioesterases form dimers with the active site located at a tight 

dimer interface (Figure 16). 
 
The FlK from S. cattleya exhibits specificity for flouroacetyl-CoA, but not acetyl-CoA [127], 

conferring resistance to fluoroacetate, a surprisingly toxic organofluorine naturally produced by 
many plants [128]. This selectivity is important for ensuring acetyl-CoA is not cleaved and 

removed from the pool of metabolic intermediates. The catalytic mechanism has been resolved 
and involves the imidazole moiety within His76 acting as a base, and deprotonating the hydroxyl 
side chain of Thr42. This activated nucleophile attacks the substrate and forms a transition 

intermediate. A water molecule is involved in stabilising the His76 residue. Interestingly, Glu, 
which is a catalytic residue in many type II thioesterases, does not contribute to the catalytic 

mechanism, but does maintain the active site configuration [127]. 
 
The main reported function of FlK thioesterases is linked directly to the hydrolysis of 

flouroacetyl-coenzyme A to produce fluoroacetate and CoA. This has important implications in 
the regulation of the tricarboxylic acid cycle since the substrate can be utilised by citrate 

synthase to produce 2-flourocitrate, which can be converted into 4-hydroxy-trans-aconitate, an 
inhibitor of aconitase, which catalyses the tricaboxylic acid [128, 129]. 
 

Proposed TE26 Family 

This thioesterase family has not yet been formally assigned by the ThYme server, however we 

recommend that the thioesterases Them4 (Thioesterase superfamily member 4) and 
Them5/ACOT15 be assigned this family based on their unique quaternary structure and active 
site architecture. Structural characterization of these PaaI-like thioesterases revealed that the hot-

dog domains form a dimer assembly [130]. This quaternary structure is unique given that PaaI-
like thioesterases otherwise form “back-to-back” tetramers, and are represented in only two 

hotdog thioesterase families (Figure 3; Table 1). Together with the assigned active site 
architecture described below, we believe these disparate dimeric and tetrameric assemblies 
provides a strong basis for their separation into a distinct family. Them4 and Them5 exhibit 

substrate specificity for long-chain acyl-CoAs, and possess a single hotdog fold domain in both 
Them4 (PDB 4AE8; [130]) and Them5/ACOT15 (PDB 4AE7; [130]). The conserved topological 

structural elements are arranged as 1-1-2-2-3-4-5-6, and catalytic residues are located 

at the dimer interface consisting of a HGG motif located at the end of the central -helix of one 

monomer, and conserved Asp and Thr residues from the other monomer in the central -helix 

and loop region between 2 and 3, respectively (Figure 17) [130].  
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The cellular function of ACOT15 has only recently been determined through knockout mice 
studies by Zhuravleva et al,[130] demonstrating its activity against C18 polyunsaturated fatty 

acids, and its specific role in cardiolipin remodelling and lipid metabolism [130]. ACOT15-/- 
mice experienced a 2-fold increase in monolysocardiolipin, a specific metabolite of cardiolipin, 

and developed fatty liver as well as altered mitochondrial morphology and function. These 
physiological symptoms all correlate with a function of ACOT15 in cardiolipin remodeling and 
it was proposed that ACOT15 controls this process by regulating the pool of acyl groups with an 

emphasis on linoleyl, which reacylates stearoyl- and palmitoyl-containing monolysocardiolipin 
species in the cardiolipin cycle [130]. 

2.1.2. ACP Thioesterases 

 

TE14 Family 

The TE14 family exhibit substrate specificity for short to long chain acyl-molecules linked to 

ACP rather than CoA, and are found in both prokaryotes and eukaryotes. The main reported 
function of TE14 family members is to control the chain length and saturation state of fatty 
acids, with their specificity reflecting the profile of the major fatty acids in plants. The 

elongation of fatty acids in plants occurs in plastids and is mediated by fatty-acid synthase. 
Malonyl-ACP is condensed with either acyl-CoA or a previously synthesised acyl-ACP 

derivative to elongate the carbon chain by two units per cycle, with this process terminated by 
the activity of the TE14 acyl-ACP thioesterases FatA and FatB [131]. In essentially all plants the 
major products of fatty acid biosynthesis are oleate and palmitate, with FatA and FatB showing 

the greatest activity against oleoyl-ACP and palmitoyl-ACP respectively [132]. The FatB-type 
thioesterase from the California bay plant (Umbellularia californica), with specificity for 
medium chain fatty acid lauroyl-CoA [133], was first identified for its potential in the industrial 

production of detergent [134]. Medium chain-length fatty acids have a number of industrial uses 
[134-136] and, subsequently, the FatB’s of a large range of plants have been extensively 

investigated for their chain-length specificities [137]. 
 
There are currently four TE14 structures available, from Lactobacillus plantarum (PDB 2OWN; 

[138]), Bacteroides thetaiotaomicron (PDB 2ESS; [139]), Spirosima linguale (PDB 4GAK; 
[140]) and Umbellularia californica (PDB 5X04; [141]). TE14 thioesterases consist of two 

tandem hot dog domains, termed the N-terminal hotdog and the C-terminal hotdog domains. The 

structural topology of 5X04 is arranged 1-2-β1-3-4-5-β2-β3-β4-β5-6-7-8-β6-9-

10-11-β7-β8-β9-β10, with helices 4and 10 forming the central -helix of the N-terminal 
hotdog and C-terminal hotdog domains respectively. The crystal structures of TE14 members, in 

addition to non-crystallographic studies suggest that TE14 thioesterases form a dimer in solution 
(or essentially a tetramer of hotdog domains) [141-143]. 
 

The active site of TE14 thioesterases was previously predicted to be comprised of a Cys-His-Asn 
catalytic triad (Figure 18) [13]. However, structural alignment between the TE14 structures 

reveals a network of potentially catalytic residues, Asp281, Asn283, His285, and Glu319, located on 
the periphery of the C-terminal hotdog domain. Feng et al. [141] established that D281N and 
H285A mutations in U. californica FatB (UcFatB) abolished enzyme activity, while N283A and 

E319A mutants retained ~3% activity, thus confirming the importance of these residues. Mutation 
of the predicted Cys active site residue to Ala resulted in approximately 70% reduced activity 

compared to wild-type, thus it is possible that this Cys residue is important for substrate binding 
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but not catalytic activity, or that mutation of this residue perturbs the function of the conserved 
adjacent Glu319. Furthermore, multiple sequence alignment of 1019 acyl-ACP TE sequences 

collected from the ThYme database revealed that Cys320 is only conserved among 22% of the 
1019 sequences, and appears restricted to plant acyl-ACP TEs [144].  

 
Docking and mutational studies suggest that the binding of acyl-ACP substrates to TE14 
thioesterases results in a conformational change to an open conformation, whereby a β-strand is 

proposed to act as a lid domain, moves to accommodate the incoming acyl chain. The substrate 
binding pocket is formed by residues on the first hotdog domain, and dictates the length of acyl 

chain that can be accommodated. Binding of the substrate positions the thioester bond adjacent 
to the catalytic network. Two similar mechanisms have been proposed based on the structures of 
TE14 thioesterases, and while they differ in the exact role of the catalytic residues, in general, 

both mechanisms involve a nucleophile that attacks the thioester carbonyl carbon to form an 
acyl-anhydride intermediate, which is subsequently hydrolysed by water molecules to release 

non-esterified fatty acids [141, 144]. 
 
TE15 Family 

Members of TE15 have only been identified in bacteria and exhibit substrate specificity for 
linear intermediates of the antitumor antibiotics calicheamicin and neocarzinostatin linked to 

ACP. TE15 family protomers contain a single hotdog domain, with the secondary structural 

elements arranged 1-1-2-3-2-3-4-5-4. Representative crystal structures have been 

determined from Micromonospora echinospora (CalE7; PDB 2W3X; [145]), Micromonospora 
chersina (DynE7; PDB 2XEM; [145]), and Streptomyces globisporus (SgcE10; PDB 4I4J; 

[146]). As evidenced by the crystal structures and size exclusion chromatography experiments, 
TE15 thioesterases form tetramers in solution, with two monomers forming a tandem hotdog 
domain arrangement in a dimer of dimers arrangement (Figure 19).  

 
The structure of CalE7 revealed a novel active site which lacks the catalytic Glu or Asp residue 

conserved in other hotdog fold thioesterases. Rather, Arg37, located on the central -helix, 
catalyses the hydrolysis of the thioester bond, and Tyr29, located on the adjacent hotdog central 

-helix, in combination with a hydrogen bonded water network, decarboxylate the β-
ketocarboxylic acid intermediate [145]. The crystal structures of DynE7 and SgcE10 reveal that 

these two residues are conserved amongst CalE7, DynE7, and SgcE10. Furthermore, all three 
enzymes display four possible active sites, two at each dimer interface. Despite containing the 
four possible active sites, Kotaka et al. [145] and Liew et al. [147] propose that dimerisation of 

two CalE7 or DynE7 protomers forms an L-shaped substrate binding channel, with an entrance 
in one subunit and an exit in the adjacent subunit. As such, there would only be two functional 

active sites in the tetrameric structure, which is consistent with the half-of-sites mechanism(s) 
observed in other hotdog fold thioesterase families.  
 

The putative substrate binding channel is comprised of a short hydrophilic entrance (located at 
the outer channel) and a phosphopantetheinyl binding site, as well as a hydrophobic region (on 

the inner channel) that extends inside the other subunit. This hydrophobic region is enclosed by 
residues from helices α1, α2, and α3, with the β5-α3 loop acting as a flexible gate that controls 
access to the substrate binding channel. Residues Arg37, Glu36, and Thr60 from one monomer, and 

Asn19 and Tyr29 from the other monomer, form part of this substrate binding channel [145, 147]. 
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In addition to tetrameric TE15 thioesterases displaying only two substrate binding channels, 
Liew et al. [147] suggest that upon ligand binding, the flexible β5-α3 loop, helices α1 and α2, 

and strand β2, undergo conformational changes that elongate and widen the substrate binding 
channel of one dimer, and appear to close the other substrate binding channel of the opposing 

dimer. This suggests that TE15 thioesterases undergo ligand induced negative cooperativity that 
reduces the tetramer to one functional active site at a time. 
 

The recruitment of hotdog thioesterases for polyketide synthesis is quite unusual, with only a few 
examples of hotdog thioesterases having substrates not attached to CoA. The polyketide synthase 

CalE8, in conjunction with the thioesterase CalE7, catalyse the biosynthesis of the enediyne 
moiety of neocarzinostatin and calicheamicin [148-150]. While the exact function of CalE7 
within this multi-enzyme system is not fully understood, it has been suggested to play a role in 

removing aberrant products from the polyketide synthase in a similar manner to polyketide 

synthase /  hydrolases [145]. 

 
2.2. α/β Hydrolases 

The α/β hydrolase fold, present in TE families 16-19, is highly conserved, with homologues 
present across prokaryotes and eukaryotes [151]. Initial studies describing thioesterase activity 
from α/β hydrolases were reported in rat liver in response to peroxisome proliferator activated 

receptor α [152]. The first mammalian α/β hydrolase thioesterase structure was determined from 
bovine palmitoyl protein thioesterase 1, with significant similarities to a eukaryotic myristoyl-

ACP-specific α/β hydrolase thioesterase [153]. The active site mechanism of this family forms a 
catalytic triad, comprising a nucleophile, catalytic acid, and His [154]. The α/β hydrolase fold is 
comprised of a twisted 8-11 stranded β-sheet in which most of the strands are parallel, with α-

helices flanking each side, and substrate selection often conferred through a flexible lid domain 
[155]. 

  
Many of the α/β hydrolase thioesterases are found as part of multi-domain assembly enzymes, 
including fatty acid synthase (FAS), polyketide synthase (PKS), or non-ribosomal peptide 

synthetase (NRPS) [156-158]. The thioesterase domains contained in each of these large protein 
complexes catalyse either cyclisation, termination, or the removal of aberrant products 

throughout synthesis. Most commonly, the thioesterase domain of these complexes provides an 
unloading mechanism, serving to release cargo from the phosphopantetheine arm of an ACP. 
The substrate specificity of the thioesterase domain can play a role in determining the synthesis 

of FAS, PKS, or NRPS products. For example, the thioesterase domain present in FAS enzymes 
regulates the synthesis of long chain fatty acids [159, 160], whereas the thioesterase domains 

present in PKS and NRPS enzymes regulate the production of secondary metabolites, a number 
of which possess therapeutic and antibiotic properties [1, 161-163]. 

2.2.1 Acyl-CoA Thioesterases 

TE2 Family 

Members of the TE2 family include ACOT1-6, and the bile acid-CoA amino acid N-

acyltransferase (BAT) thioesterase. These enzymes exhibit activity for long-chain fatty acyl-
CoAs (ACOT1 and 2), short and long-chain acyl-CoAs (ACOT3, 4 and 5), dicarboxylic acyl-

CoA (particularly succinyl-CoA) esters (ACOT4) and methyl-branched acyl-CoA esters 
(ACOT6). Structures have been determined for two members, human ACOT4 (PDB 3K2I; 
[164]) and ACOT2 (also known as MTE-I and PTE2) (PDB 3HLK; [165]). The secondary 
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structural elements are arranged as 1-2-3-1-4-2-5-3-6-7-4-8-5, and unlike the 

hotdog fold hydrolases, the quaternary structures reported to date are all monomeric (Figure 20). 

Active site residues, Ser294 located between 5 and 3, His422 located in the flexible loop region 

between 8 and 5, and Asp388 located in the flexible loop region between 7 and 4, are typical 
of α/β hydrolases.  

 
ACOT1 and ACOT2 are expressed in the cytosol and mitochondria of the heart respectively and 

are regulated by PPAR in response to non-esterified fatty acid availability. The up-regulation of 

ACOT1 and ACOT2 within heart and contractile muscle of rats fed a high fat diet [166, 167] is 
thought to be an adaptive mechanism to prevent insulin resistance and maintain β-oxidation at a 

steady state during periods of fatty acid oversupply [5]. ACOT4 in humans has been speculated 
to have adapted the role of Acot3, Acot4 and Acot5 of other mammals. This is based on the 

broad spectrum activity of ACOT4 covering the combined activity profiles of Acot3-5, and 
humans encoding only ACOT4, whilst Acot3-5 are expressed in mouse tissues [168]. Additional 
functions of ACOT4 have stemmed from its activity against succinyl-CoA in conjunction with 

its peroxisomal location, and its over-expression in the kidneys where it can hydrolyse succinyl-
CoA, a product of β-oxidation, to produce succinate, which is excreted in urine [18].  

2.2.2 Acyl-ACP Thioesterases 

 

TE16 Family 

Thioesterases from the TE16 family are present in multienzyme complexes such as FAS, PKS, 

and NRPS. They typically exhibit substrate specificity for long chain acyl-ACP’s, various 
polyketides, and non-ribosomal peptides, cleaving the bond between ACP or polypeptide carrier 

protein (PCP) and an acyl molecule. They exhibit a traditional α/β hydrolase domain, with a lid 
domain above the active site region containing a Ser-His-Asp catalytic triad. Representative 
structures have been solved for the human (PDB 1XKT; [159], 4Z49; [169], 2PX6; [170], 3TJM; 

[171]) and porcine (PDB 2VZ8 and 2VZ9; [160]) FAS thioesterase domain, the PKS thioesterase 
domain from Aspergillus parasiticus (PDB 3ILS; [161]) and Bacillus subtilis (PDB 4U3V; 

[172]), and the NRPS thioesterase domain from B. subtilis (PDB 2CB9; [163] and 1JMK; [1]) 
and E. coli (PDB 3TEJ; [173]). The structure of fengycin thioesterase (FenTE; PDB 2CB9; 
[163]) suggests the role of the lid region is to control access to the active site and prevent binding 

of unwanted substrates more so than actively contributing to substrate binding [163]. The 

topological arrangement of PDB 2CB9 is 1-2-1-3-2-4-3-5-4-6-5-6-7-7-8 

(Figure 21), with a monomeric quaternary structure, similar to other α/β hydrolases. 
 
The TE16 family contains thioesterases from a number of multi-enzyme systems, the function of 

which is generally well characterised. Human FAS is upregulated in a number of cancers [174, 
175], and as such, each of the domains presents an attractive target for anticancer drugs [8]. The 

FAS thioesterase domain (PDB 1XKT, 4Z49, 2VZ8) terminates the biosynthesis of palmitic acid 
by cleaving it from ACP in order to regulate the length of fatty acid released from FAS [159]. 
This protein forms the thioesterase domain in Claisen cyclase to produce aflatoxin, a common 

contaminant of nuts and grains [161].The NMR structure of the E. coli NRPS thioesterase 
domain (PDB 2ROQ) revealed the interaction between the E. coli enterobactin synthetase EntF 

NRPS subunit thiolation and thioesterase domains. Enterobactin is an iron acquisition 
siderophore which increases the virulence of a number of bacteria [176]. The NRPS thioesterase 
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domain of EntF catalyses the production of an oxoester bond between its own active site and the 
substrate (dihydroxybenzoate (DHB) or Ser), which is then recycled through the synthase twice 

to produce a tethered DHB-Ser trimer, followed by cyclisation before it is released by the 
thioesterase [162]. In a similar manner, fengycin thioesterase from B. subtilis (FenTE; PDB 

2CB9) catalyses the cyclisation of fengycin to produce a lactone bond and initiate product 
release [163], the surfactin thioesterase from B. subtilis (SrfTE; PDB 1JMK) catalyses a 
cyclisation and product termination to produce the cyclic macrolactone surfactin [1], and the 

terminal thioesterase domain of valinomycin synthetase (VLM2; PDB 6ECB, 6ECC) catalyses 
the oligomerisation and cyclisation of tetradepsipeptidyl intermediates to produce valinomycin 

[177]. 
 
Typical of TE16 thioesterases, a helical lid region covers the catalytic triad and appears to play a 

role in regulating catalysis, with the lid region not only interacting with the carrier protein to 
which substrates are tethered, but also playing a role in substrate orientation [162, 177]. In the 

case of VLM2, comparison of apo (PDB 6ECB, 6ECC) and ligand-bound structures (PDB 
6ECD, 6ECE, 6ECF) reveals that the lid region adopts multiple conformations depending upon 
the extent of oligomerisation, and ultimately controls cyclisation [177]. As such, the lid region of 

TE16 thioesterases likely plays a key role in determining the oligomerisation and cyclisation of 
the TE16 products.  

 

TE17 Family 

The members of TE17 harbour a PKS type α/β hydrolase domain, which exhibits activity 

towards polyketides. Currently, structures have been solved from three representative members 
of this family, including Saccharopolyspora erythraea (PDB 1KEZ; [178], 1MO2; [179], 5D3K, 

5D3Z; [180], 6MLK; [181]), Streptomyces sp. CK4412 (PDB 3LCR; [182]), and Streptomyces 
venezuelae (PDB 1MN6, 1MNA, 1MNQ; [179], 2H7X, 2H7Y; [183], 2HFJ and 2HFK; [184]). 
Like TE16, TE18, and TE19 family thioesterases, TE17 family members typically harbour a Ser-

His-Asp catalytic triad positioned along a substrate binding pocket [178, 179, 183, 184]. The 

topology of TE17 family members is arranged 1-1-2-3-2-3-4-5-4-6-5-7-6-7-

8-9-8 (Figure 22), with a dimeric quaternary structure, differentiating this family from TE2 
and TE16. 

 
The biosynthesis of polyketides, complex organic compounds that often form the basis of human 

and veterinary drugs, utilises a complex of multifunctional enzymes assembled to form the PKS. 
The PKS thioesterase structures from 6-deoxyerythronolide synthase (DEBS TE; PDB 1KEZ, 
1MO2, 5D3K, 5D3Z, 6MLK) and pikromycin synthase (PICS TE; PDB 1MN6) revealed 

insights into the substrate channel architecture and substrate specificity. Each of these PKS 
thioesterases catalyses the cyclisation and release of a heptaketide chain via lactonisation. The 

Ser142, Asp169, and His259 catalytic triad of DEBS TE, situated at the centre of a substrate channel 
that runs ~20Å across the length of the protein, is also observed in PICS TE. The catalytic Ser 
residue is positioned at the nucleophilic elbow between β6 and α5, a characteristic feature of α/β 

hydrolases. Regulation of substrate binding is thought to occur through a flexible loop acting as a 

lid located between residues 175-200, helix 6 in DEBS TE, and helices 6 and 7 in PICS TE. 

The structures of DEBS TE and PICS TE crystallised at differing pH values demonstrate pH 
induced conformational changes, with the lid region closing to form a long substrate channel in 

DEBS TE structures crystallised at a pH ≤7.5 (PDB 1KEZ, 5D3K, 5D3Z), whereas the crystal 
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structure of DEBS TE at pH 8.5 displays an open conformation. A similar widening of the 
substrate binding channel is observed in PICS TE structures at pH 7.6, 8.0, and 8.4. 

 
Additional pH induced conformational changes are observed in the loop region between strands 

β8 and β9 (residues 230-250), and the short loop between the C-terminal of strand β9 and N-
terminal of helix α9 (residues 255-260). Tsai et al. [144] suggest that at pH 8.5, the DEBS TE 
structure represents an inactive conformation. At this pH, the conformational change in the 

flexible lid region alters the loop between strands β8 and β9, which appears to partially unravel 
helix α9 and displace residues 255-260. As a result of these structural changes, the active site 

His256, which resides on the short loop between the C-terminal of strand β9 and N-terminal of 
helix α9, is flipped ~180º and moved ~20Å away from the active site. However, both the DEBS 
and PICS thioesterase domains display catalytic active at pH 8 and pH 9, thus the pH 8.5 DEBS 

TE structure may represent an open conformation rather than an inactive one. 
 

In both the DEBS and PICS TE structures, two hydrophobic -helices (1 and 2) at the N-
terminus of each molecule mediate the dimer interface, forming a dimer along a two-fold axis 

[179]. Although the dimer interfaces are similarly maintained by hydrophobic interactions, 
composition of the interfaces differs, with the DEBS TE interface being Leu-rich, while the PICS 
TE interface is largely comprised of Phe residues [178].  

 
The recent structure of the tautomycetin thioesterase (PDB 3LCR) revealed a PKS type 

thioesterase domain, which is not involved in the cyclisation of the hexaketide product, but rather 

is involved in hydrolysis of the substrate. Notably, it also contains an extra -helix (4) which is 

not present in either the DEBS or PICS thioesterases [182]. 
 

TE18 Family 

In contrast to the many α/β hydrolases that are part of large FAS, PKS, or NRPS complexes, 
members of the TE18 family form independent enzymes that work in conjunction with other 

modular enzymes. They typically exhibit activity for medium chain acyl-ACP, various 
polyketides, and non-ribosomal peptides, and display a traditional α/β hydrolase topology with a 
Ser-His-Asp catalytic triad and a lid domain, as represented by the structures of RedJ from S. 

coelicolor (PDB 3QMV, 3QMW; [185]), RifR from Amycolatopsis mediterranei (PDB 3FLA, 
3FLB; [186]), and SrfD (also known as SrfTEII) from B. subtilis (PDB 2RON; [187]). The 

secondary structure elements of TE18 thioesterases are arranged 1-1-2-3-2-4-5-3-6-

4-7-8-9-10-5-11-6-12-13 (Figure 23), similar to members of the TE17 family, 

and also exist as dimers.  
 

The rifamycin and prodiginine synthesis hybrid NRPS/PKS systems are composed of a number 
of NRPS and PKS modules, with a thioesterase (such as those from TE16 and TE17) releasing 
the substrate at the end of this pathway, and a TE18 thioesterase, RifR and RedJ, performing an 

editing function to prevent the accumulation of aberrant acyl-units from carrier domains [186]. 
TE18 thioesterases appear to predominantly carry out such editing functions, effectively 

regenerating the reactive thiol group of misacylated carrier proteins or thiolation domains 
(analogous to carrier proteins of multi-domain complexes) by catalysing the removal of CoA-
derivatives and aberrant synthesis intermediates from the thiol group of the carrier protein or 

thiolation domain phosphopantetheine arm. The RifR thioesterase was shown to have greater 
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activity towards propionyl-ACP over methylmalonyl-ACP, enabling removal of the aberrant 
decarboxylated form, propionyl-CoA, and favoring the production of rifamycin from 

methylmalonyl-ACP [186]. Similarly, the production of prodiginine in S. coelicolor is edited by 
the thioesterase, RedJ (PDB 3QMV; [185]), which transfers dodecanoyl-CoA tethered to RedQ 

to RedL, which in turn elongates the substrate to proceed through the pathway [185, 188]. The 
thioesterase SrfD, from B. subtilis, fulfils this editing role in surfactin NRPS systems. The NMR 
structures of SrfD in an unligand bound form (PDB 2RON) as well as in complex with the 

thiolation domain of TycC3 (the third subunit of the tyrocidine C module from Brevibacillus 
parabrevis) (PDB 2K2Q) reveal the flexible lid loop binds with the thiolation domain to orient 

the substrate so that the thiol-group is in close proximity to the active site residues [187], 
suggesting that interactions with the subunits of the NRPS or PKS domain influence substrate 
specificity within TE18. 

 
YbtT is a thioesterase encoded within the yersiniabactin biosynthetic operon of Yersinia spp. and 

uropathogenic E. coli, and is thought to remove aberrant yersiniabactin precursors from carrier 
proteins, that would otherwise stall or inhibit yersiniabactin sysnethesis [189]. YbtT and RifR 
have been suggested to behave as low-specificity editing thioesterases, meaning they would 

display greater substrate promiscuity in regards to acyl chain length than others thioesterases, 
such as RedJ. This appears to be at least partly due to the composition of residues within the 

flexible lid region of these enzymes, with RedJ having a greater composition of hydrophobic 
residues in the lid region compared to RifR and YbtT, in which the hydrophobic residues are 
largely replaced by polar residues [185, 189]. 

 
Unusually, the E. coli colibactin hybrid NRPS/PKS pathway does not contain both editing and 

terminal releasing thioesterases, instead, the thioesterase ClbQ appears to release both correct 
and aberrant linear colibactin intermediates attached to NRPS/PKS carrier proteins, with 
cyclisation of colibactins thought to occur through additional pathways. ClbQ is structurally 

similar to both RedJ and RifR, with an RMSD of 1.7Å over 227 aligned αC atoms with the N-
terminal domain of RedJ, and an RMSD of 2.3Å over 223 aligned αC atoms with RifR [190]. 

However, sequence and structural differences within the lid region compared to RedJ and RifR, 
presumably accommodate different colibactin intermediates, and highlights the flexibility of the 
lid region and its importance in determining the substrate selectivity. 

 
TE19 Family 

The TE19 thioesterases are found in the fatty aldehyde synthesis pathway of bioluminescent 
bacteria, with specific activity for myristoyl-ACP. TE19 thioesterases remain poorly 
characterised, both in terms of structure and function, with the only structural data to date arising 

from the single crystal structure of LuxD from Vibrio harveyi (PDB 1THT; [153]). TE19 
thioesterases appear to exhibit a classic α/β hydrolase fold with a pronounced cap domain or lid 

[153], and 1-2-3-1-2-4-3-5-4-6-5-7-8-6-7-9-8-10-9-10-11 
topology (Figure 24). LuxD thioesterases are responsible for cleaving myristoic acid from the 

ACP of FAS to divert it into the bioluminescence pathway. This produces an aliphatic aldehyde 
which serves as a substrate for the heterodimeric bacterial luciferase (LuxAB). LuxD can 
function both as a thioesterase and as an acyl-transferase. LuxD from Photobacterium 

phosphoreum, and presumably other organisms, along with the acyl-protein synthetase LuxE and 
acyl-CoA reductase LuxC, forms the fatty acid reductase complex (LuxCDE) at a 4:4:2-4 
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stoichiometry, with 4 LuxD subunits required for optimal catalytic activity [191-193]. The 
LuxCDE reaction is initiated by LuxD, which catalyses the cleavage of myristoyl groups from 

myristoyl-ACP and facilitates transfer of the acyl moiety to the acyl-protein synthetase LuxE. 
LuxE converts the acyl moiety to acyl-AMP, and then covalently attaches the acyl molecule to a 

C-terminally located cysteine residue of LuxE (Cys362) that funnels the acyl group to the active 
site of the reductase LuxC, where it is transferred from LuxE to LuxC before being reduced with 
NADPH to form myristyl aldehyde (tetradecanal). LuxD is highly specific for C14 acyl chains, 

particularly myristoyl-ACP, however, myristoyl-CoA, and other derivatives have also been 
utilised as substrates in vitro [153, 194, 195]. The specificity of LuxD is in agreement with 

reports that tetradecanal is the main substrate in the luminescence reaction catalysed by LuxAB 
[196].  
 

Whilst displaying a traditional α/β hydrolase fold and Ser-His-Asp catalytic triad typical of other 
thioesterase families such as TE16-18, structurally LuxD more closely resembles 

cinnamoyl/feruloyl esterases and lipases than that of other determined thioesterase structures. In 
particular, LuxD shows greatest structural similarity to the cinnamoyl esterase Est1E from 
Butyrivibrio proteoclasticus (PDB 2WTM), with an RMSD of 2.8Å over 229 aligned Cα atoms, 

the cinnamoyl esterase LJ0536 from Lactobacillus johnsonii (PDB 3PF8, 3PF9), with an RMSD 
of 2.8Å over 227 Cα atoms, and human monoglyceride lipase (PDB 3PE6, 5ZUN), with an 

RMSD of 2.8Å over 235 Cα atoms. In contrast to many TE16-18 thioesterases which contain a 
Gly-X-Ser-X-Gly nucleophilic elbow, LuxD displays an Ala-X-Ser-X-Ser motif in the 
nucleophilic elbow, that is reportedly conserved amongst marine and terrestrial luminescent 

bacteria [153, 195]. Mutation of this motif to Ala-X-Ser-X-Gly or Gly-X-Ser-X-Gly in V. 
harveyi LuxD has been shown to cause an ~3 fold increase in deacylation. One potential reason 

for the reduced rate of catalytic activity shown in LuxD thioesterases is that higher activity may 
result in unwanted release of non-esterified fatty acids, while reducing the catalytic rate causes 
LuxD to act as an ACP, retaining myristoyl intermediates and allowing sustained release of 

tetradecanal [195]. Similarly to other α/β hydrolases, a flexible lid or cap subdomain adjacent to 
the active site of LuxD has been proposed [153], with the putative lid domain appearing to create 

a substrate binding pocket predominantly lined with hydrophobic residues, which is consistent 
with binding of acyl chain substrates. However, the role of the lid region and its implications in 
substrate binding or regulation are yet to be identified. 

2.2.3 Protein Acyl/palmitoyl Thioesterases 

TE20 Family 

Members of TE20 are palmitoyl-protein thioesterases (PPT) exhibiting an /  hydrolase domain, 
a cap domain, and an accessory domain of unknown function. The structures of two TE20 

members have been solved, PPT1 (PDB 3GRO, 1EH5; [197]) and PPT2 (PDB 1PJA; [198]). The 

topology of 1PJA is arranged 1-1-2-2-3-3-4-4-5-6-7-8-9-10-5-11-6-7-

12-13-14-8-15-16, which form monomers (Figure 25). 
 

The hydrolase domains contained with the PPT enzymes have been shown to remove thioester-
linked palmitate groups from modified cysteines. This process regulates cellular localisation and 

failures of this system result in severe pathologies including neuronal ceroid lipofuscinosis 
(NCL) [199], shown to be caused by a single mutation in the PPT1 [200]. The depalmitoylation 
reaction of PPT1 is governed by a positive feedback loop, where palmitoylation of the enzyme 

decreases activity, exasperating the effects of disease-causing mutants [201]. Deletion of either 
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PPT1 or PPT2 results in a similar phenotype in mice with a mortality rate of 100% in PPT1 
knockouts and 20% in PPT2 knockouts by 10 months of age [200]. This has been attributed to 

differences in the activity with PPT1 able to accommodate and catalyse palmitoylated proteins; 
however, PPT2 has a smaller substrate entrance tunnel so that the “branched” or bulky heads of 

these substrates cannot be accommodated in the active site [198]. PPT1 has also recently been 
found to be overexpressed in multiple cancer types [202]. The role of overexpression of PPT1, 
and the inhibition of PPT1 as a treatment are still being investigated.  

 
TE21 Family 

The TE21 thioesterases, also known as acyl-protein thioesterases (APT), lysophospholipase and 
carboxylesterase, hydrolyse thioester bonds between Cys residues on proteins and acyl chains. 

They exhibit a classic /  hydrolase domain, and the structures of both eukaryotic 

lysophospholipase-like 1 (LYPLAL1; PDB 3U0V; [203]) and APT1 (PDB 1FJ2; [204]) as well 
as a number of bacterial carboxylesterase/phospholipase family proteins, P. aeruginosa (PDB 

3CN7; [205]), P. fluorescens (PDB 1AUO and 1AUR; [206]) and Rhodobacter sphaeroides 

(PDB 4FHZ; [207]) have been solved. The topology present within this family is arranged 1-

2-1-3-4-2-5-3-4-6-5-7-6-8-7-9-8 (Figure 26). These structures revealed 
differences in quaternary structure amongst these related thioesterases with 4F21 (Francisella 

tularensis) [208], 3CN7 and 3U0V forming monomers and the other members of this family 
1FJ2, 1AUO and 4FHZ forming dimers. Dimerisation of APT1 has been shown to reduce 

activity. However, phosphorylation of Ser209/210 blocks dimerisation, maintaining the active 
monomeric form [209].  Human acyl-protein thioesterases 1 and 2 (APT1 and APT2) are the best 
characterised TE21 family members and work in conjunction with palmitoyl transferases to 

regulate the cell surface expression of palmitoylated proteins, H-Ras and growth-associated 
protein-43 (GAP43), in calcium-activated potassium channels. Whilst APT1 and APT2 normally 

reside in the Golgi, Kong et al. [210] described the mechanism regulating membrane localisation 
and function of APT1 and APT2. APT1 and APT2 are palmitoylated in the Golgi to facilitate 
membrane relocation, where APT1 depalmitoylates H-Ras and APT2 depalmitoylates GAP43 

promoting their return to the Golgi where they are repalmitoylated to begin the cycle again. 
Importantly, APT1 has demonstrated activity against palmitoylated APT2, translocating it into 

the Golgi, prior to depalmitoylating itself to return to the Golgi. In a similar mechanism APT1 
and APT2 regulate palmitoylation of the calcium and voltage-activated potassium channels 
altering cell surface expression of the channel [211]. 

2.2.4 Glutathione thioesterases 

 

TE22 Family 

Members of TE22 are S-formylglutathione hydrolases, acetyl esterases (Esterase A, EstA) or 

carboxylesterases (Esterase D, EstD) and exhibit activity towards S-formylglutathione. They 

exhibit a classic /  hydrolase fold and a conserved cap region above the active site. Structures 

have been determined for both the S. pneumoniae esterase A (PDB 2UZ0; [212]), Agrobacterium 
tumefaciens S-formylglutathione hydrolase (3E4D; [213]) Neisseria meningitidis esterase D 
(PDB 4B6G; [214]), Oleispira Antarctica esterase (PDB 3I6Y, 3S8Y; [215]), 

Pseudoalteromonas haloplanktis S-formylglutathione hydrolase (PDB 3LS2; [216]), 
Saccharomyces cerevisiae esterase D (PDB 1VP1, 3C6B; [217], 4FLM, 4FOL; [218]) and the 

human esterase D (PDB 3FCX; [219]). The topology of this family is arranged as 1-2-3-1-
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2-4-3-4-5-5-6-6-7-8-9-10-7-11-8-12 (Figure 27). Esterase A from S. 

pneumoniae forms a dimer in solution, as demonstrated through a combination of size exclusion 
chromatography and X-ray crystallography. The latter of which identified a calcium ion at the 
dimer interface, shown to be essential for activity [212].  

 
The function of TE22 members, for example EstD, include the participation within pathways to 

detoxify formaldehyde, produced during the oxidation of methanol, methylamine and choline 
[214, 219, 220]. Here, formaldehyde reacts with glutathione to produce S-
hydroxymethylglutathione, which following oxidisation by alcohol dehydrogenase into S-

formylglutathione, is hydrolysed by EstD, regenerating glutathione [214, 219, 220].  
Human EstD is located on chromosome 13 in a similar locus to mutations, which cause 

retinoblastoma, a cancer of the eye, and has been used as a marker to detect retinoblastoma [221, 
222]. 
 

2.3. Other Thioesterase Folds 

2.3.1 Acyl-CoA Thioesterases 

TE1 Family 

Members of the TE1 thioesterase family, also known as acetyl-CoA hydrolase 1 (Ach1), exhibit 
specificity for acetyl-CoA. TE1 thioesterases are comprised of two NagB domains which display 

an /  fold. These two domains are linked through a rigid loop and a flexible linker domain, and 
this flexible linker (residues 224−235) is positioned close to a deep, funnel-shaped cleft 

containing the active-site glutamate (Glu294) [223]. Representative structures have been 
determined from Acetobacter aceti (PDB 4EUD; [223]), Porphyromonas gingivalis (PDB 

2NVV; [224]) and P. aeruginosa (PDB 2G39; [225]). Two of the three TE1 thioesterases have 
been deposited to the PDB but remain unpublished, and here we provide an initial 
characterisation. There is a conserved and extensive interface buried at the dimer interface for 

each of the three structures. This surface area is 3,476 Å2 in PDB 4EUD, 3,178 Å2 in PDB 

2NVV, and 3,361 Å2 in PDB 2G39. Overall, this strongly implies that the TE1 thioesterases are 

dimers. The secondary structural elements of this family are arranged as 1-2-1-3-2-4-

3-5-4-6-7-5-6-7-8-8-9-9-10-10-11-11-12-12-13-13-14-15-14-

15-16-16-17-17-18-19-20-18-21-19-22-23-20-24-25-21-26-27-22-

23-24. The active site residues are comprised of Asn, Glu and Gly residues (Glu294 between 

12 and 13, Asn347 on 17, and Gly388 on 19 for A. aceti) [223] (Figure 28).  

  
The NagB fold for thioesterases of TE1 exhibit both hydrolase and CoA transferase activity, 

transferring the CoA S-anion from a CoA-thioester to a free acid receptor. The function of AarC 
has been well established as an acetic acid resistance factor in acetic acid bacteria (AAB), by 
catalysing the oxidative decarboxylation of acetate utilising the citric acid cycle dehydrogenases 

to reduce acetate to CO2. This is performed using the aarABC genes, where AarA is a citrate 
synthase and AarC acts as a succinyl-CoA:acetate-CoA transferase, in conjunction with 

malate:quinone oxidoreductase [226].The crystal structure of the A. aceti (PDB 4EUD) [223] 
succinyl-CoA:acetate-CoA transferase, AarC, confirmed the active site mechanism predicted by 
White and Jencks [227]. Energy held within the acyl-CoA bond is used to increase rate-limiting 

acyl transfers utilising conformational changes to hold the CoA group tightly against the 
catalytic glutamate, and this activity has been conserved throughout other CoA transferases. This 

is mediated through a conserved loop G(V/I)G adjacent to the active site involving electrostatic 
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and hydrophobic interactions with the panteteine moiety of CoA, with a positively charged active 
site region surrounded by a negatively charged zone to attract the CoA moiety into the binding 

cleft [228]. The active site also inhibits further processing of CoA. This is done through an 
interaction of the CoA thiol with Glu294, which prevents the active site from fully closing [229].  

 
TE3 Family 

Members of the TE3 thioesterase family, also known as thioesterase I/protease 

I/lysophospholipase L1 (TesA/ApeA/PldC (TAP)), exhibit acyl-CoA thioesterase activity against 
medium to long chain acyl-CoA substrates. They exhibit a flavodoxin-like fold, and structures 

have been solved for three members; E. coli (PDB 1IVN; [230]), Pseudoalteromonas sp. 634A 
(PDB 3HP4; [231]) and P. aeruginosa (PDB 4JGG; [232]). The topology structural elements 

within this family are arranged as 1-1-2-2-3-3-4-4-5-5-6-7 (Figure 29). The 

TE3 thioesterases are from the SGNH-hydrolase family, characterised by four conserved blocks 
of residues each containing a completely conserved residue playing a role in catalytic function: 

Ser, Gly, Asn, His. In similar fashion to the /  hydrolase fold, the active site residues of 
SGNH-hydrolases contain a catalytic Ser, Asp, His triad [230]. These domains form monomers, 

and contain a switch loop mechanism stabilising substrate intermediates throughout catalysis 

rather than a lid domain present in many other /  hydrolase folds [230]. 

 
Members of this family have acyl-CoA hydrolase activity and the best studied family member is 

TAP. The physiological role of TAP remains to be fully established, but multiple studies have 
shown the enzyme localised in the periplasm [233, 234]. However, when overexpressed within 
the cytosol, it increases the concentration of intracellular fatty acids by hydrolysing acyl-ACP 

intermediates [235] [236]. Deletion of the signal sequence of TAP (leaderless TesA; ‘TesA) will 
cause accumulation of the enzyme in the cytosol, where a range of fatty acid substrates may be 

targeted [237-239]. The mutated TesA has been of interest for industrial purposes, aiding the 
production of biofuels and pharmaceuticals.  

2.3.2 Glutathione Thioesterases 

TE23 Family 

Members of the TE23 thioesterase family, also known as glyoxalase II (EC 3.1.2.6), are found in 

both prokaryotes and eukaryotes. They have catalytic activity against S-D-lactoylglutathione, 
and form part of the glyoxalase system, mediating the detoxification of methylglyoxal produced 

during metabolism and cell stress [240-242].  All TE23 members studied to date are monomers, 
and contain two structural domains: an N-terminal metallo-lactamase domain and a C-terminal 
hydroxyacylglutathione hydrolase domain. The N-terminal domain contains two mixed β-sheets 

flanked by -helices, while the C-terminus is an all -helical domain. The topology, depicted in 

Figure 30, is comprised of 1-2-3-1-4-2-3-5-6-7-8-9-10-11-12-4-13-5-

6-14-7-8-9. Two repeating units make a -sheet sandwich from 1-2-3-1-4-2-3-

5-6 and 7-8-9-10-11-12-4-13, and this arrangement is conserved in structures from 
A. acidocaldarius (PDB 3TP9; [243]), S. enterica (PDB 2XF4; [244]), S. typhimurium (PDB 

2QED; [245]), A. thaliana (PDB 1XM8; [246], 2Q42; [247] and 2GCU; [248]), L. infantum 
(PDB 2P18; [249]), and H. sapiens (PDB 1QH3 and 1QH5; [250]). TE23 thioesterases require 
divalent cations for their activity, harbouring a binuclear metal binding center (iron and/or zinc) 

and a conserved metal binding motif “THXHXDH” [246, 251, 252]. The active site residues are 
comprised of His and Asp residues in conjunction with a bound Zn and/or Fe ion located at the 
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interface of the sandwich and -helical domains. TE23 enzymes have shown to be inhibited by 

the reaction products, glutathione [245, 253] and D-lactate, which is proposed to regulate cellular 
glutathione levels and redox balance in the cell [253]. 
 

Methylglyoxal, produced during glycolysis and other metabolic pathways, plays a role in cell 
signalling at low concentrations, but is toxic at high concentrations due to its reactivity with 

protein and nucleotides [254]. The role of the glyoxylase system has been well documented in 
chronic kidney disease [255], environmental stress tolerance in plants [256, 257] and prokaryotic 
stress response [258]. In the glyoxalase pathway, glyoxalase I condenses methylglyoxalase and 

glutathione to produce S-D-lactoylglutathione, which is then hydrolysed by glyoxalase II to 
produce lactic acid and regeneration of glutathione. The lactic acid can then be converted into 

pyruvate and metabolised through the citric acid cycle, whilst the reduced glutathione is recycled 
and used in glyoxalase detoxification pathways.  
 

3. Conclusions 

Significant insights into thioesterase structure, function, and regulation have been achieved in 

recent years. This has led to an effective system of classification based on sequence, structure, 
and active site similarity. Most families now contain representative structures, complemented 
with detailed mutagenesis and enzyme characterisation, and cellular and/or system wide function 

analysis. The 25 TE families and proposed 26th, contain five highly conserved structural 
domains, however, the organisation of these domains vary significantly. Some thioesterase 

families are able function as discrete monomers, while others form assemblies ranging from 
dimers, trimers, tetramers, and hexamers. There are also different types of arrangements within 
these assemblies, including face-to-face, back-to-back, and head-to-tail configurations. The 

domain organisation at the primary level is also be markedly different, with some families 
exhibiting only single domains in prokaryotes, but fused domains in eukaryotes. Remarkably, 

members within the same family can form the same quaternary assembly from these markedly 
different sequences. There is also considerable variation in active site configurations, with some 
sites located solely on a single domain, others mediated at the interface of dimers, and some 

containing asymmetric sites, with only half catalytically active. This variation may accommodate 
the vast range of substrates that thioesterases act upon. These range from very short chain acyl-

CoA metabolites including acetyl-CoA, medium to long chain fatty acids, highly complex 
branched chain fatty acids, a vast array of small molecules bound to CoA, and moieties linked to 
carrier proteins. Finally, many of the TE families exhibit different modes of regulation, ranging 

from a half of sites reactivity, achieved through substrate induced mechanisms or half active 
sites, ATP and ADP modulation of regulatory domains, negative feedback of reaction end-

products, and regulation at the gene expression level. Here in this review we provide a snapshot 
of the current understanding of the structure, function, and regulation of the thioesterases 
families. 
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Table 1- Features of each thioesterase family  

Family Fold PDB ID (Ref) Quaternary 

Structure 

Active Site 

Residues 

Secondary Structural Elements 

TE1 NagB 4EUD; [223] 
2NVV; [224] 

2G39; [225] 

Dimer Asn347, Glu294 
and Gly388 [223] 

1-2-1-3-2-4-3-5-4-6-7-5-6-

7-8-8-9-9-10-10-11-11-12-12-

13-13-14-15-14-15-16-16-17-17-

18-19-20-18-21-19-22-23-20-24-

25-21-26-27-22-23-24 

TE2 α/β 
Hydrolase 

3K2I; [164] 
3HLK; [165] 

Monomer  
Ser294, His422 
and Asp388 [165] 

1-2-3-1-4-2-5-3-6-7-4-8-5 

TE3 Flavodoxin-

Like 

1IVN; [230] 

3HP4; [231] 
4JGG; [232] 

Monomer Ser10, Asp154 

and His157 [230] 
1-1-2-2-3-3-4-4-5-5-6-7 

TE4 Hotdog 

 
 

1C8U; [20] 

4QFW; [17]  
3RD7; [21]  

3U0A; [21] 
4R9Z; [22] 
1TBU; [23] 

Octamer Asp204, Thr228 

and Gln278 [17, 
20] 

 

1-1-2-2-3-4-5-6-3-7-8-4-9-

10-11-12 

TE5 Hotdog 

 

1NJK; [33] Face-to-face 

tetramer 

Asp13 [13] 1-1-2-3-2-3-4-5-4 

TE6 Hotdog 
 

3D6L; [40] 
1YLI [63] 

5V3A, 5SZZ, 
5SZY, 5TO2 
and 5SZU; 

[39] 
4ZV3; [42] 

2Q2B, 2V1O; 
[4] 
2QQ2; [41] 

Hexamer   
Asp44 [63] 

Asn24 and 
Asp39 [39] 
 

 
 

 
Asp213 and 
Asn24 [4] 

Prokaryotes: 

1-1-2-3-4-5  

Eukaryotes: 

1-1-2-3-4-5-2-6-3-7-8-9-10-

4  
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4MOB, 
4MOC, 3B7K; 
[43] 

Asp36 and 
Asn195 [43] 

TE7 Hotdog 
 

- Hexamer - 1-1-2-3-4-5-2-6-3-3-7-8-9-

10-4 

TE8 Hotdog 

 

2F0X, [72];  

3F5O; [74] 
2H4U; [73] 

2CY9; [75]  
 
4ORD; [76] 

Back-to-back 

tetramer 

Asn50, Asp65 and 

Ser83 [72, 74] 
 

Asn50, Gly57, 
Asp65 and Ser83 
[13] 

Asn51, Gly58, 
Asp66 and Ser84 

[76] 

1-1-2-2-3-4-5-6 

TE9 Hotdog 
 

1S5U; [80], 
5KL9; [81], 
5T06 and 

5T07; [82] 
1Z54; [83] 

2PZH; [84]  
3HM0; [85]  
5V10; [86] 

2EGR, 2EGJ; 
[87] 

Face-to-face 
tetramer 

Tyr14, Asp18 and 
His25 [13, 84] 
 

 
 

Tyr23, Asp28 and 
His35 [13] 

1-1-2-3-2-3-4-5-6-4 

TE10 Hotdog 

 

1BVQ; [96] 

1LO7, 1LO8 
and 1LO9; 
[97] 

Face-to-face 

tetramer 

 

Asp17 [97, 98] 
1-1-2-3-2-3-4-5-6-7-8-4 

TE11 Hotdog 
 

1Q4S, 1Q4T, 
1Q4U; [102] 
3R32, 3R34, 

3R35, 3R36, 
3R37, 3R3A, 

Back-to-back 
tetramer 

Gly65 and Glu73 
[102] 
 

Gln58, Gly65 and 
Glu73 [103] 

1-2-1-2-3-4-5-3-4-5-6 
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3R3B, 3R3C, 
3R3D, 3R3F 
and 3TEA; 

[103] 
2B6E; [106] 

1SC0; [107]  
4QD9; [108] 
4K4A, 4K4B, 

4K4C, 4K4D, 
4K49; [105] 

1VH5, 1VH9, 
1VI8; [104] 
1SBK; [109] 

 
 
 

 
 

 
 
Gly55 and Glu63 

[13, 104, 105] 
 

TE12 Hotdog 
 

4K02; [111] 
4K00; [111] 
2HX5; [112] 

Face-to-face 
tetramer 

Glu57 [111] 
Asp16 [111] 
Asp19 [13] 

1-1-2-3-4-2-3-4-5-6-7-5 
 

TE13 Hotdog 

 

1PSU and 

2FS2; [114] 
1ZKI; [115] 

4I82, 4ZRF, 
4ZRB, 4XY5 
and 4XY6; 

[64] 
3LBB and 

3LBE; [116] 
4M20, 5EP5; 
[117] 

4YBV; [118] 
1J1Y, 1WLU, 

1WLV, 
1WM6, 
1WN3; [119] 

2DSL; [120] 

Back-to-back 

tetramer 

 

Gly53 and Asp61 
[114] 

Asp16, Asn46, 
Asp61 and Thr62  
[64, 115] 

 
 

 
 
 

 
 

 
Gly40 and Asp48 
[13, 119] 

1-1-2-2-3-3-4-5-6 
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TE14 Hotdog 
 

2OWN; [138] 
2ESS; [139] 
4GAK; [140] 

5X04; [141] 

Dimer Asp281, Asn283, 
His285, and 
Glu319 [141] 

1-2-β1-3-4-5-β2-β3-β4-β5-6-7-8-β6-

9-10-11-β7-β8-β9-β10 

TE15 Hotdog 
 

2W3X; [145] 
2XEM; [145] 

4I4J; [146] 

Dimer Arg37 and Tyr29 
[145] 

1-1-2-3-2-3-4-5-4 

TE16 α/β 
Hydrolase 
 

1XKT; [159] 
2PX6; [170] 

3TJM; [171] 
 
4Z49; [169] 

2VZ8 and 
2VZ9; [160] 

3ILS; [161] 
 
2CB9; [163] 

1JMK; [1] 
 

3TEJ; [173] 

Monomer Ser2308, Asp2338 

and His2481 [159, 

170, 171] 
 
 

 
 

 
Ser1937, Asp1964 
and His2088 

[161] 
Ser84, Asp111 

and His201 [163] 
Ser80, Asp107 
and His207 [1] 

1-2-1-3-2-4-3-5-4-6-5-6-7-

7-8 

TE17 α/β 
Hydrolase 
 

1KEZ; [178] 

1MO2; [179] 
5D3K, 5D3Z; 

[180] 6MLK; 
[181] 
3LCR; [182] 

1MN6, 
1MNA, 

1MNQ; [179] 
2H7X, 2H7Y; 
[183] 

Dimer Ser142, Asp169, 

and His259 [178, 
179]  

 
 
 

 
Ser148, Asp176 

and His268 [183, 
184] 
 

1-1-2-3-2-3-4-5-4-6-5-7-6-
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2HFJ and 
2HFK; [184] 

 
 
Ser148, Asp176 

and His268 [184] 

TE18 α/β 
Hydrolase 
 

3FLA, 3FLB; 
[186] 

3QMV, 
3QMW; [185] 

2RON; [187] 

Dimer Ser94, Asp200 
and His228 

[186] 
 

Ser107, Asp213 
and His241 [185, 
187] 

1-1-2-3-2-4-5-3-6-4-7-8-9-

10-5-11-6-12-13 

TE19 α/β 
Hydrolase 
 

1THT; [153] Monomer Ser114, Asp211 

and His241 [153] 
1-2-3-1-2-4-3-5-4-6-5-7-8-

6-7-9-8-10-9-10-11 

TE20 α/β 
Hydrolase 
 

3GRO, 1EH5; 

[197] 
1PJA; [198] 

Monomer Ser115, Asp233 

and His289 [197] 
Ser111, Asp228 

and His283 [198] 
 

1-1-2-2-3-3-4-4-5-6-7-8-9-

10-5-11-6-7-12-13-14-8-15-16 

TE21 α/β 
Hydrolase 
 

3U0V; [203] 
3CN7; [205] 

 
1FJ2; [204] 

 
1AUO, 1AUR; 
[206] 

4FHZ; [207] 

Monomer 
 

 
Dimer 

 
Ser113, Asp166 

and His197 [13] 
Ser114, Asp169 

and His203 [204] 
Ser114, Asp168 
and His199 [206] 

1-2-1-3-4-2-5-3-4-6-5-7-6-

8-7-9-8 

TE22 α/β 
Hydrolase 
 

2UZ0; [212] 
3E4D; [213] 

4B6G; [214] 
3I6Y, 3S8Y; 
[215] 

3LS2; [216] 

Dimer  Ser120, Asp202 
and His231 [212] 

Ser147, Asp223 
and His256 [213] 
Ser145, Asp221 

and His254 [214] 

1-2-3-1-2-4-3-4-5-5-6-6-7-

8-9-10-7-11-8-12 
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3FCX; [219] 
1PV1, 3C6B; 
[217], 4FLM, 

4FOL; [218] 

Ser148, Asp224 
and His257 [215] 
 

Ser147, Asp225 
and His258 [216] 

Ser149, Asp226 
and His260 [219] 
Ser161, Asp241 

and His276 [217, 
218] 

TE23 Lactamase 3TP9; [243] 

2XF4; [244] 
2QED; [245] 

 
1XM8; [246] 
 

2Q42; [247] 
2GCU; [248] 

2P18; [249] 
1QH3 and 
1QH5; [250] 

Monomer  

 
His53, His55, 

Asp57, His58, 
His110, Asp127 
and His165 [245] 

His54, His56, 
Asp58, His59, 

His112, Asp131 
and His169 [246] 
 

 
 
His110, Asp134 

and His173 [250] 
 

1-2-3-1-4-2-3-5-6-7-8-9-10-

11-12-4-13-5-6-14-7-8-9 

TE24 Hotdog 2PFC; [94] Head to tail 

hexamer 

Y66, Y33 and N74 

[126] 
1-1-2-2-3-3-4-5-6 

TE25 Hotdog 3KUV, 
3KUW, 3KV7, 

3KV8, 3KVI, 
3KVU, 3KVZ, 
3KW1, 3KX7, 

Dimer Thr42, Glu50 and 
His76 [127] 

1-1-2-3-4-5-2 
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3KX8; [127] 
3P2Q, 3P2R, 
3P2S, 3P3F 

and 3P3I; 
[128] 

2CWZ 

TE26 Hotdog 4AE7 and 
4AE8; [130] 

Dimer His158, Gly159, 
Gly160, Asp167 

and Thr183 [130] 

1-1-2-2-3-4-5-6 
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Figure 1. Thioesterases act on a wide range of different substrate types, including acyl-CoA (red), acyl-
ACP (green), protein substrates (purple), and acyl-glutathione (orange) and mediate a wide variety of 
functions.  

 
Figure 2. An overview of the domain types present in different thioesterases. Hotdog domains (blue) are 
present in acyl-CoA thioesterases and acyl-ACP thioesterases. The α/β hydrolase domains (green) are 
present in acyl-CoA thioesterases, acyl-ACP thioesterases, protein thioesterases, and glutathione 
thioesterases. Lactamase (purple) domains are present only in flavodoxin-like domains, while NagB 
(orange), and Flavodoxin-like (red) are present only in acyl-CoA thioesterases.  

 
Figure 3. Overview of the domain organization present in different thioesterases. Domain coloring is 
preserved from Figure 2, with hotdog domains in blue, α/β hydrolase domains in green, lactamase 
domains in purple, flavodoxin-like domain in red, and NagB domains in orange. Domains shown with full 
outlines have structures determined, while dotted lines indicate missing structures. Completely missing 
domains indicated that these thioesterase familes are not present in respective prokaryote or eukaryote 
genome. 

 
Figure 4. TE4 family members harbour a double hotdog fold arranged in the form of a tetramer (or 
octamer of hotdog domains). The active site is comprised of Asp, Thr, and Gln, and the structure of PDB 

1C8U is presented with a topology of 1-1-2-2-3-4-5-6-3-7-8-4-9-10-11-12 where 
the hotdog domain boundary is indicated by italics. β-strands are presented as yellow arrows, α-helices 
are red rectangles, and loops in green. The position of the active site residues are presented in both 3D 
form and on the topology. 

 
Figure 5. TE5 family members possess a single hotdog domain arranged as a tetramer. The Asp residue 
positioned after the first alpha-helical turn is likely to be crucial for catalysis. The structure of PDB 1NJK 

is presented with an associated topology of 1-1-2-3-2-3-4-5-4. The β-strands are presented as 
yellow arrows, α-helices are red rectangles, and loops in green. The position of the active site residue is 
presented on both the 3D fold and the topology depiction. 

 
Figure 6. TE6 family members exhibit a domain duplication in eukaryotes compared with prokaryotes. 
Prokaryotes possess a single hotdog domain arranged as a hexamer, while eukaryotes possess two hotdog 
domains arranged as a trimer. The overall structures are highly similar. An Asp residue on the a-helix is 
common to all TE6 family members, and share a similar topology of 1-1-2-3-4-5-2 in each 

domain. In eukaryotes, this domain is extended by -6-3-7-8-9-10-4. The structure of a 
prokaryotic TE6 member is represented by PDB 1YLI, while the structure of a eukaryotic PDB is 
represented by 4ZV3. The β-strands are presented as yellow arrows, α-helices are red rectangles, and 
loops in green. The position of the active site residue is presented on both the 3D fold and the topology 
depiction. 

 
Figure 7. Structure of ACOT12, a TE6 family member. The protein possesses a dual hotdog domain and 
a C-terminal START domain (pink). These assemble into a trimer, with each domain depicted I, II, and 
III. Activity is regulated by a nucleotide dependent binding loop, shown in blue. The structure is 
described in Swarbrick et al., JBC. 2014. doi: 10.1074.  

 
Figure 8. A homology model of ACOT9, a TE7 family member. Based on sequence 
conservation, it is proposed to be arranged as a trimer. The active site for this family remains to 

determined experimentally. The predicted topology is 1-1-2-3-4-5-2-6-3-3-7-8-
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9-10-4. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops 

in green.  
 
Figure 9. TE8 family members possess a single hotdog domain arranged as a tetramer. The active site is 

comprised of Asp, Asn, Ser, with the Asp residue positioned in the middle of the -helix. The structure of 

PDB 2F0X is presented with the topology of 1-1-2-2-3-4-5-6. The β-strands are presented as 
yellow arrows, α-helices are red rectangles, and loops in green. The position of the active site residue is 
presented on both the 3D fold and the topology depiction. 

 
Figure 10. TE9 family members possess a single hotdog domain arranged as a tetramer. The active site is 

comprised of Tyr, Asp, His. The structure of PDB 1S5U is presented with the topology of 1-1-2-3-

2-3-4-5-6-4. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops 
in green. The position of the active site residue is presented on both the 3D fold and the topology 
depiction. 

 
Figure 11. TE10 family members possess a single hotdog domain arranged as a tetramer. An Asp residue 

positioned between 1-1 is critical for activity. The structure of PDB 1BVQ is presented with the 

topology of 1-1-2-3-2-3-4-5-6-7-8-4. The β-strands are presented as yellow arrows, α-
helices are red rectangles, and loops in green. The position of the active site residue is presented on both 
the 3D fold and the topology depiction. 

 
Figure 12. TE11 family members possess a single hotdog domain arranged as a tetramer. A Glu residue 

positioned on the central 4 is critical for activity. The structure of PDB 1Q4S is presented with the 

topology of 1-2-1-2-3-4-5-3-4-5-6. The β-strands are presented as yellow arrows, α-
helices are red rectangles, and loops in green. The position of the active site residue is presented on both 
the 3D fold and the topology depiction. 

 
Figure 13. TE12 family members possess a single hotdog domain arranged as a tetramer. An Asp residue 

positioned on the loop between 1 and 1 is critical for activity. The structure of PDB 2HX5 is presented 

with the topology of 1-1-2-3-4-2-3-4-5-6-7-5. The β-strands are presented as yellow 
arrows, α-helices are red rectangles, and loops in green. The position of the active site residue is presented 
on both the 3D fold and the topology depiction. 

 
Figure 14. TE13 family members possess a single hotdog domain arranged as a tetramer with the -
sheets arranged in a “back-to-back” configuration. Residues important for catalysis are positioned on the 

central -helix, and comprise Asp, Asn and Thr. The structure of PDB 1PSU is presented with the 

topology of 1-1-2-2-3-3-4-5-6. The β-strands are presented as yellow arrows, α-helices are 
red rectangles, and loops in green. The position of the active site residue is presented on both the 3D fold 
and the topology depiction. 

 
Figure 15. TE24 family members possess a single hotdog domain arranged as a hexamer in a trimer of 

dimers configuration. Residues important for catalysis are positioned on the 1-helix and a loop 

connecting 2 and 3. The structure of PDB 2PFC is presented with the topology of 1-1-2-2-3-3-

4-5-6. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in green. 
The position of the active site residue is presented on both the 3D fold and the topology depiction. 

 
Figure 16. TE25 family members possess a single hotdog domain arranged as a homodimer. 

Residues important for catalysis are positioned on the 2-helix and a loop connecting 2 and 3. 
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The structure of PDB 3KU7 is presented with the topology of 1-1-2-2-3-4-5-3. The 

β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in green. The 
position of the active site residue is presented on both the 3D fold and the topology depiction. 
 
Figure 17. TE26 family members possess a single hotdog domain arranged as a homodimer. Residues 

important for catalysis are positioned on the 2-helix, the loop preceding the 2 helix, and a Thr residue 

on a loop connecting 2 and 3. The structure of PDB 4AE7 is presented with the topology of 1-1-2-

2-3-4-5-6. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in 
green. The position of the active site residue is presented on both the 3D fold and the topology depiction. 

 
Figure 18. TE14 family members possess two fused hotdog domains which bind as homodimers to form 

a tetramer of double hotdog domains with the -sheets arranged in a “face-to-face” configuration. 
Residues important for catalysis are pictured on both the topology and 3D image and comprise Glu, His, 

Asp, and Asn. The structure of PDB 5X04 is presented with the topology of 1-2-1-3-4-5-2-3-
4-5-6-7-8-6-9-10-11-7-8-9-10. The β-strands are presented as yellow arrows, α-helices 
are red rectangles, and loops in green.  

 
Figure 19. TE15 family members possess a single hotdog domain and form a tetramer with the -sheets 
arranged in a “face-to-face” configuration. Residues important for catalysis are pictured on both the 

topology and 3D image and comprise Tyr and Arg residues located on the central 2 helix. The structure 

of PDB 2W3X is presented with the topology of 1-1-2-3-2-3-4-5-4. The β-strands are 
presented as yellow arrows, α-helices are red rectangles, and loops in green.  

 
Figure 20. TE2 family members possess a single / hydrolase fold with an N-terminal β-sandwich. The 

structure of PDB 3HLK is presented with the topology of 1-2-3-1-4-2-5-3-6-7-4-8-

5. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in green. The 
position of the active site residue is presented on both the 3D fold and the topology depiction. 

 
Figure 21. TE16 family members possess a single / hydrolase fold. Residues important for catalysis 

are positioned on the 3- and 7-helices, and a loop connecting 5 and 4. The structure of PDB 2CB9 is 

presented with the topology of 1-2-1-3-2-4-3-5-4-6-5-6-7-7-8. The β-strands are 
presented as yellow arrows, α-helices are red rectangles, and loops in green. The position of the active site 
residue is presented on both the 3D fold and the topology depiction. 

 
Figure 22. TE17 family members possess a single / hydrolase fold which associated to form a 

homodimer. Residues important for catalysis are positioned on loop regions connecting 6-5 and 9-8, 

and at the end of 7. The structure of PDB 1MO2 is presented with the topology of 1-1-2-3-2-3-

4-5-4-6-5-7-6-7-8-9-8. The β-strands are presented as yellow arrows, α-helices are red 
rectangles, and loops in green. The position of the active site residue is presented on both the 3D fold and 
the topology depiction. 

 
Figure 23. TE18 family members possess a single / hydrolase fold which associated to form a 

homodimer. Residues important for catalysis are positioned on loop regions connecting 5-11 and 6-

12 and at start of 4. The structure of PDB 3QMV is presented with the topology of 1-1-2-3-2-

4-5-3-6-4-7-8-9-10-5-11-6-12-13. The β-strands are presented as yellow arrows, α-
helices are red rectangles, and loops in green. The position of the active site residue is presented on both 
the 3D fold and the topology depiction. 
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Figure 24. TE19 family members possess a single / hydrolase fold which associated to form a 

homodimer. Residues important for catalysis are positioned on loop regions connecting 6-4, 9-8, 

and 10-9. The structure of PDB 1THT is presented with the topology of 1-2-3-1-2-4-3-5-

4-6-5-7-8-6-7-9-8-10-9-10-11. The β-strands are presented as yellow arrows, α-helices 
are red rectangles, and loops in green. The position of the active site residue is presented on both the 3D 
fold and the topology depiction. 

 
Figure 25. TE20 family members possess a single / hydrolase fold and are monomeric. Residues 
important for catalysis, Ser111, Asp228 and His283, are labelled in the inset. The structure of PDB 1PJA 

is presented with the topology of 1-1-2-2-3-3-4-4-5-6-7-8-9-10-5-11-6-

7-12-13-14-8-15-16. The β-strands are presented as yellow arrows, α-helices are red 
rectangles, and loops in green. The position of the active site residue is presented on both the 3D fold and 
the topology depiction. 

 
Figure 26. TE21 family members possess a single / hydrolase fold which associated to form a 

homodimer. Residues important for catalysis are positioned on 5 and loop regions connecting 8-7 and 

9-8. The structure of PDB 1FJ2 is presented with the topology of 1-2-1-3-4-2-5-3-4-

6-5-7-6-8-7-9-8. The β-strands are presented as yellow arrows, α-helices are red rectangles, 
and loops in green. The position of the active site residue is presented on both the 3D fold and the 
topology depiction. 

 
Figure 27. TE22 family members possess a single / hydrolase fold which associated to form a 
homodimer. Residues important for catalysis Ser120, position on are positioned on α6, Asp202 positioned 

on a looped connecting 7-11, and His231, positioned on a loop connecting 8-12. The structure of 

PDB 2UZ0 is presented with the topology of 1-2-3-1-2-4-3-4-5-5-6-6-7-8-9-10-

7-11-8-12. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in 
green. The position of the active site residue is presented on both the 3D fold and the topology depiction. 

 
Figure 28. TE1 family members possess a double NagB fold which associated to form a homodimer. The 

structure of PDB 4EUD is presented with the topology of 1-2-1-3-2-4-3-5-4-6-7-5-

6-7-8-8-9-9-10-10-11-11-12-12-13-13-14-15-14-15-16-16-17-

17-18-19-20-18-21-19-22-23-20-24-25-21-26-27-22-23-24. The β-
strands are presented as yellow arrows, α-helices are red rectangles, and loops in green. The position of 
the active site residue is presented on both the 3D fold and the topology depiction. 

 
Figure 29. TE3 family members possess a monomeric flavodoxin-like fold and residues important for 

catalysis include Ser10, positioned on 1, and Asp154 and His157 positioned on the loop connecting 6 

and 7. The structure of PDB 1IVN is presented with the topology of β1-1-2-β2-3-β3-4-β4-5-β5-

6-7. The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in green. The 
position of the active site residue is presented on both the 3D fold and the topology depiction. 

 
Figure 30. TE23 family members possess a GlyoxaslaseII fold. The structure of 1QH3 is presented with 

the topology of 1-2-3-1-4-2-3-5-6-7-8-9-10-11-12-4-13-5-6-14-7-8-9. 
The β-strands are presented as yellow arrows, α-helices are red rectangles, and loops in green. The 
position of the active site residue is presented on both the 3D fold and the topology depiction. 
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