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The acyl-CoA dehydrogenases (ACADs), CasL-CasN from Rhodococcus jostii RHA1 

and Tcur3481-Tcur3483 from Thermomonospora curvata DSM 43183, were heterologously 

expressed and purified. Tcur3481-Tcur3483 has an 18-fold higher specificity constant for the 3-

carbon side chain steroid metabolite compared to the five carbon side chain metabolite. 

Tcur3481-Tcur3483 structure was determined to a resolution of 2.1 Å. The protein adopted an 

α22 structure, similar to the structure of the Mycobacterium tuberculosis ACAD FadE26-

FadE27. The putative substrate binding site of Tcur3483 is 1.6 times smaller in volume than 

FadE26 and the catalytic glutamate base is part of a helix while the corresponding residue in 

FadE26 part of a loop. These differences may contribute to the broader substrate specificity of 

FadE26. The molecular determinants of substrate specificity were also tested by creating the 

Ala691Gly variant of the M. tuberculosis ACAD, FadE34. The variant gained the ability to 

utilize 3-carbon isopropyl side chain metabolite as a substrate. 
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Chapter 1: Introduction 

1.1 Steroids 

 Steroids are ubiquitous in eukaryotic organisms. Steroids typically have 4 cyclic rings 

(Figure 1.1) and most contain aliphatic side chains attached to C17 (on the D-ring) of the 

steroidal skeleton (García et al., 2012). In humans, steroids function as hormones, bile acids, and 

are used in cell membranes to regulate fluidity (Falkenstein et al., 2000; Philipp, 2011). In 

addition, synthetic steroids are extensively used as drugs such as contraceptives (i.e. estrogens) 

and anti-inflammatory drugs. Bacteria have been shown to degrade steroids within the human 

body and wastewater (Fahrbach et al., 2006; Holert et al., 2013; Wipperman et al., 2014). 

However, it is only in the past few years that the degradation pathway and their associated genes 

in bacteria have been studied in detail. The pathogenic bacterium, Mycobacterium tuberculosis 

utilizes cholesterol as a carbon source during infection and this has spurred research into the 

steroid degradation pathway as a potential antibiotic target against Tuberculosis. 

1.2 Steroid Biosynthesis 

 Steroids are synthesized from isoprene precursors within the endoplasmic reticulum 

(Nelson and Cox, 2005). This small molecule is sequentially built into a long chain that is 

cyclized into lanosterol, containing the 4 rings that define steroids. This steroid is further 

converted into cholesterol, the precursor of many steroids in animals (Figure 1.2). Cholesterol is 

then converted to pregnenolone (Hu et al., 2004), where the pathway diverges into three separate 

branches. These branches produce the different sex hormones, glucocorticoids, and 

mineralcorticoids in humans. Cholesterol is transformed in the liver to produce cholic acid 

(cholate) and deoxycholic acid which are stored in the bile duct (Chiang, 2009). Once in the gut, 

these bile acids are acted on by gut microflora to produce secondary bile acids. Bile acids aid in 
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Figure 1.1 Four examples of steroid molecules. The numbering of carbon atoms are indicated 

in the structures of cholate and cholesterol. 
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Figure 1.2 Transformation of cholesterol to other steroids in humans. Cholesterol is 

converted to pregnenolone, which is the precursor of steroid hormones in humans. Cholic acid is 

produced from cholesterol in the liver. The predominant enzymes that catalyze these 

transformations are cytochrome P450 enzymes (CYP) and 3-β-hydroxysteroid dehydrogenases 

(HSD). 
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absorption of lipids in the intestine. Up to 95% of bile acids are reabsorbed and reused (Chiang, 

2009). While humans possess enzymes that modify steroids, the steroid ring structure cannot be 

catabolized by humans.  

1.3 Bacterial Steroid Degradation 

 Some bacteria are able to degrade steroids and utilize them as their sole carbon sources. 

Shown in Table 1.1 are some bacteria that are able to utilize cholate, cholesterol, or other 

steroids as their sole carbon sources. For example, M. tuberculosis can grow on cholesterol as its 

sole carbon source. Research has shown that this can contribute to the persistence of the bacteria 

inside infected hosts (Ouellet et al., 2011; Thomas et al., 2011). Host cholesterol levels also 

directly correlate to the bacterial burden and impair immunity to the pathogen. Inactivation of 

cholesterol degradation genes has been shown to cause a marked defect in growth of M. 

tuberculosis in lungs of mice (Ouellet et al., 2011). 

 The aerobic steroid degradation pathway and their associated enzymes have been best 

characterized in the Actinobacteria R. jostii RHA1 and M. tuberculosis. There are four clusters of 

genes identified in R. jostii RHA1 containing 3-ketosteroid-1-dehydrogenase (KstD) and a 3-

ketosteroid-9α-hydroxylase (KshAB) (Mohn et al., 2012). The cholesterol degradation pathway 

was associated with cluster 1 while cluster 3 is associated with a cholate degradation pathway. 

The other two clusters have unknown functions. Cluster 4 contains a large number of genes 

shown to be up-regulated when R. jostii RHA1 was grown on cholate (Mohn et al., 2012). R. 

jostii and its close relative, M. tuberculosis share 60% of their genomes (Van der Geize et al., 

2007) and 35.3% of their proteomes (McLeod et al., 2006). Therefore, the cholesterol 

degradation genes of R. jostii RHA1 are highly similar to those in M. tuberculosis. However, M.  
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Table 1.1 Bacteria that have been confirmed to utilize various steroids as their sole carbon 

and energy source. X denotes the ability to degrade cholesterol or cholate. Other steroids that 

can be degraded by each bacterium are also indicated. 

Carbon and Energy Sources 

Organism Cholesterol Cholate Other Steroids Reference(s) 

Mycobacterium 

tuberculosis 
X - - 

(Ouellet et al., 

2011; Thomas et 

al., 2011) 

Rhodococcus jostii 

RHA1 
X X - 

(Mohn et al., 

2012) 

Comamonas 

testosteroni 
- X 

testosterone, progesterone, 

dehydroepiandrosterone, and 

epiandrosterone 

(Horinouchi et al., 

2012) 

Pseudomonas sp. 

Chol1 
- X 

deoxycholate, chenodeoxycholate 

and lithocholate) 

(Holert et al., 

2016) 

Thermomonospora 

curvata 
- X - 

(Bergstrand et al., 

2016) 
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tuberculosis lacks the cholate degradation cluster of R. jostii RHA1 (cluster 3) resulting in its 

inability to grow on cholate as a sole carbon source. 

In the steroid degradation pathway of aerobic bacteria, the aliphatic side chain attached to 

C17 of cholesterol and cholate (Figure 1.1) is degraded in a pathway similar to the β-oxidization 

of fatty acids (Holert et al., 2013; Wipperman et al., 2013). The first step involves the 

oxidization of the terminal carbon of the aliphatic chain, catalyzed by cytochrome P450, to form 

a carboxylate (Ouellet et al., 2011; Thomas et al., 2011). This carboxylate is CoA esterified and 

subsequent β-oxidation steps are catalyzed by an acyl CoA dehydrogenase, enoyl CoA hydratase, 

hydroxyacyl dehydrogenase, and either a ketothiolase or an aldolase (Figure 1.3) (Holert et al., 

2013; Nelson and Cox, 2005). The β-oxidation reactions will repeat until the entire chain is 

degraded, releasing either a propionyl CoA or an acetyl CoA at each cycle. The propionyl CoA 

arise from the cleavage of side chains containing methyl branches at C25 and C18 (Figure 1.3). 

The aldolase, encoded by the gene ltp, may be involved in the cleavage of the last three carbons 

attached to the D-ring (Yang et al., 2014). This is because a hydroxyacyl CoA dehydrogenase 

would not be able to catalyze the formation of a carbonyl carbon at C17 as it cannot have a 

valency of 5. The side chain of cholesterol will undergo 3 rounds of β-oxidization to release one 

acetyl CoA and two propionyl CoAs. Bile acids, such as cholate will undergo two rounds of β-

oxidization since it has a 5-carbon side chain. In M. tuberculosis, studies with radiolabeled 

cholesterol showed that propionyl CoA is used as a precursor for synthesis of mycolic acids, a 

component of the mycobacterial cell wall (García et al., 2012; Muñoz-Elías et al., 2006; Ouellet 

et al., 2011). 

The A and B rings of steroids are degraded via the 9,10-seco pathway which involves the 

breakage of the C9 and C10 bond (Figure 1.4) (Coulter and Talalay, 1968). Bacteria have been  
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Figure 1.3 Cholesterol side chain degradation pathway in M. tuberculosis. Side chain 

degradation occurs in a manner similar to β-oxidization of fatty acids. Details of the first round 

of β-oxidization are shown and subsequent rounds of β-oxidization are thought to proceed in a 

similar manner.  
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Figure 1.4 9, 10-seco-pathway for steroid ring degradation. For simplicity, the side chain 

attached to the D-ring is not shown. Indicated key intermediates are 2-hydroxy-hexa-2,4-dienoic 

acid (HHD) and 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid (DOHNAA). After CoA 

esterification, the fate of DOHNAA is not known.  
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found to funnel many different steroid analogs into this one pathway (Horinouchi et al., 2012). 

Carbons 9 and 10 are located within the B ring (figure 1.1) and are oxidized before undergoing a 

non-enzymatic reaction which breaks the C-C bond (Wang et al., 2013). After the B ring 

cleavage, the A ring is aromatized (Horinouchi et al., 2012; Wang et al., 2013). Carbon 4 on the 

A ring is then hydroxylated allowing for cleavage of the A ring between C3 and C4 (Horinouchi 

et al., 2012) by an extradiol dioxygenase. Hydrolysis of the resultant product yields a bicyclic 

compound known as 9,17-dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid (DOHNAA) and 2-

hydroxy-hexa-2,4-dienoic acid (HHD). HHD is converted to propionyl CoA and pyruvate by the 

sequential action of a hydratase, aldolase, and aldehyde dehydrogenase (Carere et al., 2013; Yam 

et al., 2011). The side chain derived from B-ring degradation in DOHNAA is CoA esterified by 

FadD3 in M. tuberculosis and is then thought to be degraded by β-oxidation-like enzymes similar 

to those involved in C17 side chain degradation (Casabon et al., 2013; Horinouchi et al., 2012; 

Yam et al., 2011). FadD3 is part of the KstR2 regulated operon in M. tuberculosis containing 15 

genes believed to be involved in C and D ring degradation (Crowe et al., 2014). However, the 

details pertaining to their exact degradation have yet to be uncovered.  

 Steroid degradation is not exclusive to aerobic bacteria. Many anaerobic bacteria are 

known to contain steroid modifying enzymes and a few are able to use steroids as their sole 

carbon source. The most prevalent examples are found within the human gut, an anaerobic 

environment containing bile acids. A bacterium isolated from a hog sewage lagoon, Eubacterium 

coprostanoligenes, and a bacterium found in human feces, Bacteriodes sp. strain D8, can reduce 

cholesterol to coprostanol (Freier et al., 1994; Gérard et al., 2007). Denitratisoma oestradiolicum 

is another anaerobe found within a municipal wastewater plant that is able to degrade 17β-

estradiol completely to water and CO2, although nothing is known about the pathway that it 
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utilizes (Fahrbach et al., 2006). Anaerobic cholesterol degradation is probably best studied in the 

facultative anaerobe Sterolibacterium denitrificans (Leu et al., 2011). 

 S. denitrificans can utilize cholesterol as its sole carbon source in the presence of nitrate 

as an electron acceptor, instead of oxygen (Chiang et al., 2008). Recently Wang et al. (2013) 

used radioactively labelled cholesterol to identify the initial intermediates of a novel anoxic 2,3-

seco pathway (Figure 1.5). Cleavage of the A ring of cholesterol is thought to involve hydrolytic 

cleavage instead of the oxygenolytic cleavage observed in the aerobic pathway (Wang et al., 

2013). However, the enzymes or genes involved in this proposed pathway have not yet been 

identified. The side chain of cholesterol is thought to be primed with a hydroxyl added to C25 

catalyzed by a molybdoenzyme (Dermer and Fuchs, 2012). It is proposed that the side chain is 

subsequently removed by β-oxidation reactions similar to the aerobic pathway. However, it is 

unclear how the CoA ester is formed from the hydroxylated C25 for the β-oxidation to occur 

(Wang et al., 2013). 

 The Acyl CoA dehydrogenases involved in aerobic steroid side chain degradation are the 

subjects of this proposal and they will be discussed in more detail in subsequent sections. 

1.4 Acyl-CoA Dehydrogenases 

 The dehydrogenation of the α and β carbons in fatty acid β-oxidization are catalyzed by 

acyl-CoA dehydrogenases (ACADs) (Nelson and Cox, 2005). The reaction involves the 

formation of a double bond between the α and β carbons of an acyl CoA substrate (Nelson and 

Cox, 2005). Most organisms use β-oxidization to break down fatty acid molecules and amino 

acids for energy production (Kim and Miura, 2004). The most studied ACAD is the human 

medium chain ACAD  
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Figure 1.5 Proposed cholesterol degradation pathway for anaerobic bacteria. Cholesterol is 

hydroxylated at C25 before undergoing β-oxidization analogous to the aerobic pathway. The A 

ring cleavage was proposed to be catalyzed by a hydrolytic enzyme.  
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medium chain ACAD (MCAD) which is responsible for the degradation of fatty acids of 4-14 

carbons in length (Ghisla and Thorpe, 2004; Nelson and Cox, 2005). Other ACADs that act on 

fatty acyl CoAs are named according to their preferred substrate: Long chain ACAD (LCAD) 

(substrates of 12-18 carbons); Very long chain ACAD (VLCAD) (substrates of 14-20 carbons); 

and small chain ACAD (SCAD) (substrates of 4-8 carbons) (Finocchiaro et al., 1987; Kim and 

Miura, 2004). IVD or iso(3)valeryl-CoA dehydrogenase is involved within other pathways but 

performs a similar task to the above ACADs (Kim and Miura, 2004). 

 Most of these well studied ACADs form homotetramers (dimer of dimers) with VLCAD 

being an exception as it only forms a homodimer (Kim and Miura, 2004). Each dimer contains 

two flavin adenine dinucleotide (FAD) molecules bound across the dimeric interface, totalling 

four FAD molecules per tetramer. Each subunit has a long and narrow cavity that accommodates 

the fatty-acyl chain of the substrate, while the CoA moiety is bound near the surface of the 

enzyme. In MCAD the binding cavity allows for Cα and Cβ of the substrate to be positioned 

between the catalytic base, glutamate 376, and the isoalloxazine ring of FAD (Ghisla and 

Thorpe, 2004; Kim and Miura, 2004). This glutamate abstracts a proton from the Cα-H, whilst 

the hydride of Cβ is transferred to the FAD molecule (Figure 1.6) (Ghisla and Thorpe, 2004). 

 The structures of SCAD, MCAD, and IVD have been solved and they all adopt a similar 

quaternary structure. The SCAD from Megasphaera elsdenii has a shallower substrate binding 

cavity as a result of an extra amino acid (Tyr or Leu) inserted into a helix which bulges into the 

binding cavity (Kim and Miura, 2004). Human IVD is similar to the SCAD in that it has a 

shallower binding pocket and replacement of a bulky residue (Tyr or Leu) at position 374 with 

glycine allowing for extra space to bind a branched chain substrate.  
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Figure 1.6 Reaction catalyzed by an acyl-CoA dehydrogenase (ACAD). Shown are the 

binding pocket of the ACAD, the isoalloxazine ring of FAD, and the catalytic glutamate. The 

carboxylate of the catalytic glutamate abstracts a proton from Cα of the substrate within the 

binding pocket. Simultaneously N(5) of the isoalloxazine ring abstracts a hydride from the Cβ. 

Rib is the ribitylside chain of the isoalloxazine ring. 

  



14 

 

 The catalytic glutamate in these classical ACADs can occur at two different positions in 

the primary sequence. In human IVD and rat LCAD the catalytic glutamates are in the middle of 

their primary sequence at Glu254 and Glu261, respectively (Kim and Miura, 2004). The MCAD 

and SCAD contain a catalytic residue near the C-terminus of the peptide. However, in the 3D 

structures of these enzymes the catalytic glutamates are located in a spatially similar position 

(Kim and Miura, 2004).  

 In all ACADS, a conserved arginine (Arg280 in IVD) was found to be responsible for the 

interaction with the pyrophosphate of the FAD molecule. These conserved residues among 

others shown in figure 1.7 allow for the positioning of the substrate and FAD for catalysis.  

1.5 ACADs of Steroid Side Chain Degradation 

 Thomas & Sampson (2013) were the first to successfully express and enzymatically 

characterize an ACAD from M. tuberculosis involved in a cholesterol side chain degradation 

pathway (Thomas and Sampson, 2013). The ACAD, FadE28-FadE29 (also known as ChsE1-

ChsE2), forms a heterotetramer in contrast to the homotetramer of classical ACADS described 

above (Thomas and Sampson, 2013). The genes encoding the protomers are located within the 

intercellular growth (igr) operon in M. tuberculosis (Thomas and Sampson, 2013). 

 Knock-out of genes in the igr operon leads to the accumulation of a cholesterol 

metabolite containing an isopropyl side chain in the D-ring and also attenuates the virulence of 

the bacteria. The igr operon also encodes a unique heteromeric hydratase and an Ltp (aldolase), 

which together with FadE28-FadE29, are thought to be involved in the last β-oxidation cycle in 

the degradation of the D-ring side chain (Yang et al., 2015). Accordingly, the FadE28-FadE29 

complex was shown to be active towards substrates 1β-(2′-propanoyl-CoA)-3aα-H-7aβ- text  
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Figure 1.7 Structure of the homomeric ACADs. Three dimensional structure of human IVD 

(PDB: 1IVH) showing the dimer interface of two subunits depicted in cartoon (yellow and dark 

grey). There are two symmetrical active sites per dimer. Each active site contains a catalytic 

glutamate base (carbon atoms in green) and an FAD molecule (carbon atoms in orange). While 

the isoalloxazine of FAD is bound near the catalytic glutamate, the ribityl pyrophosphate and 

adenosine moiety of this cofactor extends out to the dimer interface where an arginine (carbon 

atoms in pink) in the opposite subunit makes ionic interactions with the pyrophosphate. The 

structure contains the substrate analog, CoA persulfide (cyan) bound near each catalytic 

glutamate. Figure was created with the PyMOL Molecular Graphics System, Version 1.3 

Schrödinger, LLC. 
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methylhexahydro-4-indanone and 3-oxo-4-pregnene-20-carboxyl-CoA (Table 1.2) (Thomas and 

Sampson, 2013). Interestingly, only FadE29 contains a glutamate corresponding to the position 

of the catalytic glutamate of IVD. Figure 1.8 shows a comparison between the steroidal 

degradation ACADs and the classical ACADs. Through site directed mutagenesis Glu241 in 

FadE29 was replaced with Gln resulting in the loss of enzymatic activity (Ruprecht et al., 2015; 

Thomas and Sampson, 2013). FadE29 also contains residues that are conserved with CoA 

binding residues of other classical ACADs (Figure 1.9). 

 FadE28 does not contain a catalytic glutamate or CoA binding residues like FadE29. It 

does however contain residues that are important for binding the FAD adenosine moiety. 

Replacement of an arginine (Arg277) in FadE28 that is thought to form ionic interactions with 

the FAD pyrophosphate led to the loss of FAD in the purified heterocomplex (Ruprecht et al., 

2015). This suggests that FadE28-FadE29 dimer only contains one active site and one FAD per 

dimer.  

 Yang et al. (2015) recently characterized and successfully crystallized a heterotetrameric 

ACAD FadE26-FadE27 (also known as ChsE4-ChsE5) (Yang et al., 2015). They found that this 

heterotetrameric ACAD has broad substrate specificity with the highest specificity constant for 

the cholesterol side chain containing 8 carbon atoms. FadE26-FadE27 has 1.8-fold and 4.3-fold 

lower specificity constants for cholesterol metabolites containing 5-carbons and 3-carbons, 

respectively (Yang et al., 2015). The crystal structure confirmed that the enzyme adopts a 2β2 

quaternary structure with only one FAD bound per heterodimer. The crystal structure did not 

contain bound substrate but substrate was docked into the subunit containing the catalytic 

glutamate (Yang et al., 2015). However, the distances between the docked substrate's C/Cβ to  
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Table 1.2 Steady-state kinetic parameters of acyl-CoA dehydrogenases towards steroids of 

different D-ring side chain lengths. Steady state kinetic parameters were reported by (I) 

Ruprecht et al. (2015) and (II) Yang et al. (2015). Substrates tested include 3β-hydroxy-5-

cholen-24-oyl-CoA (3HCO-CoA), 3-oxo-chol-4-en-24-oyl-CoA (3-OCO-CoA), 3-oxo-cholest-4-

en-26-oyl-CoA (3-OCS-CoA), 3-oxo-23,24-bisnorchol-4-en-22-oyl-CoA (4BNC-CoA), cholyl 

CoA, and deoxycholyl CoA. NA indicates no detectable activity. 

Substrate 
Number of Cs on 

D-ring side chain 
KM (M) kcat (s

-1
) kcat/KM (M

−1
 s

−1
) Ref. 

FadE26-FadE27 

4BNC-CoA 3 3.3 ± 0.7 1.5 ± 0.05 (4.5 ± 0.9) × 10
5
 

II 3-OCO-CoA 5 2.6 ± 0.4 0.48 ± 0.01 (1.9 ± 0.3) × 10
5
 

3-OCS-CoA 8 3.4 ± 1.0 2.7 ± 0.4 (8.1 ± 2.5) × 10
5
 

FadE34 

4BNC-CoA 3 NA 

I 
Cholyl-CoA 5 47 ± 5.8 0.22 ± 0.01 (4.8 ± 0.20) × 10

3
 

Deoxycholyl-CoA 5 27 ± 3.5 0.44 ± 0.02 (1.6 ± 0.07) × 10
6
 

3HCO-CoA 5 2.5 ± 0.79 3.7 ± 0.40 (1.5 ± 0.16) × 10
6
 

4BNC-CoA 3 NA 

II 3-OCO-CoA 5 28 ± 8  5.0 ± 0.5   (1.8 ± 0.9) × 10
5
 

3-OCS-CoA 8 NA 

CasC 

4BNC-CoA 3 NA 

I 
Cholyl-CoA 5 5.7 ± 0.69 16 ± 0.61 (2.8 ± 0.11) × 10

6
 

Deoxycholyl-CoA 5 2.2 ± 0.35 9.9 ± 0.60 (4.4 ± 0.23) × 10
6
 

3HCO-CoA 5 3.0 ± 0.76 10 ± 1.0 (3.5 ± 0.34) × 10
6
 

FadE28-FadE29 

4BNC-CoA 3 6.3 ± 0.9 2.2 ± 0.2 (3.5 ± 0.30) × 10
5
 

I 
Cholyl CoA 5 NA 

Deoxycholyl-CoA 5 NA 

3-HCO-CoA 5 NA 

4BNC-CoA 3 5.3 ± 0.9 1.30 ± 0.02 (2.5 ± 0.5) × 10
5
 

II 3-OCO-CoA 5 6.5 ± 0.9 0.16 ± 0.01 (2.4 ± 0.3) × 10
4
 

3-OCS-CoA 8 NA 
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Figure 1.8 Structure of the heteromeric ACADs. (A) Diagrammatic representation of the 

placement of two symmetrical active sites in the classical ACADs such as IVD, in comparison to 

(B) steroid side chain degrading ACADs, where there is only one active site per heterodimer or 

per 2 ACAD domains. One subunit/domain, such as in FadE29 and the C-terminal ACAD 

domain of FadE34, has a catalytic glutamate. The opposite subunit/domain, such as in FadE28 

and the N-terminal ACAD domain of FadE34, has an arginine residue that interacts with the 

pyrophosphate of FAD. 
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Figure 1.9 Multiple sequence alignment of acyl-CoA dehydrogenases. Amino acid sequences 

of proteins are as follows: pig medium chain acyl-CoA dehydrogenase (Pig_MCAD); short chain 

acyl-CoA dehydrogenase from Megasphaera elsdenii (Melsdenii_SCAD); human isovaleryl-

CoA dehydrogenase (human_IVD); rat long chain acyl-CoA dehydrogenase (Rat_LCAD); 

FadE26 (Mtb_FadE26), FadE27 (Mtb_FadE27), ACAD domains of FadE34 (Mtb_FadE34), 

FadE29 (Mtb_FadE29), and FadE28 (Mtb_FadE28) from M. tuberculosis H37Rv; ACAD 

domain of CasC (R.jostii_CasC), CasL (Rjostii_CasL), and CasN (Rjostii_CasN) from R. jostii 

RHA1; Tcur3483 (Tcur_3483) and Tcur3481 (Tcur_3481) from T. curvata DSM 43183; Scd1A 

(Pchol1_Scd1A), Scd1B (Pchol1_Scd1B), Scd2A (Pchol1_Scd2A), and Scd2B (Pchol1_Scd2B) 

from Pseudomonas sp. strain Chol1. Functional residues within classical ACADs that are 

conserved in steroid degrading ACADs are highlighted as follows: residues highlighted in yellow 

are the catalytic glutamic acid residues; residues highlighted in green are the arginine residues 

that interact with the pyrophosphate FAD; residues that form side chain interactions with 

isoalloxazine and adenosine ribose of FAD are highlighted in purple; arginine residues that 

interact with CoA of substrate are highlighted in cyan; and residues that are highly conserved 

between all sequences are highlighted in black. The N-terminus (N) and C-terminus (C) of two 

domain ACADs are indicated within the alignment.  
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the N(5) of FAD's isoalloxazine ring and catalytic glutamate are not ideal (>8 Å). Interestingly, 

the subunit that lacks the catalytic glutamate (FadE27) does not appear to be directly involved in 

substrate binding. It is currently unclear how the substrate enters the active site. One possibility 

is through interactions with residues along the dimeric interface that may require some flexibility 

between the two protomers of the dimer. This may account for the loss of one active site in the 

heterodimer. 

 Other heteromeric ACADs have been identified within M. tuberculosis that share 

similarities to both FadE28-FadE29 and FadE26-FadE27, in that one protomer contains the 

catalytic glutamate while the other contains residues involved in FAD adenosine binding. These 

ACADs are FadE17-FadE18, FadE31-FadE32, and FadE31-FadE33 (Van der Geize et al., 2007; 

Wipperman et al., 2013; Yang et al., 2015). Two other FadEs, FadE12 and FadE13 were shown 

to form a homotetrameric holoenzyme but as they are not upregulated by cholesterol, these 

homomeric ACADs are unlikely to be involved in cholesterol degradation (Wipperman et al., 

2013). The three fadE's fadE31, fadE32 and fadE33 are adjacent in the genome. Interestingly, 

only FadE31 contains the conserved catalytic glutamate and it can associate with either FadE32 

or FadE33, both of which only have FAD adenosine binding residues (Wipperman et al., 2013). 

Attempts to co-express fadE26 with fadE28 and fadE27 with fadE29 in E. coli did not lead to 

heterocomplex formation suggesting that each ACAD can only form complexes with its cognate 

pair (Wipperman et al., 2013). When expressed individually, FadE’s could not bind FAD. FAD 

binding only occurs if cognate pairs of FadEs are co-expressed (Wipperman et al., 2013).  

 Homologs of all above ACADs exist in both cholesterol and cholate degradation gene 

clusters of R. jostii RHA1 (Table 1.3). In the cholate degradation pathway there is a pair of genes 

very similar to FadE28-FadE29 of M. tuberculosis. These two genes, casL and casN, are  
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Table 1.3 Comparison of orthologous heteromeric ACADs encoded within steroid 

degradation gene clusters of Mycobacterium tuberculosis and Rhodococcus jostii RHA1. The 

proteins in each row are encoded by syntenous genes. Since M. tuberculosis lacks a cholate 

degradation gene cluster, casL and casN are unique to R. jostii RHA1. There are no 

corresponding syntenous genes for fadE17 and fadE18 in R. jostii RHA1. Similarly there are no 

orthologs of CasL and CasN in M. tuberculosis since it lacks cholate degradation genes. 

R jostii RHA1 M. tuberculosis 

‒ FadE17 

‒ FadE18 

Ro04693 FadE26 

Ro04692 FadE27 

Ro04484 FadE28 

Ro4485 FadE29 

Ro04596 FadE30 

Ro04593 FadE31 

Ro04592 FadE32 

Ro04591 FadE33 

Ro05825 (CasL) ‒ 

Ro05827 (CasN) ‒ 
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separated by a gene encoding a putative hydratase (Mohn et al., 2012). It is believed to be 

involved in the 3 carbon side chain degradation. 

 Holert et al. (2016) have identified multiple putative ACADs from a cholic acid 

degradation pathway in the bacterium Pseudomonas sp. Chol1 via gene disruptions and analysis 

of resulting dead end metabolites (Holert et al., 2016). These genes are denoted steroid acyl-CoA 

dehydrogenases (scd). Pseudomonas sp. Chol1Δ11392 and Δ11397 deletion mutants did not 

grow with cholate as the sole carbon source. When grown in media containing cholate and 

succinate, LC-MS analysis of culture supernatants revealed that these strains accumulated Δ
1,4

-

ketocholate and Δ
1,4

3-ketocholate, containing the undehydrogenated 5 carbon side chain. In 

addition, when grown on deoxycholate, chenodeoxycholate, and lithocholate analogues of Δ
1,4

3-

ketocholate accumulated (Holert et al., 2016). When a transposon mutant strain R1, a derivative 

of Pseudomonas sp. Chol1 with a disruption in the C211_11382 gene, was grown on cholate an 

accumulation of 7,12-dihydroxy-3-oxopregna-1,4-diene-20-carboxylate, containing an isopropyl 

side chain occurred (Birkenmaier et al., 2007; Holert et al., 2013).  

 When the gene encoding Scd3A from the putative cognate pair Scd3A-Scd3B 

(C211_11342-C211_11347) was disrupted, the mutants accumulated 3aα-H-4α(3-propanoate)-

5α–hydroxy-7aβ-methylhexahydro-1-indanone when grown on deoxycholate and 3aα-H-4α(3-

propanoate)-7β-hydroxy-7aβ-methylhexahydro-1,5-indandione when grown on deoxycholate as 

identified by LC-MS and NMR (Holert et al., 2016). This suggests that Scd3A-Scd3B are 

involved in the side chain degradation of HIP, following sterol A-B ring degradation. Another 

potential cognate pair C211_11527-C211_11532 was located in a sub-cluster of the steroid 

degradation gene cluster and is presumed to be involved in degradation of the C and D rings but 

as of now has not been investigated further. All these cognate pairs have an A subunit which 
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shares sequence features of catalytic subunits like FadE29. The B subunits share sequence 

features of the known noncatalytic subunits, such as FadE28 (Holert et al., 2016). It remains to 

be determined if these ACADs actually do form heterocomplexes as they have yet to be purified 

and analyzed in vitro.  

 Horinouchi et al., (2014) identified two open reading frames (ORFs), ORF28 (Genbank 

ID: BAP91345.1) and ORF30 (Genbank ID: BAP91346.1), that encode acyl CoA 

dehydrogenases in Comamonas testosteroni TA441 that when knocked out individually led to 

the accumulation of 9α-hydroxy-17-oxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid, when grown 

on cholate (Horinouchi et al., 2014). They suggested that the gene products are responsible for β-

oxidation of the propyl side chain of HIP derivative similar to Scd3A-Scd3B of Pseudomonas sp. 

Chol1. ORF30 encodes an ACAD with key residues, including the catalytic glutamate, that are 

similar to FadE29 while ORF28 resembles FadE28 (Horinouchi et al., 2014). It is therefore 

likely that the two gene products associate to form a heterocomplex similar to FadE28-FadE29, 

although this has not been confirmed since the enzyme has not yet been purified.  

 Recently, another family of ACADs responsible for sterol degradation was discovered. 

FadE34 from the cholesterol degradation gene cluster in M. tuberculosis and CasC from the 

cholate degradation gene cluster in R. jostii RHA1, were found to act on substrates with a 5 

carbon side chain attached to the D-ring of the sterol (Ruprecht et al., 2015). These ACADs are 

double the size of other steroidal ACADs and due to their polypeptide lengths, were previously 

erroneously annotated as VLCADs (Wipperman et al., 2013). Analyses of FadE34 and CasC 

sequences using InterPro (Mitchell et al., 2014) showed that both proteins have two ACAD 

domains separated by a short linker. These ACAD domains span from amino acid residues 5 to 

343 and 367 to 709 for FadE34 and residues 2 to 364 and 386 to 732 for CasC. They differ from 
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VLCAD where each polypeptide has only one full ACAD domain at the N-terminus while the C-

terminus has a partial ACAD domain that are thought to anchor the protein to the membrane 

(McAndrew et al., 2008).  

 Interestingly, the N-terminal ACAD domains of FadE34 and CasC are similar in 

sequence to FadE28 with the conserved arginine for FAD pyrophosphate binding. The C-

terminal ACAD domains are similar to FadE29 and they contain the conserved catalytic 

glutamates (Figure 1.9) (Ruprecht et al., 2015). Replacement of the proposed catalytic glutamate 

in the C-terminal domains of FadE34 and CasC led to the inactivation of these enzymes 

(Ruprecht et al., 2015). Substitution of the arginine residue in the N-terminal ACAD domains 

with alanine, led to the loss of FAD binding ability. CasC and FadE34 are dimeric, and although 

they contain 4 ACAD domains per dimer, they bind only two FAD molecules and are therefore 

analogous to heteromeric ACADs. The N- and C- terminal ACAD domains must therefore 

interact. Ruprecht et al. (2015) found that CasC has similar specificity constants for cholyl-CoA, 

deoxycholyl-CoA, and the cholesterol metabolite 3β-hydroxy-5-cholen-24-oyl-CoA (3HCO-

CoA) (Table 1.2) (Ruprecht et al., 2015). These substrates have five carbon side chains but 

different sterol ring substituents. FadE34 is also active towards cholyl-CoA and deoxycholyl-

CoA but has two orders of magnitude higher specificity constant for 3HCO-CoA (Ruprecht et 

al., 2015). Yang et al. (2015) also found that FadE34 is able to catalyze the dehydrogenation of 

3-oxo-chol-4-en-24-oyl-CoA, a 5-carbon side chain cholesterol metabolite (Yang et al., 2015). 

Neither FadE34 nor CasC are active towards sterols containing 3 carbon or 8 carbon side chains. 

A knockout of the casC gene in R. jostii RHA1 led to the accumulation of a cholate metabolite 

containing a 5 carbon side chain attached to ring D, consistent to its proposed function in the 

processing of the 5 carbon side chain of cholate. Homologs of FadE34 and CasC are found in 
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cholate degrading Comamonas testosteroni strains (Horinouchi et al., 2012). Interestingly, a 

homolog is not found in Pseudomonas sp. Chol1, as Scd1A-Scd1B a putative heterotetramer is 

proposed to catalyze the dehydrogenation of the 5 carbon side chain (Holert et al., 2016). 

 Bergstrand et al. (2016) conducted an intensive search for steroid degrading aerobic 

bacteria by identifying the presence of genes encoding eight key enzymes involved in steroid 

nucleus degradation within 8,000 bacteria whose genomes are available on NCBI Ref-Seq 

database. In their study they found a large number of bacteria previously unknown to contain 

gene clusters with similarities to known steroid degradation gene clusters. One such bacterium 

Thermomonospora curvata was shown to have a cluster of genes that are homologous to known 

cholate degrading genes in R. jostii RHA1 (Mohn et al., 2012). In addition T. curvata was able to 

grow on cholate as its sole carbon and energy source (Bergstrand et al., 2016). What makes this 

cluster of interest, is the fact that T. curvata is a thermophile that can grow in temperatures of up 

to 65 °C (Chertkov et al., 2011), suggesting that it can produce more structurally stable proteins 

(Jenney and Adams, 2008). These thermostable proteins usually contain salt bridges and other 

intermolecular or intramolecular interactions that increase overall stability of the protein (Kumar 

et al., 2000). In addition, these proteins seem to favour residues with large side chains capable of 

forming stabilizing electrostatic or hydrophobic interactions and avoid thermolabile residues that 

can destabilize the secondary structure of the protein (Kumar et al., 2000). When compared to 

mesophilic bacteria, thermostable proteins also have more residues in α-helix conformations and 

contain more residues like Arg which favour such helices (Kumar et al., 2000). For these 

reasons, thermostable proteins are more easily purified and manipulated at a range of 

temperatures required for crystallization and structural analysis (Jenney and Adams, 2008). 
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 We had performed a phylogenetic analysis of the amino acid sequences of heteromeric 

and two domain ACADs encoded in cholesterol and cholate degradation gene clusters of both 

Gram positive and Gram negative bacteria. Not all of these ACADs have been purified and 

characterized, therefore cognate partners of heteromeric ACADs are assumed based on the 

proximity of the genes in the genome sequences of the respective bacteria. The proteins that 

contain the conserved glutamate (C) and their partners that do not contain the catalytic glutamate 

(NC) cluster into two separate groups as shown in figure 1.10. ACADs containing the catalytic 

glutamate and their putative non-catalytic partner cluster similarly, except for clade V (2 domain 

ACADs) and to a lesser extent Clade III. This suggests that protomers in heteromeric ACADs 

co-evolve and explains the recent failed attempts to create chimeric heteromeric ACADs of non-

cognate pairs (Wipperman et al., 2013). Clade I includes FadE28-FadE29 of M. tuberculosis and 

Scd2A-Scd2B of Pseudomonas sp. Chol1 that are implicated in β-oxidation of the isopropyl side 

chain attached to the D-ring of sterols. It also includes FadE26-FadE27 which is involved in the 

first β-oxidation cycle of the cholesterol side chain. The substrates of these enzymes, although of 

different lengths (3 carbons and 8 carbons), have a methyl branch at C. Clade II and III 

includes orthologs of C. testosteroni ORF28 (Genbank ID: BAP91345.1) and ORF30 (Genbank 

ID: BAP91346.1) (Horinouchi et al., 2014) from various C. testosteroni strains and 

Pseudomonas sp. Chol1C211_11342-C211_11347. Within the same clades are FadE30 and 

FadE31 which are in the HIP degradation gene clusters of M. tuberculosis and R. jostii RHA1. 

Interestingly, the Gram negative bacteria have additional putative heteromeric ACADs (Clade 

IV) that do not cluster with any of the Gram positive ACADs. The function of Clade IV ACADs 

is unknown. CladeV members are the two domain ACADs, CasC and FadE34. 
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Figure 1.10 Phylogenetic tree of heteromeric and 2-domain ACADs. ACADs included are 

from M. tuberculosis (Mtb), R. jostii RHA1 (Rjost), C. testosteroni KF1 (CtestKF1), C. 

testosteroni CNB-2 (CtestCNB2), Pseudomonas sp. Chol1(Pchol1) and T. curvata (Tcur). 

Classical homotetrameric ACADs included in the phylogram are as follows: short chain acyl-

CoA dehydrogenase from Megasphaera elsdenii (Melsdenii_SCAD), pig medium chain acyl-

CoA dehydrogenase (Pig_MCAD), human isovaleryl-CoA dehydrogenase (human_IVD), and rat 

long chain acyl-CoA dehydrogenase (rat_LCAD). ACADs with two domains were separated into 

two parts, the N-terminal ACAD domains (N) and the C-terminal ACAD domains (C) before 

sequence alignment. The ACADs containing the catalytic glutamate (Catalytic) form a distinct 

cluster from those that do not have the catalytic glutamate (Non-Catalytic). ACADs containing 

the catalytic glutamate were separated into five clades (labelled with roman numerals) and the 

corresponding partner non-catalytic ACAD domains were labelled similarly. Sequences were 

aligned and a tree was generated using one click phylogeny (Anisimova and Gascuel, 2006; 

Chevenet et al., 2006; Dereeper et al., 2008; Edgar, 2004; Guindon et al., 2010).  
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 Using the structure of FadE26 reported by Yang et al. (2015), I examined the residues 

reported to line the substrate binding site and compared them in a multiple sequence alignment to 

other ACAD sequences from the above phylogenetic analysis (Figure 1.11A). Glycine 377 of 

FadE26 is fully conserved in members of Clade I (Figure 1.11B). This residue is replaced with 

tyrosine in Clade II and III members and alanine in Clade IV members. As mentioned earlier, the 

distances between the docked substrate C/Cβ and the N(5) of FAD's isoalloxazine ring and 

catalytic glutamate, in the FadE26 structure are too far apart. Therefore, conformational change 

in the enzyme upon substrate binding is likely. Nevertheless, there is good correlation of the size 

of the substrate used by each ACAD and the identity of residues corresponding to glycine 377. 

Clade I members have a small glycine residue at this position and the members have broad 

substrate specificity and most characterized members can utilize substrates with a methyl 

substituent on C. Clade II and III include members that act on HIP (contain only rings C and D) 

with an unbranched propyl side chain and they have a bulky tyrosyl side chain at the position 

corresponding to glycine 377 of FadE26. Finally, clade V members have an alanine residue at 

this position and although they dehydrogenate steroids with unbranched five carbon side chain 

C-Cβ bonds, there is a methyl branch at Cδ.  
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Figure 1.11 Residues corresponding to position 377 of FadE26. (A) Sequence alignment of 

steroid degrading ACADs highlighting the residues that correspond to glycine 377 of FadE26 

(yellow). The sequences were arranged to correspond to the designated clades from the 

phylogenetic analysis (shown in roman numerals besides the names of the sequences). Sequences 

of heteromeric and 2-domain ACADs were from M. tuberculosis (Mtb), R. jostii RHA1 (Rjost), 

C. testosteroni KF1 (CtestKF1), C. testosteroni CNB-2 (CtestCNB2), C. testosteroni TA441 

(CtestTA441) and P. sp. Chol1(Pchol1). (B) Adapted figure from Yang et al. (2015) showing the 

residues that line the substrate binding pocket of FadE26 (Yang et al., 2015). Glycine 377 is 

indicated by a red circle.  
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1.6 Hypothesis and Objectives 

 I hypothesize that CasL-CasN, located in the cholate side chain degradation cluster of R. 

jostii RHA1, and their homologs from T. curvata are involved in the dehydrogenation of the 3 

carbon cholate metabolite side chain, as both CasL and Tcur3483 contain glycine residues 

corresponding to Gly377 of FadE26. The main objectives are as follows: 

1.   Expression and purification of CasL-CasN and homolog Tcur3481-Tcur3483 

2.   Characterize the substrate specificities of these enzymes 

3.   Attempt to crystallize the Tcur3481-Tcur3483 for structural determination 

 In addition I hypothesize that the linker region of homomeric steroidal ACADs as well as 

the position corresponding to Gly377 in FadE26 is important in determining substrate 

specificities. The main objectives are as follows: 

1.   Replacement of alanine to glycine at position 691 of FadE34 (corresponding to Gly377 of 

FadE26) and determination of the change in its substrate specificity through kinetic 

characterization. 

2.   Removal of the linker region connecting FadE34's N- and C- termini to determine its 

contribution to substrate specificity through kinetic characterization. 

1.7 Significance 

 The steroidal degradation pathway enzymes are potential targets for the development of 

new antibiotics against M. tuberculosis that have developed resistance against the currently used 

antibiotics. ACADs involved in steroid degradation are particularly attractive as antibiotic targets 

since their structures differ from the classical homomeric ACADs found in humans. Structure-

function studies of steroid degrading ACADs, including the determination of the molecular 

mechanism of substrate recognition, will provide the requisite information for the design of 
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specific inhibitors. In addition microbial steroid degradation is important for removal of steroid 

pollutants in the environment. 
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Chapter 2: Material and Methods 

2.1 Chemicals and Substrates 

2.1.1 Chemicals 

 Cholic acid, FAD, and ferrocenium hexafluorophosphate were purchased from Sigma-

Aldrich (Oakville, ON). The 4-pregnen-3-one-20β-carboxylic acid was purchased from 

Steraloids Inc. (Newport, RI). The 3β-hydroxy-Δ5-cholen-24-oic acid was purchased from 

Tokyo Chemical Industry (Portland, OR). Coenzyme A was purchased from BioShop Canada 

Inc. (Burlington, ON). Fast Digest Restriction enzymes and Pfu polymerase were purchased 

from Thermo Scientific (Ottawa, ON). T4 DNA ligase was purchased from New England 

Biolabs (Pickering, ON). Ni-NTA Superflow resin was purchased from Qiagen (Mississauga, 

ON). All other chemicals were obtained from Fisher Scientific (Toronto, ON) or Sigma-Aldrich 

(Oakville, ON), unless otherwise stated. 

2.1.2 Substrate Synthesis 

 The 3-oxo-23,24-bisnorchol-4-en-22-oyl-CoA (4BNC-CoA) was synthesized using CasI, 

as described previously (Capyk et al., 2011; Ruprecht et al., 2015). A stock solution of 4-

pregnen-3-one-20β-carboxylic acid (4BNC) was dissolved to a concentration of 50 mM in 94% 

ethanol containing 60 mM NaOH. The reaction mixture contained 1.0 mM 4BNC, 1.0 mM CoA, 

2.3 mM magnesium chloride, 2.1 mM ATP and 2.7 μM CasI dissolved in a total of 6 mL of 100 

mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5. This reaction mixture 

was then incubated overnight at room temperature with mild agitation. The reaction was then 

stopped via acidification to a pH of 4, using approximately 170 μl 1 M HCl per 1 mL of reaction 

mixture and centrifuged at 17,000 x g for 5 minutes to remove precipitated enzyme prior to 

separation of products using high-performance liquid chromatography (HPLC). 
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 The CoA ester of 3β-hydroxy-Δ5-cholen-24-oic acid (3HCO) was chemically 

synthesized using the mixed anhydride method (Thomas et al., 2011). 3HCO was dissolved in 6 

mL of CH2Cl2 to a concentration of 22 mM. Triethylamine (43 mM) was added and the solution 

was stirred for 10 minutes on ice. A stock of 130 mM ethyl chloroformate in 2 mL CH2Cl2 was 

prepped and added dropwise into the reaction on ice. Once completed, the reaction mixture was 

removed from ice and allowed to warm to room temperature whilst stirring for 2 hours. 

Remaining reactants were dried with a stream of air. The dried mixed anhydride was then 

dissolved in 5 mL of tetrahydrofuran and filtered through glass wool. A 24 mM CoA solution in 

5 mL water (pH 8.0) was then prepared and the aforementioned dissolved mixed anhydride 

solution was added dropwise whilst maintaining a pH of 8.0. The solution was stirred for 10 

minutes before removal of precipitates through filtration with a Whatman grade 50 filter paper. 

The filtrate was allowed to sit for 15 minutes at room temperature before being acidified to a pH 

of 5 using 1% perchloric acid. Excess tetrahydrofuran was removed via stream of air. One mL of 

10% perchloric acid was added to the remaining aqueous solution to precipitate thioester which 

was collected via centrifugation. Precipitated thioester was then washed three times with diethyl 

ether. All diethyl ether was allowed to evaporate from precipitate before resuspending in 100 

mM N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS) pH 8.5. Resuspended 

thioester was then purified by HPLC. 

 All CoA ester products were purified via HPLC using an ÄKTA Explorer 100 

(Amersham Pharmacia Biotech, Baie d’Urfé, QC) equipped with a Discovery
® 

C18 column (15 

cm x 4.6 mm column, 5 μm particles) (Sigma-Aldrich) using a solvent system of 50 mM sodium 

phosphate pH 5.3 (Buffer A) and 80% acetonitrile in water (Buffer B). The flow rate was 1 

mL/minute and eluted product was monitored at 215 nm. The reaction mixture was injected in 2 
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mL increments into the column, that had been pre-equilibrated with 7.5 % Buffer B. The 

following stepwise protocol was utilized: 5 column volumes (CVs) of 7.5 % Buffer B, 20 CVs of 

elution Buffer B with percentages depending on the CoA ester, and 10 CVs of 100% Buffer B. 

4BNC-CoA was eluted at 40% buffer B, and 3HCO-CoA was eluted at 53% buffer B. One mL 

fractions were collected during elution with Buffer B.  

 Collected fractions containing 4BNC-CoA were identified by comparing elution profiles 

with a control reaction mixture that had not been incubated with CasI. Elution peaks were also 

screened using ferrocenium assays, described below, with enzymes previously confirmed to be 

active towards the substrate being synthesized (Ruprecht et al., 2015). Peaks containing the CoA 

esters were then pooled together and the acetonitrile was removed via evaporation at room 

temperature. Samples were then lyophilized and stored until needed. The CoA-esters were 

resuspended in 100 mM TAPS pH 8.5 prior to use. 

2.1.3 Analysis of Purified Steroid CoA Esters 

 CoA ester concentrations were measured spectrophotometrically using an end point assay 

with acyl-CoA dehydrogenase (described below) and a 1:2 ratio of substrate to ferrocenium 

hexafluorophosphate (ε300=4300 M
-1

cm
-1

) (Lehman and Thorpe, 1990). 

 Liquid chromatography–mass spectrometry analyses of 3HCO was performed on an 

Agilent 1200 HPLC liquid chromatograph interfaced with an Agilent UHD 6530 Q-Tof mass 

spectrometer at the Mass Spectrometry Facility of the Advanced Analysis Centre, University of 

Guelph. A C18 column (Zorbax Sb-C18 Rapid Resolution Cartridge 2.1 x 30 mm 3.5 μm) at 

30°C was used for chromatographic separation with 0.1% formic acid in water for solution A 

and 0.1% formic acid in acetonitrile for solution B. The flow rate was maintained at 0.4 mL/min. 

The mobile phase consisted of a gradient of 2% B increasing to 98% B in 30 min followed by 
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column wash at 98% B and 10 minute re-equilibration. The first 2 and last 5 minutes of gradient 

were sent to waste and not the spectrometer. The mass spectrometer electrospray capillary 

voltage was maintained at 4.0 kV and the drying gas temperature at 250° C with a flow rate of 8 

L/min. Nebulizer pressure was 30 psi and the fragmentor was set to 160. Nitrogen was used as 

both nebulizing and drying gas, and collision-induced gas. The mass-to-charge ratio was scanned 

across the m/z range of 100-3000 m/z in 4GHz (extended dynamic range positive-ion MS mode). 

The instrument was internally calibrated with 2 ions from the ESI TuneMix (Agilent) constantly 

delivered at low flow through the reference sprayer. The sample injection volume was 20 μl. The 

data was analyzed using Agilent Qualitative Analysis software which generated compound 

formulas based on four decimal place accuracy of the m/z. 

2.2 DNA Manipulation and Cloning  

2.2.1 Bacterial Strains and Plasmids 

 Plasmids for propagation within E. coli included pET28a (Novagen) and pBTL-T7 

(Tabor and Richardson, 1985). E. coli DH5α was purchased from Invitrogen (Oakville, ON). R. 

jostii RHA1 (Yam et al., 2011) was obtained from Dr. Lindsay Eltis (Department of 

Microbiology and Immunology, University of British Columbia, BC). Rhodococcus erythropolis 

L-88, pTIPRT2 and pTIPQc1 (Nakashima and Tamura, 2004) were obtained from Dr. Tamuru at 

the National Institute of Advanced Industrial Science and Technology (Sapporo, Japan). 

2.2.2 DNA Cloning 

 The gene casN (ro05827) was previously inserted into pET28a using NdeI and HindIII 

restriction sites and was transformed into E. coli BL21 (λDE3) (Seah and Vissagio, unpublished). 

The genes tcur3483 and tcur3481 were both previously inserted into pET28a and pBTL-T7, 

respectively using the NdeI and HindIII restriction sites. These two plasmids were then 
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transformed into E. coli BL21 (λDE3) (Seah and Gilbert, unpublished). The primers used to PCR 

amplify the genes used in this study are listed in Table 2.1. All clones were sent to Laboratory 

Services (University of Guelph) for confirmation of the sequence. Primers used for sequencing 

reactions are listed in Table 2.2.  

 The gene casL (ro05825) was PCR amplified from the R. jostii RHA1 genome in a 

reaction mixture containing XbaI digested R. jostii RHA1 genomic DNA, 2.5 units of Pfu 

polymerase, 10X Pfu buffer with magnesium sulfate, 0.4 mM dNTP, 5% sodium acetamide, and 

1 nmol/mL of each primer in a final volume of 50 μl. The following touchdown amplification 

was performed: 95 °C for 2 minutes, followed by 80 cycles of 95 °C for 30 seconds, annealing 

for 30 seconds and extension at 72 °C for 2 minutes. For every 10 cycles the annealing 

temperature was decreased by 2 °C from an initial temperature of 66 °C. The PCR protocol was 

terminated with a final extension of 72 °C for 10 minutes. The amplified gene was inserted into 

pBTL-T7 and transformed into E. coli DH5α for propagation. 

 The genes of the fadE34 N- and C- termini were PCR amplified from fadE34 within 

pET28a (Ruprecht et al., 2015). The reaction mixtures contained fadE34/pET28a plasmid, 2.5 

units of Pfu polymerase, 10X Pfu buffer with magnesium sulfate, 0.4 mM dNTP, 5% sodium 

acetamide, and 1 nmol/mL of each primer in a final volume of 50 μl. The following touchdown 

amplification was performed for both N- and C- termini: 95 °C for 2 minutes, followed by 80 

cycles of 95 °C for 30 seconds, annealing for 30 seconds and extension at 68 °C for 3 minutes. 

For every 10 cycles the annealing temperature was decreased by 2 °C from an initial temperature 

of 66 °C. The PCR protocol was terminated with a final extension of 68 °C for 10 minutes. 

fadE34 N-terminus and fadE34 C-terminus were inserted into pET28a and pBTL-T7 

respectively. They were then transformed into E. coli DH5α for propagation. 
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Table 2.1 Primers used for PCR amplifications of specific genes. Included are the directions 

of the primers as well as the sequences. The introduced NdeI and HindIII restriction sites are 

underlined. 

 

Primer Direction Sequence(5' to 3') 

casL 
Forward GGAGCATATGGATGTGAGGGAATCGCCC 

Reverse GGCCAAGCTTTCATTTCACCCTCTTCTCG 

fadE34 N-terminus 
Forward GGGCCATATGGTAGCGACCGTCACCG 

Reverse GGGCAAGCTTAGGTCAGCGCCGTAACCCGACG 

fadE34 C-terminus 
Forward GGCCCATATGGCCGAGGTGGCCGGCCTGCG 

Reverse CGGCAAGCTTCAACGCGGCAGACCCA 

 

 

 

 

Table 2.2 Primers used for sequencing. Listed are primers used when sequencing reactions 

were performed by Laboratory Services at the University of Guelph. Included are the purposes of 

the primers. 

 

Primer Name Purpose Sequence (5’ to 3’) 

FadE34Sequence 
To sequence the middle of 

fadE34 
GCTGACATCGGCACCGGTCAC 

pBTLT3 
To sequence the 3’ end of a 

gene in pBTL-T7 
CAGTTACGCTGGAGTCTGAG 

pTIPQC5 
To sequence the 5’ end of a 

gene in pTIPQC1-His / pTIPRT2 
CGGCTCACGGCGTGGCAC 

pTIPQC1terminator 
To sequence the 3’ end of a 

gene in pTIPQC1-His / pTIPRT2 
GGGTGCCGGTGGGTCGACT 
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 Subcloning of genes from E. coli plasmids into the pTIPQC1 or pTIPRT2 plasmids were 

performed using NdeI/HindIII digests followed by ligation with T4 DNA ligase. 

2.2.3 Restriction Digestion of DNA 

 Digestion of DNA was carried out using FastDigest
®
 restriction enzymes (Fermentas) 

using conditions suggested by the manufacturer. The reactions were incubated at 37 °C for at 

least 2 hours. 

2.2.4 DNA Ligation 

 DNA ligation reaction mixture contained the following: DNA at concentrations of at least 

2:1 vector: insert ratio, 400 units of T4 DNA ligase, and 10X T4 DNA ligase buffer in a total 

volume of 10 μl. Ligations were carried out at 15 °C for 12 hours. 

2.2.5 Agarose Gel Electrophoresis 

 DNA fragments were separated using a 1% agarose gel. Fragment lengths were compared 

to a standard Genedirex 1 kb DNA ladder. Samples were mixed with 10X loading buffer prior to 

loading and electrophoresis was carried out at 150 V for 80 minutes in 1X TAE buffer. DNA was 

stained with ethidium bromide (1 μg/mL) for 15 minutes and observed under UV light using a 

Geldoc system (Biorad Inc.). Agarose gels containing DNA fragments that were to be excised 

were stained using GelGreen
™

 (Biotium Inc.) for 20 minutes, observed under blue light, and 

excised using a scalpel. 

2.2.6 DNA Fragment Purification  

 DNA was purified from agarose gels according to the manufacturer’s recommended 

protocol using an EZ-10 Spin Column DNA Gel Extraction Kit from BioBasic (Markham, ON). 

Plasmids were purified using an EZ-10 Column Plasmid DNA Kit from BioBasic (Markham, 

ON). 
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2.2.7 Site-Directed Mutagenesis 

 The codon for A691 in fadE34 is 8 bp upstream of a KpnI restriction site. This KpnI 

restriction site is incorporated in the mutagenic primer that will replace the codon for A691 

(Table 2.3; reverse primer). Another KpnI restriction site is present in fadE34 275 bp from the 5’ 

end. PCR amplification of fadE34 was performed by PCR using the fadE345’ primer and the 

mutagenic 3’ primer. The PCR mixture contained 0.2 μg/mL plasmid template, 2.5 units of Pfu 

polymerase, 10X Pfu buffer with magnesium sulfate, 0.4 mM dNTP, 5% sodium acetamide, and 

1 nmol/mL of each primer in a final volume of 50 μl. The following touchdown amplification 

was performed: 95 °C for 2 minutes, followed by 90 cycles of 95 °C for 30 seconds, annealing 

for 30 seconds and extension at 68 °C for 3 minutes. For every 10 cycles the annealing 

temperature was decreased by 2 °C from an initial temperature of 66 °C. The PCR protocol was 

terminated with a final extension of 68 °C for 15 minutes. The wild-type fadE34 in pET28a 

plasmid was digested with KpnI which removed a central 1,861 bp fragment of fadE34 that 

include the codon for A691. This DNA fragment was gel purified and treated with FastAP 

alkaline phosphatase (ThermoFisher Scientific, Burlington, ON) using the manufacturer's 

conditions to prevent self-ligation. The DNA was then ligated to the KpnI digested PCR product 

that contained A691G codon mutation. Ligation mixture was transformed into E. coli DH5α and 

screened by analytical restriction digests to confirm the correct orientation of the ligated insert. 

Putative clones were sequenced at Laboratory Services (University of Guelph) to verify the 

presence of the desired mutation. 

Site-Directed mutagenesis of Tcur3483 E241Q was performed according to the modified 

QuikChange
™

 method (Liu and Naismith, 2008). Primers created for this mutagenesis are listed  
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Table 2.3 Primers used for site-directed mutagenesis. Direction of primer is noted, substituted 

codons are bolded, and the KpnI restriction site is underlined.  

 

Mutation Direction Sequence (5' - 3') 

fadE34A691G 

Forward GGGCCATATGGTAGCGACCGTCACCGACGAAC 

Reverse GCTGGGTACCGCCACCTATCGTCAGGCACCGGGTGTTG 

Tcur3483E241Q 

Forward CTCAACCACCAGCGGATCGGACTGGCCGCGCTCGGCGG 

Reverse TCCGATCCGCTGGTGGTTGAGCTGGGTGGTGATCAGCTTCCAGCCGCC 

 

  



43 

 

in Table 2.3. The PCR mixture contained 0.2 μg/mL plasmid template, 2.5 units of Pfu 

polymerase, 10X Pfu buffer with magnesium sulfate, 0.2 mM dNTPs, 5% sodium acetamide, and 

2.0 μg/mL of each primer in a final volume of 50 μl. The Tcur3483 mutant was created with the 

following PCR protocol: 95 °C for 5 minutes, 12 cycles of 95 °C for 1 minute, 60 °C for 1 

minute, and 72 °C for 6 minutes, followed by a final extension of 72 °C for 15 minutes. 

Following DpnI digestion, PCR products were transformed into E. coli DH5α, plasmids were 

extracted, and the genes were sequenced at Laboratory Services (University of Guelph) to 

confirm the presence of the desired mutation and the absence of secondary mutations. Primers 

used for sequencing reactions are listed in Table 2.2. 

2.2.8 Growth Conditions for Bacteria 

 E. coli was incubated on LB agar or LB broth (1% tryptone, 0.5% yeast extract, and 1% 

NaCl) at 37 °C. R. jostii RHA1 was incubated on the same media at a temperature of 30 °C. All 

liquid cultures were shaken at 200 rpm. When required, antibiotics were added in the following 

concentrations, 100 μg/ml ampicillin, 25 μg/ml chloramphenicol, 15 μg/ml tetracycline (8 μg/ml 

with R. jostii RHA1), and 50 μg/ml kanamycin. 

2.2.9 Preparation of Chemically Competent E. coli Cells 

 A 5 mL tube of LB media was inoculated with one colony of E. coli and grown overnight 

at 37 °C. 1.0 mL of this overnight culture was added to 50 mLs of LB and grown until an optical 

density at 600 nm (OD600) of between 0.4 and 0.6 was reached. The culture was then incubated 

on ice for at least 10 minutes before centrifuging at 5,000 x g for 5 minutes at 4 °C. The 

supernatant was decanted and pelleted cells were resuspended in 10 mL of cold frozen storage 

buffer (FSB) (100 mM potassium chloride, 50 mM calcium chloride, 10 mM potassium acetate 

and 10 % glycerol (w/v)) and incubated for 15 minutes on ice. Two more spins at 5000 x g were 
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performed, decanting the supernatant and resuspending in 10 mL FSB, except the final spin 

which was resuspended in 4.5 mL FSB and aliquoted into 100 μl volumes. These are then stored 

at -80 °C until needed. 

2.2.10 Transformation of Chemically Competent E. coli Cells 

 Chemically competent cells were thawed on ice before incubating with DNA (plasmid or 

ligation mixture) on ice for 30 minutes. The mixture was heat-shocked at 42°C for 45 - 60 

seconds and rescued with 500 μl SOC (2% tryptone, 0.5% yeast extract, 10 mM sodium chloride, 

2.5 mM potassium chloride, 10 mM magnesium chloride, 10 mM magnesium sulfate and 20 mM 

glucose). The rescued cells were then incubated for 60 minutes at 37 °C before being spread 

plated on LB agar with the appropriate antibiotics. 

2.2.11 Preparation of Electrocompetent R. jostii RHA1 Cells 

 Fifty mL of LB media was inoculated with one colony of R. jostii RHA1 and grown at 30 

°C until turbid (at least 72 hours). One mL of this turbid culture was added to 10 mLs of LB and 

grown until an OD600 of between 0.4 - 0.6. The culture was then incubated on ice for at least 10 

minutes before centrifuging at 5,000 x g for 10 minutes at 4 °C. The supernatant was decanted 

and pelleted cells were resuspended in 1.0 mL of ice-cold water and incubated for 10 minutes on 

ice. Two more spins at 5,000 x g were performed, decanting the supernatant and resuspending in 

1.0 mL ice-cold 10% glycerol, except the final spin was resuspended in 500 μl ice-cold 10% 

glycerol and aliquoted into 100 μl volumes. These are then stored at -80 °C until needed. 

2.2.12 Transformation of Electrocompetent R. jostii RHA1 cells 

 Electrocompetent cells were thawed on ice before plasmid DNA was added. Mixture was 

then transferred to a 1 mm electroporation cuvette. Cuvettes were pulsed at 2.4 kV, 25 μF and 

400 Ω and then incubated with 600 μl LB for 4 hours at 30 °C. After recovery the entire 
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transformation mixture was plated on LB agar containing appropriate antibiotic. Colonies were 

allowed to grow for 3 to 4 days at 30 °C. 

2.3 Protein Expression and Purification 

2.3.1 Expression of Recombinant Proteins in R. jostii RHA1 

 R. jostii RHA1 constructs were grown at 30 °C in 4 L LB medium supplemented with 

appropriate antibiotics. At mid-log phase (OD600 = 0.4 - 0.6), expression of heterologous genes 

was induced with 1 μg/mL thiostrepton. Cells were grown for a further 24 hours at 30 °C and 

harvested by centrifugation at 9,605 x g for 10 minutes. 

2.3.2 Expression of Recombinant Proteins in E. coli BL21 (λDE3) 

 E. coli Bl21(λDE3) constructs were grown at 37 °C in 4 L LB medium supplemented 

with appropriate antibiotics. At mid-log phase (OD600 = 0.4 - 0.6), expression of the recombinant 

proteins was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were 

grown for a further 24 hours at 37 °C. Cells were harvested by centrifugation at 9,605 x g for 10 

minutes. 

2.3.3 Small Scale Test of Protein Expression in E. coli BL21 (λDE3) 

 A culture of recombinant E. coli BL21 (λDE3) was grown in LB at 37 °C overnight. 30 

μl of this was used to inoculate a 5 mL culture with LB and 200 μl was inoculated into LB 

supplemented with 1 M sorbitol and 2.5 mM glycine betaine. These cultures were grown at 37 

°C until mid-log phase (OD600 = 0.4-0.6), when 1mM IPTG was added. Culture was grown 

overnight at either 15 °C or 37 °C. Five hundred μl of cells were harvested by centrifugation at 

2,300 x g for 10 minutes from 37 °C and 1 mL of cells was harvested from cells grown at 15 °C. 

The cell pellet was resuspended in 50 μl of B-PER II (Pierce) solution. The mixture was vortexed 

for 2 minutes and the soluble and insoluble fractions were separated by centrifugation at 15,800 
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x g for 5 minutes. The supernatant was transferred to a new tube and mixed with an equal 

volume of 2X SDS-PAGE loading buffer. The pellet was resuspended with 25 μl sterile water 

and 25 μl 2X SDS-PAGE loading buffer. These samples were then prepped and analyzed by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) detailed below.  

2.3.4 Sodium Dodecyl Sulfate−Polyacrylamide Gel Electrophoresis 

 SDS-PAGE buffer added to samples at a 1: 1 volume. The samples were then boiled for 2 

minutes and analyzed by SDS-PAGE at 200 V for 90 minutes with BenchMark
™

 Protein Ladder 

(Invitrogen) as the molecular weight markers (10 - 220 kDa). Gels were stained with Coomassie 

Brilliant Blue (Laemmli, 1970) for 10 minutes, destained (20% methanol and 10% acetic acid) 

for a minimum of 2 hours, and recorded using a Geldoc system (Biorad Inc.). 

2.3.5 Purification of His-tagged Proteins 

 Harvested cell pellets from recombinant E. coli or R. jostii RHA1 were resuspended in 20 

mM HEPES pH 7.5. E. coli cells were passed through a French pressure cell 3 - 4 times at 

10,000 psi whereas R. jostii cells were passed through 5 - 6 times at a pressure of 13,000 psi. 

Cell lysates after passage through the French pressure cell were then centrifuged at 39,191 x g 

for 15 minutes, with R. jostii lysates requiring an extra 15 minute spin at 39,191x g to remove 

excess cellular debris. The supernatant was then passed through a 0.45 μm filter (Sarstedt) and 

incubated for one hour at 4 °C with Ni
2+

-NTA resin and wash buffer (50 mM sodium phosphate 

buffer pH 8.0, 300 mM sodium chloride and 20 mM imidazole). The mixture was poured into a 

gravity column and washed with 100 - 200 mL wash buffer. The His-tagged proteins were eluted 

with elution buffer (50 mM sodium phosphate buffer pH 8.0, 300 mM sodium chloride and 150 

mM imidazole). One mM FAD was added to the eluted protein and the buffer was exchanged by 
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dilution, in an Amicon
®
 stirred cell with a YM10 filter (Amicon), to 20 mM HEPES pH 7.5. 

Enzymes were then aliquoted into microfuge tubes and stored at -80 °C until needed. 

2.3.6 Thrombin Cleavage of His-tag from His-Tagged Protein 

 One unit of thrombin was added to approximately 1 mg of His-tagged protein with 10% 

glycerol and incubated overnight at 15 °C. After cleavage, the thrombin and uncleaved His-tag 

protein were removed with the addition of p-aminobenzamidine-agarose and Ni
2+

-NTA resin. 

The beads were removed via centrifugation at 15,800 x g for 1 minute. 

2.3.7 Assessment of Purity and Concentration of Enzymes 

 The purity of proteins was assessed by SDS-PAGE with BenchMark
™

 Protein Ladder 

(Invitrogen) as the molecular weight markers (10-220 kDa). Gels were stained with Coomassie 

Brilliant Blue (Laemmli, 1970). Protein concentration was assessed by the Bradford method 

using bovine serum albumin as standards (Bradford, 1976). 

2.3.8 Determination of the Molecular Mass of Enzymes 

 The native molecular mass of purified CasL and CasN determined using an Agilent UHD 

6530 Q-Tof mass spectrometer at the Mass Spectrometry Facility of the Advanced Analysis 

Centre, University of Guelph. The instrument was configured with the standard ESI source and 

operated in positive-ion mode. Data analysis was performed using the MassHunter Qualitative 

Analysis Version B.06.00 (Agilent) software. Deconvolution of the m/z spectrum was achieved 

using the Maximum Entropy algorithm within the BioConfirm software (Agilent). 

 Native molecular masses were determined by Gel filtration using a HiLoad 26/60 

Superdex100 Column (GE Healthcare) calibrated with the following protein standards (Sigma-

Aldrich):horse heart cytochrome c (12.4 kDa), bovine serum albumin (66 kDa), yeast alcohol 

dehydrogenase (150 kDa), and sweet potato β-amylase (200 kDa). Blue dextran (2000 kDa) was 
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used to determine the void volume. Proteins were eluted at 2 mL/minute in 20 mM HEPES 

(pH7.5) containing 150 mM sodium chloride at 25 °C. Sizes of proteins were estimated from the 

standard curve. 

2.4 Enzyme Assay 

2.4.1 Acyl-CoA Dehydrogenase Assay 

 All assays were performed in triplicate in a total volume of 1 mL of 100 mM TAPS 

buffer pH 8.5 at 25 °C, using a Varian Cary 3 spectrophotometer equipped with a temperature 

controlled cuvette holder. Dehydrogenase activity was measured using ferrocenium 

hexafluorophosphate as the artificial electron acceptor (ε300=4300 M
-1

cm
-1

) at a ratio of 2:1 for 

reduced ferrocenium molecules to substrate dehydrogenation (Lehman and Thorpe, 1990). Assay 

mixtures contained 100 mM TAPS buffer pH 8.5, 250 μM of ferrocenium hexafluorophosphate 

and variable substrate concentrations (Ruprecht et al., 2015; Thomas and Sampson, 2013). CasL-

CasN reaction mixtures contained saturating conditions (40 μM) of FAD. The background rate 

was determined prior to the addition of the enzyme and was subtracted from the assays 

containing enzyme. Data were fitted to the Michaelis-Menten equation by nonlinear regression 

using GraphPad Prism for Windows. 

2.4.2 Stoichiometry of FAD Binding by FAD Dissociation 

 The quantification of FAD bound to the acyl-CoA dehydrogenases was determined 

spectrophotometrically as described previously (Aliverti et al., 1999). Ten μM of protein 

complexes in 20 mM HEPES buffer pH 7.5 were denatured using 0.2% SDS and the 

concentration of released FAD was calculated from the absorbance at 450 nm (ε450 = 11,300 

M−1
cm−1

). 
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2.4.3 Thermal Shift Assay 

 Thermal shift assays were performed using a modified method  from Huynh and Partch 

(2015). Reactions were performed in triplicate in a total volume of 50 μl of 20 mM HEPES 

buffer pH 7.5, using a StepOnePlus™ Real-Time PCR System (Applied Biosystems). Reaction 

mixtures contained 2.5 μM protein and 1X SYPRO Orange dye (Invitrogen). The following 

protocol was performed: 4 °C for two minutes, followed by a gradient from 4 °C to 99 °C in  

0.95 °C increments, before being held at 99 °C for 30 seconds. The fluorescence intensity was 

measured using excitation maxima and emission maxima of 472 nm and 570 nm, respectively. 

The melting temperature (Tm) of the protein was identified by plotting the first derivative of the 

fluorescence emission as a function of temperature (−dF/dT).  

2.4.4 Crystallization and Structure Determination of Tcur3481-Tcur3483 

 Wild type Tcur3481-Tcur3483 was previously screened (Seah and Gilbert, unpublished) 

using a Qiagen Classics suite and yielded a condition containing crystals (0.2 M ammonium 

sulfate, 30% (w/v) PEG 5000 MME, and 0.1 M MES pH 6.5). Crystallization conditions were 

achieved by addition of 1 μl of reservoir solution with 1 μl 1 M MES pH 6.5 mixed with 2 μl of 

40 mg/mL Tcur3481-Tcur3483. Clusters of rod shaped crystals formed within two weeks at 4 

°C. Crystals were frozen within Paratone N as a cryoprotectant by Evan Mallette from Dr. M. 

Kimber’s lab at the University of Guelph. X-ray diffraction data was collected to 2.1 Å at a 

wavelength of 0.97949 Å, on the Canadian Light Source 08ID-1 beamline. The crystal was of the 

space group P21212, with cell dimensions of a = 76.62 Å, b = 138.61 Å, and c = 147.03 Å. 

Diffraction data were processed in XDS (Kabsch, 2010), and the structure was solved in Phenix 

(Adams et al., 2010). The structure was determined by molecular replacement with Phaser 

(McCoy et al., 2007) using the alanine backbone structure of FadE26 and FadE27 protomers 
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(PDB: 4X28; Yang et al., 2015). Amino acid residues were fitted into the electron density map in 

Coot, and further refinement was completed in Phenix Refine (Afonine et al., 2012; Emsley et 

al., 2010). The 3D representations of the structure of Tcur3481-Tcur3483 presented in figures 

were prepared with PyMol v1.4.1 (Schrödinger, LLC). 

 Co-crystallization of Tcur3481-Tcur3483 with 4BNC-CoA was attempted. Crystals were 

grown under the same conditions used to obtain the apo-enzyme crystal with addition of 300 μM 

4BNC-CoA. Crystals with the Glu241Ala variant of Tcur3481-Tcur3483 under the same 

conditions were also grown. Unfortunately none of the crystals produced were able to diffract. 

Attempts were also made to soak apo-enzyme crystals within 4BNC-CoA (1mM), suspended in 

0.2 M ammonium sulfate and 0.1 M MES pH 6.5, for 5 minutes prior to incubation with the 

cryoprotectant, Paratone N. However, none of these crystals were able to diffract.  
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Chapter 3: Results 

3.1 Chemical and Enzymatic Synthesis of Substrates 

 CoA thioesters of steroidal acids used as potential substrates for ACADs were 

enzymatically synthesized using previously developed protocols (Ruprecht et al., 2015). 

However, yields of the five carbon cholesterol metabolite 3HCO-CoA using the enzymatic 

method were low because the synthetase is inhibited by the high concentration of organic solvent 

required to dissolve 3HCO (Ruprecht et al., 2015). In this project, a mixed anhydride method to 

synthesize the CoA ester of 3HCO was developed. The chemically synthesized compound was 

purified using reversed phase liquid chromatography, via a C18 column using a stepwise 

acetonitrile gradient (Figure 3.1). A yield of 10 mg of 3HCO-CoA was produced from 50 mg of 

3HCO. LC-MS analysis of 3HCO-CoA produced a peak at 1124 m/z ([M+H]
+
) which 

corresponds to the theoretical formula and mass (1124.07 m/z).  

3.2 Cloning, Expression, and Purification of R. jostii RHA1 CasL-CasN. 

 The gene casL was PCR amplified from R. jostii RHA1 genomic DNA and inserted into 

pBTL-T7 (Figure 3.2A). The gene from casN has previously been inserted into pET28a (Figure 

3.2B) (Visaggio and Seah, unpublished). These two plasmids were transformed into E. coli BL21 

(λDE3) for co-expression of the ACAD genes. Soluble and insoluble fractions from small scale 

expression tests were analyzed using SDS-PAGE (Figure 3.3). No overexpression for CasL and 

CasN were observed. Cells from 4 litres of culture, grown at 15 °C in LB, were disrupted by 

French press and the supernatant was subjected to Ni
2+

-NTA chromatography. The resulting 

bands in the elution fractions on SDS-PAGE (Figure 3.4) did not correspond to the expected 

sizes of CasL and CasN. Instead they appear to be in the insoluble fraction, suggesting that the  
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Figure 3.1 Chromatogram of 3HCO-CoA purification via C18 column. 3HCO-CoA was 

purified using the step-wise acetonitrile gradient (red line) shown at 7.5 %, 53 % and 100 %. The 

blue line represents the 3HCO-CoA synthesis products absorbance at 254 nm as they were eluted 

from the column. The red arrow points to the product peak of 3HCO-CoA eluted at ~22mL. 
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Figure 3.2 Agarose gel electrophoresis of digested casL and casN constructs. Both panels A 

and B show Genedirex 1 kb DNA ladder (lane L) and a plasmid construct digested via NdeI and 

HindIII. Digested products in panel A (lane 1) are pBTL-T7 (3461 bp) and casL insert (1167 bp). 

Digested products in panel B (lane 1) are pET28a (5369 bp) and casN insert (1113 bp). 
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Figure 3.3 Coomassie Blue-stained SDS-polyacrylamide gels of soluble and insoluble 

fractions of cell lysates of CasL-CasN in E. coli BL21 (λDE3). Panel A shows insoluble 

fractions and Panel B shows soluble fractions from cell lysates. Each gel was loaded with 

Benchmark
™

 protein ladder (lane L). Labels along the top indicate type of media used to 

incubate, LB broth (LB) or LB broth supplemented with sorbitol and glycine betaine (Sorb). A 

(+) indicates lane includes cell lysate that was induced for plasmid expression with 1mM IPTG, 

whereas (-) indicates no induction of plasmid expression. The temperatures used for incubation 

are shown along the bottom. Bands corresponding to CasL (42.5 kDa) and CasN-His (40 kDa) 

were not seen.  
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Figure 3.4 Coomassie Blue-stained SDS-polyacrylamide gel of fractions from a Ni
2+

-NTA 

purification of a CasL-CasN E. coli BL21 construct. The gel was loaded with BenchMark
™

 

protein ladder (lane L), insoluble cell extract (lane 1), unbound proteins eluted from Ni
2+

-NTA 

column (lane 2), 20 mM imidazole wash (lane 3), 150 mM imidazole wash (lane 4), 250 mM 

imidazole wash (lane 5), and concentrated purified protein (lane 6). CasL (42.5 kDa) and CasN-

His (40 kDa) were not in the soluble fractions but bands corresponding to their sizes are 

observed in the insoluble cell extract (lane 1), shown by a red arrow. 
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enzyme is expressed insolubly in E. coli. Subsequently, casL and casN were separately inserted 

into the E. coli-Rhodococcal shuttle expression plasmids pTIPRT2 and pTIPQC1-His, 

respectively (Figure 3.5). Initially, attempts were made to transform pTIPRT2 containing casL 

into R. jostii RHA1 with selection on media containing tetracycline at 15 μg/ml concentration 

following the established protocol (Nakashima and Tamura, 2004). However, no transformants 

were obtained despite numerous attempts. Nakishima and Tamura (2004) reported that pTIPRT 

plasmids did not replicate in certain Rhodococcal species and therefore it is possible that R. jostii 

RHA1 is among those that cannot maintain the pTIPRT2 plasmid. Attempts were therefore made 

to transform the plasmid into Rhodococcus erythropolis L-88, which is one of the strains that had 

been confirmed to replicate pTIPRT2 plasmid. However, no transformants were obtained in 

media containing 15 μg/ml tetracycline. Colonies of putative transformants did however appear 

on media containing 8 μg/ml of tetracycline, while controls of R. erythropolis L-88 not 

transformed with any plasmid did not grow in media containing this concentration of 

tetracycline. This suggest that the concentration of 15 μg/ml of tetracycline used previously in 

the selection media is too high. To confirm that casL/pTIPQC1-HIS and casN/pTIPRT2 

plasmids were successfully transformed into R. erythropolis L-88; large scale purification of the 

plasmid encoded proteins was attempted.  

 Four litres of recombinant R. erythropolis L-88 containing the two plasmids for casL and 

casN expression were grown at 30 °C and culture supernatant was subjected to Ni
2+

-NTA 

chromatography. Various fractions from the purification were analyzed on SDS-PAGE (Figure 

3.6). There is a band above 40 kDa on the SDS-PAGE but the bands corresponding to CasL 

(42.5 kDa) and CasN (42 kDa with a His tag) were not resolved on SDS-PAGE. Electrospray  
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Figure 3.5 Agarose gel electrophoresis of digested casL and casN constructs for 

Rhodococcal expression. The gel was loaded with Genedirex 1 kb DNA ladder (lane L). 

Plasmids were digested by NdeI and HindIII. Digested products in (lane 1) are pTIPQC1-His 

(8384bp) and casN insert (1113 bp). Digested products in (lane 2) are pTIPRT2 (8279 bp) and 

casL insert (1167 bp). 
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Figure 3.6 Coomassie Blue-stained SDS-polyacrylamide gel of fractions from a Ni
2+

-NTA 

purification of a casL-casN R. erythropolis L-88 construct. Gel was loaded with BenchMark 

protein ladder (lane L), insoluble cell extract (lane 1), unbound proteins eluted from Ni
2+

-NTA 

column (lane 2), 20 mM imidazole wash (lane 3), 150 mM imidazole wash (lanes 4-6), 250 mM 

imidazole wash (lane 7), and concentrated purified protein (lane 8). CasL (42.5 kDa) and CasN-

His (40 kDa) are indicated with a red arrow.  



59 

 

mass spectrometry confirmed that the purified enzyme-complex contains two polypeptides of 

sizes expected for His-tagged CasN and untagged CasL (Figure 3.7). In addition when N-

terminal His-tag on CasN was removed by thrombin cleavage, two separate bands corresponding 

to the expected sizes of untagged CasL (42.5 kDa) and untagged CasN (38.8 kDa) were observed 

(Figure 3.8). The yield of purified proteins was 3.5 mg per litre of culture. 

3.3 Expression and Purification of T. curvata Tcur3481-Tcur3483. 

 tcur3481 and tcur3483 from T. curvata DSM 43183, were previously inserted into 

pET28a and pBTLT7, respectively (Gilbert and Seah, unpublished). Recombinant E. coli BL21 

(λDE3) containing both plasmids was grown at 37 °C and the cells were disrupted by French 

press. Cell extract was subjected to Ni
2+

-NTA chromatography and various fractions were 

analyzed on SDS-PAGE (Figure 3.9). Tcur3481 (38 kDa) and Tcur3483 (42 kDa with a His tag) 

were eluted from the column at a concentration of 150 mM imidazole. The yield of purified 

enzyme was 20 mg per litre of culture. 

3.4 FAD Stoichiometry of CasL-CasN and Tcur3481-Tcur3483 

 Stoichiometry of FAD bound per native ACAD complex was determined for CasL-CasN 

and Tcur3481-Tcur3483. The ratio of FAD per CasL-CasN heterodimer was very low at 0.06: 1. 

The ratio of FAD per Tcur3481-Tcur3483 heterodimer was 0.8: 1.  

3.5 Thermal Shift Assays of FadE28-FadE29 and Tcur3481-Tcur3483 

 Thermal shift analysis was performed on M. tuberculosis FadE28-FadE29 and Tcur3481-

Tcur3483 that both have near stoichiometric FAD contents. FadE28-FadE29 has a Tm of 51°C 

while Tcur3481-Tcur3483 has a Tm of 58°C showing that the enzymes from the thermophilic T. 

curvata DSM 43183 are more thermostable. 
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 Figure 3.7 Electrospray ionisation mass spectrometry of CasL-CasN. Two peaks 

corresponding to the expected mass of His-tagged CasN without an N-terminal methionine 

(40832.13 Da) and CasL (42142.79 Da) were observed. 
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Figure 3.8 Coomassie blue-stained SDS-polyacrylamide gel of thrombin cleavage on CasL-

CasN. Gel was loaded with BenchMark
™

 protein ladder (lane L). Purified CasL-CasN (lane 1) 

and thrombin treated CasL-CasN (lane 2) were then loaded. CasL (42.5 kDa) and CasN-His (40 

kDa) were seen at their expected sizes. Position of CasN with His tag cleaved (38.8 kDa) is 

indicated with a red arrow. 
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Figure 3.9 Coomassie Blue-stained SDS-polyacrylamide gel of fractions from a Ni
2+

-NTA 

purification of a Tcur3481-Tcur3483 E. coli BL21 construct. Gel was loaded with 

BenchMark
™

 protein ladder (lane L), insoluble cell extract (lane 1), unbound proteins eluted 

from Ni
2+

-NTA column (lane 2), 20 mM imidazole wash (lane 3), 150 mM imidazole wash (lane 

4), 250 mM imidazole wash (lane 5), and concentrated purified protein (lane 6). Tcur3481 (38 

kDa) and Tcur3483 (42 kDa), have their positions on the gel indicated with red arrows.  
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3.6 Kinetic Analysis of Heterodimeric ACADs 

 Substrate specificities were tested for both CasL-CasN and Tcur3481-Tcur3483 by steady 

state kinetics. Data were fit to the Michaelis-Menten equation to derive Km and kcat values. 

Kinetic data are reported in table 3.1 while representative graphs are shown in figures 3.10, 3.11, 

and 3.12. The catalytic efficiency of CasL-CasN towards the 3-carbon side chain 4BNC-CoA 

was 100 times lower than FadE28-FadE29 and it had no detectable activity towards the five 

carbon side chained substrate 3HCO-CoA. The catalytic efficiency of Tcur3481-Tcur3483 

towards 4BNC-CoA is similar to the reported values for its ortholog FadE28-FadE29. The 

catalytic efficiency of Tcur3481-Tcur3483 towards 3HCO-CoA, containing a 5-carbon side 

chain, was 18 times lower than for 4BNC-CoA. The ortholog FadE28-FadE29 had previously 

been seen to have no activity towards 3HCO-CoA (Ruprecht et al., 2015), but was active 

towards a different 5-carbon side chained substrate 3-oxo-chol-4-en-24-oyl-CoA (3-OCO-CoA). 

The catalytic efficiency of FadE28-FadE29 towards 3-OCO-CoA was (2.4 ± 0.3) × 10
4
 M

−1
 s

−1
 

as determined by Yang et al. (2015) and was similar to the catalytic efficiency of Tcur3481-

Tcur3483 towards 3HCO-CoA ([4.2 ± 0.41] x 10
5
 M

−1
 s

−1
). 

3.7 Cloning, Expression, and Purification of FadE34 Ala691Gly 

 To ascertain if the residue at position 691 in FadE34 is responsible for substrate 

specificity, site directed mutagenesis was performed on its gene to replace the alanine residue at 

position 691 with a glycine residue. This mutated gene was then transformed into E. coli BL21 

(λDE3). Four litres of recombinant E. coli was grown at 37°C in LB. After purification (Figure 

3.13), a yield of 6.5 mg per litre of culture was obtained. The stoichiometric ratio for FAD to 

FadE34 Ala691Gly subunit was 1: 1, indicating full FAD occupancy. This value was the same as 

that previously reported for wild-type FadE34 (Ruprecht et al., 2015).  
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Table 3.1 Steady-state kinetic parameters of heteromeric ACADs with 4BNC-CoA and 

3HCO-CoA. Assays were performed in triplicate at 25°C. Reactions contained 100 mM TAPS 

buffer pH 8.5 and 250 mM ferrocenium hexafluorophosphate. CasL-CasN reactions also 

included 40 μM FAD. Assays were performed as described in section 2.4.1. Kinetic parameters 

for FadE28-FadE29 were taken from (Ruprecht et al., 2015) and included in the table for 

comparison. Standard deviations are indicated. 

Substrate Enzyme KM(µM) kcat(s
-1

) kcat/KM (M
-1

s
-1

) 

4BNC-CoA 

 

FadE28-

FadE29 
6.3 ± 0.88 2.2 ± 0.19 (3.5 ± 0.30) x 10

5
 

Tcur3481-

3483 
2.2 ± 0.21 (9.2 ± 0.23) x 10

-1
 (4.2 ± 0.41) x 10

5
 

CasL-

CasN 
11.6 ± 2.0 (4.1 ± 0.23) x 10

-2
 (3.5 ± 0.64) x 10

3
 

3HCO-CoA 

 

FadE28-

FadE29 
No Activity 

Tcur3481-

3483 
0.44 ± 0.07 (1.0 ± 0.03) x 10

-2
 (2.3 ± 0.36) x 10

4
 

CasL-

CasN 
No Activity 
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Figure 3.10 Initial velocity of CasL-CasN versus concentration of 4BNC-CoA. The Assay 

was performed at 25 °C and contained 250 μM ferrocenium hexafluorophosphate, enzyme, 40 

μM FAD, and varying concentrations of 4BNC-CoA in 100 mM TAPS buffer (pH 8.5). 

Experiments were performed in triplicate for each enzyme and data was fit to the Michaelis-

Menten equation by non-linear regression using GraphPad Prism. Error bars represent the 

standard deviation of each data point. 
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Figure 3.11 Initial velocity of Tcur3481-Tcur3483 versus concentration of 4BNC-CoA. The 

assay was performed at 25 °C and contained 250 μM ferrocenium hexafluorophosphate, enzyme, 

and varying concentrations of 4BNC-CoA in 100 mM TAPS buffer (pH 8.5). Experiments were 

performed in triplicate for each enzyme and data was fit to the Michaelis-Menten equation by 

non-linear regression using GraphPad Prism. Error bars represent the standard deviation of each 

data point. 
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Figure 3.12 Initial velocity of Tcur3481-Tcur3483 versus concentration of 3HCO-CoA. The 

assay was performed at 25 °C and contained 250 μM ferrocenium hexafluorophosphate, enzyme, 

and varying concentrations of 4BNC-CoA in 100 mM TAPS buffer (pH 8.5). Experiments were 

performed in triplicate for each enzyme and data was fit to the Michaelis- Menten equation by 

non-linear regression using GraphPad Prism. Error bars represent the standard deviation of each 

data point. 
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Figure 3.13 Coomassie Blue-stained SDS-polyacrylamide gel of fractions from a Ni
2+

-NTA 

purification of A691G variant of FadE34. Gel was loaded with BenchMark
™

 protein ladder 

(L), insoluble cell extract (lane 1), unbound proteins eluted from Ni
2+

-NTA column (lane 2), 20 

mM imidazole wash (lane 3), 150 mM imidazole wash (lane 4), and 250 mM imidazole wash 

(lane 5). FadE34 A691G (74.5 kDa) is indicated with a red arrow. 
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3.8 Kinetic Analysis of Ala691Gly variant of FadE34 

 Substrate specificity of FadE34 Ala691Gly was tested using steady state kinetics and 

results are displayed in Table 3.2 (Figure 3.14 and 3.15). The Ala691Gly variant is active 

towards the 3-carbon side chain steroid, 4BNC-CoA while the wild-type enzyme had no 

detectable activity. The catalytic efficiency of the Ala691Gly variant towards the 5-carbon side 

chain steroid, 3HCO-CoA, is 30-times lower than the wild type enzyme. The result shows that 

the variant has gained the ability to turnover the 3-carbon steroid side chain although catalytic 

efficiency is 1700 times lower in comparison to FadE28-FadE29.  

3.9 Cloning, Expression, and Purification of FadE34 N- and C- termini 

 In order to determine if the linker that connects the N- and C-terminal domains of 

FadE34 has a bearing on substrate specificity, attempts were made to express the 2 domains 

separately. Using a previously created fadE34 pET28a construct (Ruprecht et al., 2015), primers 

were designed to amplify the 5’ and 3’ ends that encode the N- and C- termini ACAD domains. 

The domain fragments were inserted into pET28a and pBTL-T7, respectively, and transformed 

into E. coli BL21 (λDE3) for co-expression (Figure 3.16). Small scale expression tests were 

performed but yielded no overexpression of either domain (Figure 3.17). The DNA fragments 

were then inserted into pTIPRT2 and pTIPQC1-His, respectively, and transformed into R. jostii 

RHA1 (Figure 3.18). However, as before, no overexpression was seen for either the N- or C- 

termini domains (Figure 3.19).  

3.10 Crystallization and Structure of Tcur3481-Tcur3483 

 Crystals of Tcur3481-Tcur3483 were previously obtained by screening with the Qiagen 

Classics Suite with the conditions 0.2 M ammonium sulfate, 30% (w/v) PEG 5000 MME, and 
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Table 3.2 Steady-state kinetic parameters of wild-type and Ala691Gly variant of FadE34 

with 4BNC-CoA and 3HCO-CoA. Assays were performed in triplicate at 25 °C. Reactions 

contained 100 mM TAPS buffer pH 8.5 and 250 mM ferrocenium hexafluorophosphate. Assays 

were performed as described in section 2.4.1. The heterodimeric ACAD FadE28-FadE29 is 

included for comparison of specific activities towards 4BNC-CoA. Kinetic parameters for 

FadE28-FadE29 and wild-type FadE34 were taken from (Ruprecht et al., 2015) and included in 

the table for comparison. Standard deviations are indicated. 

Substrate Enzyme KM(M) kcat(s
-1

) kcat/KM (M
-1

s
-1

) 

4BNC-CoA 

 FadE34 No Activity 

FadE34 

A691G 
9.9 ± 1.9 (2.0 ± 0.10) x 10

-3
 (2.0 ± 0.40) x 10

2
 

FadE28 

FadE29 
6.3 ± 0.88 2.2 ± 0.19 (3.5 ± 0.30) x 10

5
 

3HCO-CoA 

 FadE34 2.5 ± 0.79 3.7 ± 0.40 (1.5 ± 0.16) x 10
6
 

FadE34 

Ala691Gly 
4.7 ± 0.76 (2.4 ± 0.12 ) x 10

-1
 (5.1 ± 0.88) x 10

4
 

FadE28 

FadE29 
No Activity 
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Figure 3.14 Initial velocity of FadE34 Ala691Gly versus concentration of 4BNC-CoA. The 

assay was performed at 25 °C and contained 250 μM ferrocenium hexafluorophosphate, enzyme, 

and varying concentrations of 4BNC-CoA in 100 mM TAPS buffer (pH 8.5). Data were in 

triplicate and was fit to the Michaelis-Menten equation by non-linear regression using GraphPad 

Prism. Error bars represent the standard deviation of each data point. 
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Figure 3.15 Initial velocity of FadE34 A691G versus concentration of 3HCO-CoA. The 

assay was performed at 25 °C and contained 250 μM ferrocenium hexafluorophosphate, enzyme, 

and varying concentrations of 4BNC-CoA in 100 mM TAPS buffer (pH 8.5). Data were in 

triplicate and was fit to the Michaelis-Menten equation by non-linear regression using GraphPad 

Prism. Error bars represent the standard deviation of each data point. 
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Figure 3.16 Agarose gel electrophoresis of digested fadE34 N-terminus and fadE34 C-

terminus constructs. The first lane is a Genedirex 1 kb DNA ladder (lane L) and both plasmid 

constructs are digested with NdeI and HindIII. Digested products in (lane 1) are pET28a (5369 

bp) and DNA encoding FadE34 N-terminus insert (1031 bp). Digested products in (lane 2) are 

pBTL-T7 (3461 bp) and DNA encoding FadE34 C-terminus insert (1061 bp). 
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Figure 3.17 Coomassie Blue-stained SDS-polyacrylamide gels of soluble and insoluble 

fractions of cell lysates of FadE34 N-terminus and FadE34 C-terminus in E. coli BL21 

(λDE3). BenchMark
™

 protein ladder (lane L) was used. Incubation temperatures of the cell 

lysates are shown along the bottom of the gel. Both insoluble (I) and soluble (S) fractions from 

cell lysates are labeled for each lane along the top. A (+) symbol indicates lanes from lysates of 

cells that were induced with 1 mM IPTG, whereas a (-) symbol indicates no induction. FadE34N 

(35 kDa) and FadE34C (38 kDa) were not apparent in the solubly expressed fractions (S) but a 

band corresponding to their sizes was observed in the insoluble cell extract (I), shown by a red 

arrows.  
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Figure 3.18 Agarose gel electrophoresis of digested fadE34 N-terminus and fadE34 C-

terminus constructs for Rhodococcal expression. Both panels A and B contain a Genedirex 1 

kb DNA ladder (lane L). Each panel also contains recombinant plasmids digested with NdeI and 

HindIII. Panel A (lane 1) contains digested pTIPQC1-His (8384 bp) and fadE34 N-terminus 

(1031 bp). Panel B (lane 1) contains digested pTIPRT2 (8279 bp) and fadE34 C-terminus insert 

(1061 bp).  
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Figure 3.19 Coomassie Blue-stained SDS-polyacrylamide gel of fractions from a Ni
2+

-NTA 

purification of FadE34 N- and FadE34 C- termini  R. jostii RHA1 construct. Gel was loaded 

with BenchMark protein ladder (lane L), insoluble cell extract (lane 1), unbound proteins eluted 

from Ni
2+

-NTA column (lane 2), 20 mM imidazole wash (lane 3), 150 mM imidazole wash (lane 

4), 250 mM imidazole wash (lane 5), and concentrated purified protein (lane 6). No clear 

overexpressed bands corresponding to the expected sizes of FadE34 N-terminal domain (35 kDa) 

and FadE34 C-terminal domain (38 kDa) proteins were observed. 
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0.1 M MES pH 6.5, yielding needle like crystals (Figure 3.20A) (Gilbert and Seah, unpublished). 

These conditions were then further optimized by growing at 4°C with addition of 1 μl of 

reservoir solution with 1 μl 1 M MES pH 6.5 mixed with 2 μl of 40 mg/ml Tcur3481-Tcur3483. 

After two weeks, this new condition formed rod shaped crystals in clusters (Figure 3.20B). A 

crystal separated from a cluster diffracted to a resolution of at least 2.1 Å. The structure of the 

protein was determined by molecular replacement using the polyalanine backbone of the 

homologous M. tuberculosis ACAD FadE26-FadE27 (also known as ChsE4-ChsE5; PDB: 

4X28). Table 3.3 lists data collection and final model refinement statistics. Electron density for 

the histidine tag encoded by the pET28a and the last 3 residues R385, R386, and A387 in the two 

Tcur3483 protomers were not visible. (Chains B and D). The last residue S364 in the Tcur3481 

protomer (Chain A) was also not visible possibly due to disorder. 

 There are 4 protomers in the asymmetric unit in an α22 quaternary structure (Figure 

3.21A). The secondary structure of Tcur3481 (Figure 3.21B and 3.22) and Tcur3483 (Figure 

3.21C and 3.23) consists of N- and C- terminal α-helical domains separated by 2 central 

perpendicular  sheets that is characteristic of ACAD structures. A FAD molecule is bound 

across each α- interface, implying that the functional unit is an α heterodimer. The total buried 

surface area in this interface, as determined by PISA (Krissinel and Henrick, 2007) is 1810 Å
2
, 

which is slightly lower than the buried interface area of 2140 Å
2
 between the non-functioning 

pair of subunits in the tetramer. Interactions between multiple α-helices (α15, α16, α17, α18) and 

β6 of Tcur3483, along with multiple α-helices (α11, α12, α13, α14) and β6 of Tcur3481 form a 

functional heterodimer. The isoalloxazine ring of FAD is bound within Tcur3483 in a large 

cavity that can also potentially accommodate a steroidal substrate. An MES molecule is found 

within both Tcur3483 protomers forming hydrogen bonds with Gln356 and Asn360. The   
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Figure 3.20 Crystals of Tcur3481-Tcur3483. (A) Crystals from an initial screen with crystals 

grown at 10 °C using Qiagen Classics Suite reservoir solution containing 0.2 M Ammonium 

Sulfate, 30% (w/v) PEG 5000 MME, and 0.1 M MES pH 6.5. (B) Optimized crystals grown at 4 

°C with addition of 1 μl of the same reservoir solution with 1 μl 1 M MES pH 6.5 mixed with 2 

μl of 40 mg/ml Tcur3481-Tcur3483. Red arrow points to crystals that were broken, frozen in 

cryoprotectant (Paratone N) and subjected to X-ray diffraction at the Canadian light source. 

Crystals were grown for at least 2 weeks.  

  

A B 
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Table 3.3 Crystallographic table of Tcur3481-Tcur3483 heterocomplex. Table of statistics 

for the data collection and subsequent model fitting of Tcur3481-Tcur3483 with FAD bound. 

Statistics for the highest-resolution shell (2.1 Å) are shown in parentheses. 

Crystal Tcur3481-Tcur3483/FAD 

Space group P  21 21 2 

Cell dimensions 

a, b , c (Å) 76.62, 138.61, 147.03 

α, β, γ (deg) 90 90 90 

Data Collection 

Resolution (Å) 50.0 – 2.10 (2.14 – 2.10) 

Wavelength (Å) 0.97949 

Reflections 

Observed 525905 (39148) 

Unique 91650 (6693) 

Rmerge
 

0.1351 (0.842) 

Rmeas 0.148 (0.954) 

CC1/2 0.997 (0.83) 

I/ζI 11.83 (3.31) 

Completeness (%) 99.6 (99.9) 

Multiplicity 5.7 (5.8) 

Wilson B 24.69 

Refinement 

Resolution (Å) 48.52 - 2.10 (2.12 - 2.10) 

No. reflections 91 607 (9046) 

Rwork/Rfree 0.1473 / 0.1917 

CC* 0.995 (0.957) 

B Factors  

Protein 29.69 

FAD 38.04 

Solvent 36.88 

RMS Deviations 

Bond lengths (Å) 0.012 

Bond angles (deg) 1.121 

Ramachandran 

Favored (%) 98.4 

Allowed (%) 1.6 

Outliers (%) 0 
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Figure 3.21 3D structure of Tcur3481-Tcur3483. (A) Tetrameric Tcur3481-Tcur3483. FAD 

atoms are shown as red spheres. The catalytic subunits Tcur3483 are coloured in cyan and 

yellow, while the noncatalytic subunits Tcur3481 are colored in magenta and green. Protomers 

of (B) Tcur3481 and (C) Tcur3483 adopt similar folds with an N-terminal α-helical structure 

(green), a central -sheet (orange) and a C-terminal α-helical structure (cyan). Figure was created 

with the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC.  
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Figure 3.22 Tcur3481 and FadE27 secondary structure. Shown is an ESPript output (Robert 

and Gouet, 2014a) comparing Tcur3481’s secondary structure (top of alignment) with FadE27 

(bottom of alignment), along with their sequences to other non-catalytic steroidal ACADs. α-

helices and 310-helices (η) are displayed as medium and small spirals, respectively. β-strands are 

rendered as arrows, strict β-turns as TT, and strict α-turns as TTT.  

  



82 

 

 

Figure 3.23 Tcur3483 and FadE26 secondary structure. Shown is an ESPript output (Robert 

and Gouet, 2014b) comparing Tcur3483’s secondary structure (top of alignment) with FadE26 

(bottom of alignment), along with their sequences to other catalytic steroidal ACADs. α-helices 

and 310-helices (η) are displayed as medium and small spirals, respectively. β-strands are 

rendered as arrows, strict β-turns as TT, and strict α-turns as TTT.   
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putative catalytic glutamate (Glu241) is found within this cavity. Site-specific mutagenesis 

replacing this residue in Tcur3483 with glutamine was performed and the resulting protein has 

no activity towards 4BNC-CoA. The phosphoribityl and ADP moiety of FAD extends towards 

the interface of Tcur3483-Tcur3481 where arginine 249 from Tcur3481 forms ionic interactions 

with the pyrophosphate moiety. Previous work from our lab showed that replacement of this 

arginine with alanine in the Tcur3481 homolog FadE29 reduced FAD binding affinity (Ruprecht 

et al., 2015).  

 The overall structure of Tcur3481-Tcur3483 is similar to the previously determined 

structure of FadE26-FadE27 (Yang et al., 2015). Using protein structure comparison service 

PDBeFold (Krissinel and Henrick, 2004), the overall root-mean-square deviation (RMSD) of the 

two heterotetrameric complexes was determined to be about 3 Å. Tcur3481 superimposed with 

FadE27 gave an RMSD of 1.41 Å, while Tcur3483 superimposed with FadE26 gave an RMSD 

of 1.07 Å. Residues between Val35 and Asn43 were not modelled in the structure of FadE26 

leaving a large opening that leads into the active site (Figure 3.24). Electron density 

corresponding to this region was modelled as a loop in Tcur3483 between α-helices α2 and α3.  

 The FAD bound to Tcur3481-Tcur3483 is oxidized while the coenzyme in FadE26-

FadE27 appears to be reduced, as evident from the bent isoalloxazine ring. Since simultaneous 

optical spectroscopy of the protein crystal when exposed to X-rays show a reduction in the 

absorbance at 440 nm, Yang et al. (2015) concluded that the FAD in FadE26-FadE27 was 

reduced in the crystal by X-rays during data collection. It is not clear why reduction of FAD in 

the T. curvata enzyme crystal did not occur similarly. The flat isoalloxazine rings of oxidized  
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Figure 3.24 Unmodeled region of FadE26 and comparison to Tcur3483. (A) Electron density 

map of FadE26 is shown highlighting the ends between the missing region with red circles 

(Val35 to Asn43). (B) The corresponding electron density map of Tcur3483 showing strong 

electron density. (C) Cartoon structure of Tcur3483 (cyan) is superimposed with FadE26 (green). 

A loop connecting helices α2 and α3 in Tcur3483 was not modelled in FadE26 due to the lack of 

electron density. The breaks are highlighted using red circles. Figure was created with the 

PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 
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FAD in Tcur3483 are close to two residues, Phe157 and Val359. Superimposition of the FAD 

from both Tcur3483 and FadE26 shows that Phe157 will sterically clash with the reduced (bent) 

isoalloxazine ring of FadE26 (Figure 3.25). Accordingly, the equivalent Trp160 of FadE26 is 

rotated away from the rings in the FadE26 structure. It is interesting that other ACADs such as 

MCAD and IVD have Trp and Ile in the equivalent position to Phe157 and Val359 of Tcur3483, 

similar to FadE26. Other than this difference, residues involved in FAD interactions in the M. 

tuberculosis enzyme and T. curvata enzyme are similar (Figure 3.26).  

Using HOLLOW (Ho and Gruswitz, 2008a), an inner surface of the binding cavities of 

FadE26, Tcur3483, as well as the ACADs that act on aliphatic substrates MCAD and IVD were 

visualized (Figure 3.27) and their volumes determined using 3V cavity calculator (Voss and 

Gerstein, 2010a) (Table 3.4). The residues lining MCAD’s binding pocket account for ~8% of its 

total residues, while Tcur3483 commits ~20% of its residues towards this binding pocket. 

Tcur3483’s binding pocket is made predominantly by residues in α-helices (α2, α3, α5, α6, α7, 

α12, α13, α15, α16, α18, and α19) and irregular loops that connect together β1 to α9, α9 to β2, 

and 3 to 4. The volumes of the cavities in the steroid utilizing ACADs are at least 3 times 

larger than the MCAD and IVD. This is due to the presence of elongated α-helices in MCAD and 

IVD (α5 and α10 in Tcur3483) that limits the size of their respective active site (Figure 3.28).  

Substrate docking performed using Autodock VINA (Trott and Olson 2009), showed that 

the 3- and 5-carbon side chain steroid metabolites 4BNC-CoA and 3HCO-CoA (Figure 3.29) can 

easily be accommodated into the active site of Tcur3483. Similar results have been reported 

when 4BNC-CoA was docked into the FadE26 structure, although the docked CoA moiety of the 

substrate was modelled to extend towards the exterior of the protein to correspond to the position 

of the CoA moiety in substrate-bound MCAD structure (Yang et al., 2015). The substrate  
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Figure 3.25 Superimposition of FAD within Tcur3483 and FadE26. Carbon atoms in FAD 

are coloured yellow and pink for Tcur3483 and FadE26, respectively. Carbon atoms of side 

chains in Tcur3483 and FadE26 are in cyan and green, respectively. Circled in red are potential 

steric clashes that would occur if FAD positions were swapped between the two enzymes. Figure 

was created with the PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 
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Figure 3.26 2D representations of residues interacting with FAD in (A) Tcur3481-Tcur3483 

and (B) FadE26-FadE27. Figure was created within LigPlot+ (Laskowski and Swindells, 

2011). Hydrogen bonding residues are shown as sticks, while only names of hydrophobically 

interacting residues are shown. Chain id is shown for each residue in parentheses. 
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Figure 3.27 Binding pockets of (A) Pig MCAD, (B) IVD, (C) FadE26, and (D) Tcur3483. 

Surfaces of the actives sites are depicted in dark blue and FAD are shown as sticks. Internal 

cavities were created using Hollow (Ho and Gruswitz, 2008b) and figure was created with the 

PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 
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Table 3.4 Volume of binding pockets of various structurally determined ACADs. Volume 

and effective radius were determined using 3V cavity calculator (Voss and Gerstein, 2010b). The 

effective radius is the radius of a sphere that has the same surface area to volume ratio as enzyme 

binding pocket. 

 

Enzyme (Subunit) Volume of Binding Pocket Effective Radius 

Pig MCAD (A) 1015 Å
3
 4.85 Å 

IHVD (A) 806 Å
3
 4.67 Å 

FadE26 (A) 5957 Å
3
 8.81 Å 

Tcur3483 (D) 3805 Å
3
 7.13 Å 
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Figure 3.28 Major structural differences between (A) Tcur3483 and (B) MCAD that 

determine substrate binding pocket size. Tcur3483’s secondary structures are labelled and 

coloured cyan. Corresponding MCAD’s secondary structures are labelled (the same as Tcur3483 

for comparison) and coloured magenta. Binding pockets are shown as a surface and are coloured 

orange. Figure was created with the PyMOL Molecular Graphics System, Version 1.3 

Schrödinger, LLC.  
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Figure 3.29 Docked (A) 4BNC-CoA and (B) 3HCO-CoA within Tcur3483 that are closest in 

distance to both FAD and Glu241. The docked (A) 4BNC-CoA has a predicted binding affinity 

of -10.2 kcal/mol and the docked (B) 3HCO-CoA has a predicted binding affinity of -10.5 

kcal/mol. Carbon atoms of substrates are coloured orange while FAD is coloured yellow. 

Distances between the Cα of the substrate with carboxylate oxygen of catalytic glutamate and the 

C with N5 of FAD are indicated. Residues lining the active sites are depicted in cyan. 

Substrates were docked into the active site using Autodock Vina (Trott and Olson, 2010) and 

figures were created using PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC.  
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binding pocket of FadE26 is also 1.6-times larger in volume than Tcur3483. One reason for this 

difference is Tcur3483 has a much longer α-helix (α13) which decreases the size of the binding 

pocket in relation to FadE26 (Figure 3.30A-B). In addition, α2 in Tcur3483 has shifted inward, 

filling part of the substrate binding pocket (Figure 3.30C-D). The catalytic glutamate in FadE26 

is also located in a loop while the corresponding residue in Tcur3483 is an α-helical region, like 

that of MCAD and IVD (Figure 3.31). FadE26 has a preference for cholesterol metabolite with 

an 8-carbon side chain, although it can also catalyze the dehydrogenation of cholesterol 

metabolite containing 5-carbon and 3-carbon side chain with 1.8 times and 4.4 times lower 

specificity constants, respectively. In contrast, Tcur3483 has 18 times lower activity towards the 

5-carbon side chain steroid substrate than the 3-carbon side chain substrate. This larger substrate 

binding site and more flexible catalytic base in FadE26 may contribute to the broader substrate 

specificity of this enzyme. 

Although the steroid substrates can be docked into Tcur3483 and FadE26 it should be 

noted that both the catalytic residue (Glu241) and N5 of FAD isoalloxazine ring are too far from 

the Cα and C of docked substrates for hydride/proton transfer to occur (Figure 3.29). It is for this 

reason that it is not possible to predict the role of Gly363, the corresponding residue to Ala691 of 

FadE34, in substrate specificity based on the current apo-structures of Tcur3483 or FadE26.  

Examination of Tcur3481 shows that there is no space to accommodate either FAD or the 

acyl-CoA substrate in the enzyme. The equivalent FAD binding site of Tcur3483 in Tcur3481 is 

occluded by Glu124, Val128, Thr343, and Gln352 (Figure 3.32A). FadE27, the noncatalytic 

subunit of FadE26-FadE27, contains Asp126, Met129, Gln151, and Arg362 occluding the FAD 

binding site (Figure 3.32B). While Asp126 and Arg362 of FadE27 correspond to Glu124 and 

Gln352 in Tcur3481, the other residues that occlude the active site in the two enzymes are  
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Figure 3.30 Differences within the binding pocket between (A, C) Tcur3483 and (B, D) 

FadE26. Figures A, B, C, and D show differences in secondary structures leading to different 

binding pocket (shown as surface) sizes. Differences in structures of the two enzymes are 

highlighted in red. Otherwise Tcur3483 is shown in cyan, FadE26 is shown in green, FAD is 

shown in yellow, and the binding pocket is light blue. The black circle indicates the break in 

modeled structure of FadE26 due to lack of electron density. Figure was created with the 

PyMOL Molecular Graphics System, Version 1.3 Schrödinger, LLC. 
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Figure 3.31 Secondary structure consisting of the catalytic residue of (A) Tcur3483, (B) 

FadE26, and (C) IVD. The section shown in cartoon is the same in each enzyme and contains the 

catalytic residue, which is shown as sticks. Tcur3483 is shown in cyan, FadE26 is shown in green, 

and IVD is shown in yellow. Figure was created with the PyMOL Molecular Graphics System, 

Version 1.3 Schrödinger, LLC. 
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Figure 3.32 Differences between residues of (A, C) Tcur3481 and (B, D) FadE27 that 

occlude FAD and the active site. Panels A and B show residues that occlude FAD while panels 

C and D show residues that occlude an octanoyl-CoA, superimposed from MCAD (PDB: 

3MDE). Tcur3481 is shown in cyan, FadE27 is shown in green, FAD is shown in yellow, and 

octanoyl CoA is shown in magenta. Red labels indicate residues in the corresponding enzyme 

that do not occlude the active site. Figure was created with the PyMOL Molecular Graphics 

System, Version 1.3 Schrödinger, LLC. 
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different. This is due to the planar reduced state of FAD in Tcur3483 and the different positions 

of the loop between β1 and β2 in each enzyme. The equivalent binding pocket of Tcur3483 in 

Tcur3481 is occluded by Trp88, Val131, Ala132, Leu227, Leu344, and Arg353 (Figure 3.32C). 

Leu88, Arg229, and Arg363 of FadE27 which correspond to Trp88, Leu227, and Arg353 of 

Tcur3483, respectively, were found to occlude its binding pocket (Figure 3.32D). Loops between 

α11-α12 and β1-β2 in Tcur3481 account for the additional residues that are not present in 

FadE27, as the corresponding loop is shifted out of the binding site in FadE27 (Figure 3.32C-D). 

Due to the lack of space in Tcur3481 to bind the isoalloxazine of FAD or substrates and the 

absence of a catalytic glutamate residue in Tcur3481, the Tcur3481-Tcur3483 heterotetramer 

only contains two active sites. This is in agreement with the conclusion from the structure of 

FadE26-FadE27 (Yang et al., 2015).   
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Chapter 4: Discussion 

 Successful co-expression of CasL-CasN was achieved using R. erythropolis L-88 as the 

expression host. The enzyme was not expressed in soluble form when expressed within E. coli 

BL21 (λDE3). CasL-CasN purified from R. erythropolis L-88, however, has a very low FAD 

content. Attempts were made to increase FAD occupancy by addition of exogenous FAD in 

buffers during purification process, but FAD content in the purified heterocomplex remained 

low. This suggests that the cofactor had to be incorporated into the complex before they are 

completely folded in vivo. The orthologs of CasL-CasN, Tcur3481-Tcur3483, can be 

overexpressed in E. coli BL21 (λDE3) in high yields with 80% FAD occupancy. Similarly, 

another ACAD, CasC was previously expressed using its natural host R. jostii RHA1 with 100% 

occupancy of FAD (Ruprecht et al., 2015). Initially, it was thought that the Rhodococcal 

expression plasmid pTIPRT2, required to express casN, cannot replicate in R. jostii RHA1. Later 

it was discovered that the previously reported 15 g/mL concentration of tetracycline used for 

selection was too high and pTIPRT2 can be maintained in R. jostii RHA1 at 8 g/mL 

tetracycline concentration. Due to time constraints, attempts have not been made in this thesis to 

express casL and casN in R. jostii RHA1 to determine FAD content.  

 As a result of the low FAD occupancy, the specific activity of CasL-CasN was low. 

CasL-CasN's activity towards 4BNC-CoA was 100 times lower than that of Tcur3481-Tcur3483 

and FadE28-FadE29. Tcur3481-Tcur3483 was active towards both the three and five carbon side 

chain steroid derivatives with a clear preference for 3-carbon side chain steroid metabolite, 

4BNC-CoA, compared to the 5-carbon side chain metabolite 3HCO-CoA. This is in line with its 

predicted function for optimal turnover of steroid metabolites during the second round of -

oxidation of bile acids in T. curvata. The turnover of the 5-carbon steroid metabolite in T. 
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curvata is likely catalyzed with higher efficiency by the two domain ACAD Tcur3494, an 

ortholog of the previously characterized R. jostii ACAD CasC and M. tuberculosis ACAD 

FadE34 (Ruprecht et al., 2015).  

 While Tcur3481-Tcur3483 and FadE28-FadE29 are active towards both 3-carbon and 5-

carbon side chain substrates, albeit with a preference for the 3-carbon side chain substrate, 

FadE34 and CasC are only active towards 5-carbon substrates (Ruprecht et al., 2015; Yang et al., 

2015). Sequence alignment showed that the catalytic domain of FadE34 has an alanine at 

position 691 and this residue is conserved in CasC and other 2-domain ACAD homologs. In 

contrast, Tcur3483, FadE28, and homologs have a smaller glycine residue at this position. 

Besides being longer, the 5-carbon side chain lacks any methyl branches on both the Cα and Cβ 

(Figure 4.1A). It is interesting that the corresponding residue of Ala691 in isovaleryl-CoA 

dehydrogenase (IVD) which acts on small acyl-CoA compounds with a methyl branch at the Cα 

position (Figure 4.1C) is also glycine whereas ACADs that act on unbranched aliphatic fatty 

acyl-CoA chains (Figure 4.1D) contained a bulky tyrosine residue (Tiffany et al., 1997). 

  The M. tuberculosis FadE34 Ala691Gly variant was created in this research and was 

shown to have gained activity towards the 3 carbon side chain cholesterol derivative, 4BNC-

CoA. At the same time, the catalytic efficiency towards 5 carbon side chain-substrate was 

lowered by 30-fold. These results confirmed that this residue affects side chain specificity.  

It was however noted that the catalytic efficiency for 4BNC-CoA in the Ala691Gly 

variant of FadE34 was 1700-times lower than FadE28-FadE29. Thus high specificity for 4BNC-

CoA is likely not due to this residue alone. One potential difference is the presence of a linker in  
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Figure 4.1 Steroid side chains and CoA esterified fatty-acyl chains that are acted upon by 

ACADs. All representations have the Cα and Cβ labelled. Each section shows a different known 

substrate of ACADs: (A) Five carbon side chain substrate with ring structure not included 

(denoted by wavy line); (B) Three carbon side chain substrate with ring structure not included 

(denoted by wavy line); (C) Isovaleryl-CoA; (D) Six carbon CoA esterified fatty acyl chain. 
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FadE34 that joins the catalytic and non-catalytic ACAD domains of this enzyme whereas in 

FadE28-FadE29 and homologs, these are in separate subunits. Although the DNA encoding the 

separate N- and C- terminal ACAD domains of FadE34 have been successfully PCR amplified 

and inserted into plasmid vectors, expression attempts in E. coli BL21 (λDE3) and R. jostii 

RHA1 did not produce soluble proteins. This may be an indication of the importance of the 

linker region in proper protein folding and stability of the enzyme. In order to circumvent this 

problem, an alternative strategy that may be attempted in the future is to introduce a unique 

protease cleavage site within the linker region of FadE34, allowing the protein to be cleaved into 

the two separate subunits after expression and purification.   

 Recently, Holert et al. (2016) found evidence that a heteromeric ACAD Scd1A-Scd1B 

(encoded by C211_11392 and C211_11397) from Pseudomonas sp. Chol1 is the enzyme 

responsible for dehydrogenation of the 5 carbon side chain cholate metabolite. This contrasts 

with the fused catalytic and non-catalytic domains, found in FadE34 and CasC. Mutants of 

Pseudomonas sp. Chol1 with deletions in scd1A or scd1B were unable to grow on cholate as sole 

carbon source but grew when media was also supplemented with succinate. LC-MS analyses of 

culture supernatants revealed the accumulation of 3-ketocholate derivatives. The mutants were 

however able to grow on cholate derivatives that already contain Cα-C double bond on the side 

chain suggesting that Scd1A and Scd1B are responsible for dehydrogenation of the 5-carbon side 

chain bile acid. Scd1A has the putative catalytic glutamate residue conserved among ACADs 

while Scd1B does not. Instead, Scd1B has an arginine residue at position 261 that is important 

for ionic interactions with the pyrophosphate of FAD suggesting that the two proteins form a 

heterocomplex (Ruprecht et al., 2015). Interestingly, Scd1A contains an alanine at the position 

corresponding to Ala691 of FadE34, in line with our prediction that this residue has a bearing on 
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discrimination between 3-carbon and 5-carbon steroid substrates. It also suggests that the linker 

may not influence side chain specificity. It would be interesting in the future to purify Scd1A-

Scd1B for in-vitro assays to ascertain its substrate specificity. In addition, site-specific 

mutagenesis to alter the alanine to glycine could be performed on this ACAD to test if the variant 

has a greater preference for steroid substrates with an isopropyl side chain. Conversely, ACADs 

that have Gly in this position, such as FadE28 or Tcur3483, could be replaced with alanine to 

ascertain if the resultant variant would now have increased specificity towards cholyl-CoA with 

a 5-carbon side chain.  

 The structure of Tcur3481-Tcur3483 was successfully solved, representing the second 

structure of a steroid degrading ACAD with a unique heteromeric structure. The structure 

confirmed previous biochemical and structural analyses that each heterodimer contains only one 

active site (Ruprecht et al., 2015; Thomas et al., 2011; Yang et al., 2015). The T. curvata 

ACAD, like the M. tuberculosis ACAD FadE26-FadE27, have the isoalloxazine ring of the 

cofactor bound to the protomers that contain the catalytic glutamate (Tcur3483 and FadE26). The 

FAD is bound within a binding pocket which is sufficiently large in both enzymes to 

accommodate the 4 steroid rings and side chains at the D-ring. The Cα and C of docked 

substrates are in the vicinity of N5 of FAD and the catalytic glutamate, but the distance between 

them are too far for hydride/proton transfer to occur. Interestingly the active site of FadE26 is 

larger than Tcur3483. Together with the fact that the catalytic glutamate in the former is in loop 

while in the latter, glutamate is in a more rigid helical structure provides some rationale to the 

broader specificity of FadE26. Unfortunately, attempts to co-crystallize or soak crystals of wild-

type and Glu241Ala variant of Tcur3481-Tcur3483 with substrates 4BNC-CoA or 3HCO-CoA 

did not yield crystals that diffract. These crystals were grown using the same precipitant used to 
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obtain the apo-enzyme crystals. It may be worthwhile in the future to screen for new 

crystallization conditions for the enzyme-substrate complex. It may also be interesting to 

compare the structures of the heteromeric ACADs with the two-domain ACADs. Attempts have 

been made to crystallize FadE34 and CasC, but they have been unsuccessful (Ruprecht and Seah, 

unpublished). Given the success in crystallization of the heteromeric ACAD from the 

thermophilic bacteria T. curvata in this thesis, the corresponding 2-domain ACAD homolog of 

FadE34, Tcur3494, is a worthwhile target for future crystallization screens. 

 The non-catalytic subunits FadE27 and Tcur3481 are only involved in interaction with 

the distal adenine ribose and pyrophosphate of FAD and do not appear to be involved in steroid 

substrate binding. It is not immediately obvious why each non-catalytic protomer has residues 

occluding the positions where isoalloxazine and substrate could have bound. The loss of one 

active site in the heterodimer could be due to requirements for increasing overall structural 

stability of the enzyme complex in compensation for having fewer intermolecular interactions in 

the central core of the catalytic protomer that contains the large substrate binding cavity. This 

contrasts with the heteromeric hydratase in M. tuberculosis involved in steroid -oxidation 

where one protomer has lost the active site as it is directly involved in the interactions with the 

bulky steroid rings (Yang et al., 2014).  

 In conclusion, this thesis has identified new members of heteromeric ACADs involved in 

bile acid degradation and provided some insight into the molecular basis for substrate specificity 

of these enzymes.  
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