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ABSTRACT 
 
 
 

Investigating the Mechanisms and Specificities of BphI-BphJ,  
an Aldolase-Dehydrogenase Complex from Burkholderia xenovorans LB400 

 
Perrin Baker        Advisor: 
University of Guelph, 2012      Dr. Stephen YK Seah 
 

Microbial degradation of aromatic hydrocarbons is imperative for maintaining the global 

carbon cycle and removing potentially toxic aromatic xenobiotics. This thesis focuses on the 

characterization of a pyruvate-specific class II aldolase (BphI) and acetaldehyde dehydrogenase 

(BphJ), the final two enzymes of the bph meta-cleavage pathway in Burkholderia xenovorans 

LB400. This pathway is responsible for the degradation of the industrial pollutant 

polychlorinated biphenyls (PCB) and therefore mechanistic characterization of these enzymes 

can be applied to improve pollutant degradation. 

BphI catalyzes the aldol cleavage of 4-hydroxy-2-oxoacids to pyruvate and an aldehyde 

while BphJ transforms aldehydes to acyl-CoA, using NAD+ and CoASH as cofactors. Size-

exclusion chromatography was used to determine that the oligomeric unit of the BphI-BphJ 

complex is a heterotetramer. The aldolase BphI was shown to exhibit a compulsory order 

mechanism and utilize 4-hydroxy-2-oxoacids with an S configuration at C4. The generation of 

BphI active site variants allowed for the proposal of a catalytic mechanism and a greater 

understanding as to how stereospecificity occurs. Using steady-state kinetic assays, Arg-16 was 

demonstrated to be essential for catalysis. Molecular modeling of the substrate and pH 

dependency (wild-type pKa of ~7, lost in H20A and H20S variants) were used to identify His-20 



as the catalytic base. Tyr-290 was originally proposed to be the catalytic acid. However, this was 

refuted as a Tyr-290 (Y290F) variant did not affect the catalytic efficiency of the enzyme. 

Instead, the variant was observed to exhibit a loss of stereochemical control. From the crystal 

structure of an orthologous aldolase-dehydrogenase complex, solvent isotope effect studies, and 

a proton inventory, a water molecule was implicated as the catalytic acid. Based on their position 

within the crystal structure, Leu-87 and Leu-89 were implicated in substrate specificity. 

Replacement of Leu-89 with alanine effectively increased the length of the active site, allowing 

for the accommodation of longer aldehyde substrates. In contrast, Leu-87 was responsible for 

hydrophobic stabilization of the C4-methyl of the substrate. Double variants L87N;Y290F and 

L87W;Y290F were constructed to enable the binding of 4(R)-hydroxy-2-oxoacids. Polarimetric 

analysis confirmed that the double variants were able to synthesize 4-hydroxy-2-oxoacids of up 

to 8 carbons in lengths, which were of the opposite stereoisomer to those produced by the wild-

type enzyme. 

Cys-131 was identified as the catalytic thiol that forms an acyl-enzyme intermediate in 

the dehydrogenase, BphJ. This enzyme was shown to exhibit similar specificity constants for 

acetaldehyde and propionaldehyde and utilize aliphatic aldehydes from two to five carbons in 

length as substrates. The enzyme was able to use either NAD+ or NADP+ as the cofactor. Finally, 

we demonstrated that aldehydes produced in the aldolase reaction are not released into the bulk 

solvent but are channeled directly to the dehydrogenase, providing the first biochemical 

determination of substrate channeling in any aldolase-dehydrogenase complex. 
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CHAPTER 1 – Introduction 
 
 
1.1 Environmental Aromatic Pollutants 

Next to glucosyl residues, the benzene ring is the unit of chemical structure most widely 

spread in nature (1). Aromatic compounds have become major environmental pollutants due to 

the thermodynamic stability of the benzene ring which increases its persistence in the 

environment (2). Natural sources are often plant derived such as lignin, vanillate and syringate. 

However man-made sources such as phenols, xylenes, phthalates in plastics and pesticides and 

biphenyls and their chlorinate derivatives are increasingly common in the environment (3-5).  

Polychlorinated biphenyls (PCBs) are composed of an aromatic biphenyl skeleton 

containing between one and ten chlorine atoms, theoretically allowing for the production of 209 

different PCB congeners (Figure 1.1). Due to their non-flammability, chemical stability, high 

boiling point and electrical insulating properties, more than 1.5 million tons of PCBs were 

manufactured worldwide between 1927 and the early 1980s for hundreds of industrial and 

commercial purposes (6, 7). A significant quantity of PCBs produced have been subsequently 

released into the environment resulting in contamination of ecosystems worldwide (8). In 

addition, the stability and lipophilic nature of the compound results in bioaccumulation (9, 10). 

Adverse health effects of PCBs were first reported in the 1930s (11) and PCBs have 

subsequently been demonstrated to cause cancer (12, 13), in part through the formation of DNA 

adducts (14, 15), and other serious effects on the immune, reproductive, nervous and endocrine 

systems due to their estrogenic properties (16-19).  
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Figure 1.1 Chemical Structure of polychlorinated biphenyl (PCB) skeleton. Chlorine 

substitutions are possible at each carbon atom producing 209 different possible combinations, or 

congeners.
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Currently, the most practiced disposal method for PCBs is incineration (20), however increasing 

attention has been given to microbial degradation or “bioremediation” of these compounds (21-

23). 

 
1.2 Microbial Degradation of Aromatics  

Most organisms have detoxification abilities. However microorganisms, particularly 

bacteria, have developed strategies for obtaining energy from virtually any compound either 

under aerobic or anaerobic conditions. Microbial degradation of aromatic hydrocarbons is critical 

in the sustainable development of the biosphere and in biogeochemical cycles (1). Bacteria have 

also been implicated in the removal of potentially toxic aromatic xenobiotics. Bacterial species, 

from both Gram-negative and Gram-positive genera have demonstrated growth on biphenyl as a 

sole carbon source (24, 25). These include Achromobacter, Acinetobacter, Bacillus, 

Burkholderia, Comamonas, Pseudomonas, Ralstonia and Rhodococcus isolates (6). However, 

there remain many issues that limit the degradation of such compounds. These include the 

bioavailability, concentration of contaminants and mixture of incompatible substrates in the 

environment. In the cell, issues with degradation include uptake, substrate range, catabolic 

efficacy and the formation of toxic by-products which limit the efficient degradation of these 

aromatic compounds (1).  

Burkholderia xenovorans LB400  (formally Pseudomonas sp. LB400) is one of the most 

efficient aerobic PCB degraders discovered to date (26). Originally discovered in a PCB-

containing landfill in upper New York State, the bacterium is able to oxidize >20 PCB congeners, 

containing up to six chlorine substitutions on the biphenyl rings (27-30). In silico analysis of the 
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B. xenovorans LB400 genome found eleven “central aromatic” catabolic pathways, contained in 

genetic islands (31). The genes of these central aromatic pathways are generally organized in 

operon-like structures, with some encoding aromatic acid transporters.  In addition, the genome 

contains twenty “peripheral aromatic” catabolic pathways. Currently, >170 genes encoding these 

aromatic catabolic pathways have been annotated in the genome, indicative of the high metabolic 

versatility of the bacterium. 

 

1.2.1 Aromatic Degradation Pathways 

The meta-cleavage pathway is a common metabolic route for the aerobic degradation of 

diverse aromatic compounds by bacteria and it is divided into the upper and lower pathway as 

illustrated by the degradation pathway of biphenyl (32-34). In B. xenovorans LB400, the bph 

meta-cleavage pathway is responsible for the degradation of PCBs (35-38). The upper pathway 

commences with biphenyl dioxygenase (BphA) catalyzing the NADH-dependent 

dihydroxylation of biphenyl, yielding 2,3-dihydrodiolbiphenyl (36, 39). The latter is transformed 

to 2,3-dihydroxybiphenyl (Figure 1.2). This catechol is oxygenolytically cleaved in an extradiol 

fashion by 2,3-dihydroxy-1,2-dioxygenase (BphC) to yield 2-hydroxy-6-oxo-6-phenyl-2,4-

dienoate (HOPDA) (40, 41). The final step of the upper pathway is catalyzed by BphD, a 2-

hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase, that hydrolyzes HODPA to benzoate and 

2-hydroxypenta-2,4-dienoate (HPDA) (42-44). Benzoate formed during this step is shuttled into 

a seven enzyme catalyzed benzoate degradation pathway which ends in the formation of acetyl-

CoA and succinyl-CoA (36). It should be noted that enzymes in the upper pathway can utilize 
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some, but not all chlorinated substrates. A glutathione S-transferase known as BphK (45), 

catalyzes the dechlorination of 3-Cl, 5-Cl HOPDA and 3,9,11-triCl HOPDA, but not 4-Cl 

HOPDA or chlorinated 2,3-dihydroxybiphenyls (46) which are substrates in the upper pathway.  

  In contrast to the upper meta-cleavage pathways, primarily focusing on dioxygenases 

(47-50), few reports have examined enzymes in the lower pathway. The lower pathway is 

composed of three enzymes (51). BphH, a 2-hydroxypenta-2,4-dienoate hydratase,  catalyzes  the 

formation of 4-hydroxy-2-oxopentanoate from HPDA (52). The aldolase BphI cleaves 4-

hydroxy-2-oxopentanoate (HOPA) to form pyruvate and acetaldehyde which is subsequently 

utilized by the aldehyde dehydrogenase BphJ to form acetyl-CoA using NAD+ and CoASH as 

cofactors (53). These metabolites are TCA cycle intermediates that are utilized to generate 

energy in the cell (34, 35, 54).  
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Figure 1.2 Overview of the bph meta-cleavage pathway in Burkholderia xenovorans LB400. The pathway is divided into the 

upper and lower pathway. The upper pathway results in the formation of benzoate which is shuttled to the benzoate degradation 

pathway and 2-hydroxypenta-2,4-dienoate which is converted by the lower pathway into the TCA cycle intermediates pyruvate and 

acetaldehyde. 
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While aromatic compounds, including toluene, phenol, xylenes and biphenyl, are 

converted to acetyl CoA and pyruvate via a three step lower pathway similar to the bph pathway, 

the lower pathway for some aromatic hydrocarbons, such as in the degradation of 3- and 4-

hydroxyphenylacetate (hpa pathway), consists of a two-step reaction (55). In the first step, the 

hydratase HpaH catalyzes the formation of a 5-carboxyl substituted 4-hydroxy-2-oxopentanoate 

(2,4-dihydroxy-hept-2-ene-1,7-dioate) from 2-oxo-hept-3-ene-1,7-dioic acid. The final enzyme 

in the pathway is the class II pyruvate aldolase HpaI which cleaves 2,4-dihydroxy-hept-2-ene-

1,7-dioate to form pyruvate and succinic semialdehyde (56, 57). Intriguingly, the hydratase of 

the hpa pathway (HpaH) is orthologous to the hydratase BphH in the 3-step lower bph pathway, 

but the aldolase (HpaI) is not related at the sequence level to the aldolase of BphI, nor does it 

form a complex with another enzyme similar to the BphI-BphJ complex (Figure 1.3) (53). 

Degradation of protocatechuate, a key intermediate in the microbial degradation of 

diverse aromatic compounds, including vanillate, and syringate, also proceeds through a 

modified meta-cleavage pathway (3). The aromatic ring cleavage of protocatechuate in the 4,5-

cleavage pathway leads to the formation of a 4-carboxy-2-hydroxymuconate-6-semialdeyde 

intermediate. Depending on the bacterial strain this intermediate can be converted to 4-hydroxy-

4-methyl-2-oxoglutarate (HMG) via the hydrolytic branch of the pathway of 4-carboxy-4-

hydroxy-2-oxoadipate (CHA) via the oxidative branch (58). Both HMG and CHA are substrates 

for the HMG/CHA aldolase that catalyze the final enzymatic step in both pathways. The 

cleavage between C3 and C4 of the substrate leads to the formation of two molecules of pyruvate 

or a molecule of pyruvate and oxaloacetate in the case of HMG and CHA, respectively (59, 60), 
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which can then be shuttled to the TCA cycle (60).  HMG/CHA aldolase shares no sequence or 

structural similarities to HpaI and BphI. 

 Class II pyruvate aldolases play a key role in the catabolism of many aromatic 

compounds bridging the aromatic degradation pathway and central cellular metabolism, allowing 

the bacteria to utilize aromatic compounds as carbon and energy sources. Interestingly, the three 

class II pyruvate aldolases mentioned above catalyze a very similar reaction but display no 

sequence similarity suggesting that these three members may be related by convergent evolution 

(59, 61).  
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Figure 1.3 Comparison of the last steps of the biphenyl degradation and the 4-

hydroxyphenylacetate pathways. (A) Last three enzymatic steps of the bph pathway. (B) Last 

two enzymatic steps of the hpaI pathway. The hydratases HpaH and BphH share 35% sequence 

identity. However, HpaI and BphI do not share any sequence similarities. The biphenyl 

degradation pathway contains one additional enzyme, BphJ, an aldehyde dehydrogenase that 

associates with BphI. HpaI does not interact with a partner enzyme. 
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1.3 Aldolases 

The formation and breakage of carbon-carbon bonds is one of the most fundamental 

reactions in nature. In bacteria, this reaction is essential in both catabolism and anabolism of a 

wide variety of molecules including, but not limited to, aromatics, carbohydrates and keto acids 

(62). Nature provides various enzymes that are able to catalyze the reversible asymmetric C-C 

bond formation. These enzymes include transaldolases, transketolases, thiamine disphosphate-

dependent enzymes and oxynitrilases.  

Aldolases are a specific group of lyase that catalyze the reversible and often 

stereoselective addition of a donor compound (nucleophile), through an enolate or enamine 

generated at the active site of the aldolase, onto an acceptor compound (electrophile). 

Mechanistically, aldolases promote the abstraction of the α-proton of the carbonyl group, 

generating a carbon nucleophile bound at the active site and traditionally have been divided into 

two broad classes based on mechanism, rather than evolutionary relationships. In Class I 

aldolases, an enamine is produced by reaction between an amine (usually a lysine residue), and 

the substrate forming a Schiff base. In class II aldolases, an enolate is formed and a divalent 

cation stabilizes this carbanion intermediate and acts as a Lewis acid promoter. Aldolases have 

begun to receive much attention for their utility as biocatalysts in asymmetric organic chemistry 

(63, 64). 

Aldolases are sub-classified according to their carbonyl donor specificity (Figure 1.4) 

into: (i) dihydroxyacetone phosphate (DHAP)-dependent, (ii) glycine-dependent, (iii) 

acetaldehyde-dependent and (iv) pyruvate-dependent enzymes. While most aldolases can accept 
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a variety of electrophiles, they usually tolerate only small structural, isosteric modifications to 

the nucleophile. 

DHAP-dependent aldolases catalyze the reversible asymmetric aldol addition of DHAP 

to D-glyceraldehyde 3-phosphate or L-lactaldehyde. Aldolases which belong to this group 

include: fuculose 1-phosphate aldolase and the stereo-complementary rhamnulose 1-phosphate, 

and tagatose 1,6-disphosphate (TDP) aldolase and the stereocomplementary fructose 1,6-

diphosphate (FDP) aldolase. These aldolases typically utilize a tetrahedral coordinated Zn2+ ion 

as a cofactor (65, 66). Glycine-dependent aldolases utilize pyridoxal 5’-phosphate as a cofactor 

(67, 68) to form α-hydroxy-amino carbonic acids. The members of this group of aldolases 

include: serine hydroxymethyltransferase, L-phenylserine aldolase (L-threo-3-phenylserine 

benzaldehyde-lyase), D-3-hydroxyaspartate aldolase and threonine aldolase. Threonine aldolase 

catalyzes the interconversion of threonine to glycine and acetaldehyde (69-72) and is the best 

characterized member of this family. This family of aldolases is highly conserved with members 

in bacteria (73-75), and several eukaryotic organisms (75-77), including vertebrates (78) and 

plants (79). D-2-deoxyribose-5-phosphate aldolase (DERA) is currently the only known aldolase 

that accepts acetaldehyde as the carbonyl donor. DERA catalyzes the reversible aldol reaction of 

acetaldehyde and D-glyceraldehyde-3-phosphate to form 2-deoxyribose-5-phosphate. It is the 

only known aldolase to catalyze an aldol reaction between two aldehydes instead of between a 

ketone and an aldehyde. The enzyme exhibits broad substrate specificity accepting acetone, 

fluroacetone and propionaldehyde as carbonyl donors and a variety of aldehyde acceptors in 

addition to D-glyceraldehyde-3-phosphate. 
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Figure 1.4 Classification of aldolases based on the specificity of the carbonyl donor. Aldolases are divided into four types that are 

dependent on the carbonyl donor. It is important to note that this classification system is not evolutionary or class dependent and 

therefore aldolases within each type may catalyze the aldol reaction differently. R denotes additional carbons or modifications.  
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1.3.1 Class I Pyruvate Aldolases 

Class I aldolases have been intensively studied. There are a number of class I pyruvate 

aldolases including: N-acetylneuraminic acid (NAL) aldolase, 2-keto-3-deoxy-gluconate (KDG) 

aldolase, 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase and 2-keto-3-deoxy-6-

phosphogalactonate (KDPGal) aldolase.  

N-Acetylneuraminic acid aldolase, a tetrameric (α/β)8 barrel protein (80), catalyzes the 

reversible cleavage of N-acetylneuraminic acid to form pyruvate and N-acetyl-D-mannosamine 

acid (D-sialic acid) (81, 82). The enzyme is specific for pyruvate as the carbonyl donor but can 

utilize a variety of D- and some L-hexoses and pentoses as acceptor substrates (83). The enzyme 

is not stereospecific, but instead, the outcome of the condensation reaction depends on the 

acceptor substrate.  

KDPG and KDPGal aldolases, which have an (α/β)8 barrel fold (84-87), are found in the 

Entner-Doudoroff and DeLey-Doudoroff glycolytic pathways, respectively (88). These aldolases 

catalyze the identical reaction, but with si- and re-facial selectivity at C4, respectively, providing 

access to both stereochemical sequences. The Entner-Doudoroff pathway converts glucose to 

KDPG that undergoes aldol cleavage catalyzed by KDPG aldolase to form pyruvate and D-

glyceraldehyde-3-phosphate. Similarly, the DeLey-Doudoroff pathway converts galactose to 

KDPGal which is then converted to the same products through the aldol cleavage reaction 

catalyzed by KDPGal aldolase. Despite the fact that these aldolases show little sequence 

similarities at the amino acid level (89), the crystal structures of both these enzymes from E. coli 

show conservation of the substrate binding site. These aldolases are only able to utilize 
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aldehydes with polar groups at C2, C3 or C4 as substrates (90). However, KDPG aldolase, unlike 

KDPGal aldolase has been demonstrated to accept nucleophiles other than pyruvate, including 2-

oxobutyrate, phenylpyruvate and fluorobutanoate. Two key residues proposed to mediate KDPG 

aldolase activity (Phe-135 and Pro-136) are conserved in space in KDPGal aldolase (Phe-128 

and Pro-129) (89). Residues Ser-184, Gly-162 and Gly-163, which form the phosphate-binding 

pocket in KDPG aldolase, are also conserved in KDPGal aldolase (87, 91). 

 

1.3.2 Class II Pyruvate Aldolases 

The metal-dependent nature of these enzymes allows for the pyruvyl moiety of the 

substrate to bind the divalent metal ion in a bidentate fashion. A catalytic base abstracts the 

proton from the C4-OH of the substrate resulting in cleavage between C3 and C4. Coordination 

of pyruvate allows the divalent metal to function as a Lewis acid, polarizing the carbonyl bond of 

the substrate (92). This group of aldolases has an octahedral coordinated divalent metal ion, 

which is usually Mg2+ or Mn2+ (93, 94). All class II pyruvate aldolases characterized to date 

catalyze pyruvate C3 proton exchange, are inhibited by oxalate, and exhibit secondary 

oxaloacetate decarboxylase activity (53, 56, 59), supporting the premise that the reaction 

generates a pyruvate enolate intermediate (95). These convergently evolved enzymes contain an 

essential arginine residue in the active site that is proposed to stabilize the enolate anion (56, 59). 

Protonation of the pyruvate enolate by a catalytic acid completes the reaction. It is important to 

note that the proposed catalytic residues are not conserved in this family and while these catalyze 

a very similar reaction, they exhibit differences in structure, reaction order and stereoselectivity. 
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 HpaI (also known as HpcH) catalyzes the reversible aldol cleavage of 4-hydroxy-2-oxo-

heptane-1,7-dioate into pyruvate and succinic semialdehyde. The crystal structure of HpaI from 

E. coli (PDB 2V5K) with the substrate analogue oxamate bound shows that the aldolase adopts a 

TIM barrel fold with α-helix 8 pointing away from the core of each protomer, forming a domain-

swapped dimer with the neighboring 2-fold related subunit (96). The oligomeric unit of the 

aldolase is a hexamer composed of a trimer of dimers. The large active site cavity is formed 

between adjacent subunits and contains a number of highly functionalized residues. While 

residues involved in substrate specificity have not been determined, the aldolase has been 

demonstrated to utilize both pyruvate and 2-oxobutyrate as carbonyl donors (61). The large 

active site cleft has been implicated in the broad substrate specificity, reaction mechanism and 

lack of stereochemical control of the reaction. The enzyme exhibits broad specificity for the 

electrophile with a preference for longer linear alkyl chains and those containing C2-OH 

substitutions (61). HpaI exhibits a rapid equilibrium random order mechanism allowing for either 

the carbonyl donor, which interacts with the divalent metal ion at the back of the active site, or 

the electrophile to leave the active site first (61). 

Based on the oxamate bound structure, Arg-70 and His-45 are implicated as catalytic 

residues. Arg-70 is ~4 Å from the pyruvate methyl carbon and 3.5 Å from the pyruvate carbonyl 

oxygen. Kinetic experiments using a R70A variant indicated that the enzyme is devoid of both 

aldolase and decarboxylase activities and is also unable to catalyze C3 pyruvate proton exchange 

(56) (Figure 1.5A). In comparison, the H45A and H45Q variants, designed to probe the function 

of the catalytic base, exhibited 780- and 2059-fold decreases in kcat, respectively, relative to the 
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wild-type enzyme (57). A role for catalytic water has also been proposed in HpaI. This is 

supported by data from its homologs, DDG aldolase (93) and YfaU (97), in which crystal 

structures show a water molecule between the proposed catalytic base and metal ligand. It is 

thought that this water may be involved in proton abstraction (57, 93, 97).  

4-Hydroxy-4-methyl-2-oxoglutarate/5-carboxy-4-hydroxy-2-oxoadipate (HMG/CHA) 

aldolase (HMG/CHA aldolase) is another pyruvate aldolase that catalyzes the final step in the 

aromatic degradation of protocatechuate (58). The preferred substrates of the aldolase are 4-

hydroxy-2-oxoacids with a 4-carboxylate substitution and thus the aldolase catalyzes the aldol 

cleavage of both 4-hydroxy-4-methyl-2-oxoglutarate (HMG) and 4-carboxy-4-hydroxy-2-

oxoadipate (CHA) by abstracting the proton of the C4-OH leading to cleavage between C3 and 

C4. The cleavage of HMG results in two molecules of pyruvate while that of CHA results in the 

formation of pyruvate and oxaloacetate.  

 Recently a 1.8 Å resolution X-ray crystal structure of HMG/CHA from P. putida F1 was 

solved, providing insights as to how catalysis occurs (59). While many class II pyruvate 

aldolases including HpaI, DmpG, fructose 1,6-bisphosphate aldolase (98), dihydropteroate 

synthases (99) and 3-deoxy-D-manno-octulosonate 8-phosphate synthase (100) adopt TIM barrel 

folds (94, 96), the structure revealed that the aldolase protomer consists of a four-layered α-β-β-α 

sandwich structure which is a novel fold for aldolases (101). The oligomeric unit of the enzyme 

is a 146-kDa hexamer, consistent with the molecular mass determined experimentally by gel 

filtration. Similar to the class II pyruvate aldolase HpaI, the active site is found in a cleft between 

adjacent protomers with residues from both protomers contributing residues. Three metal ligands 
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are found in the active site, Asp-124 and three water molecules are ligated to a bound Mg2+ 

cation. These conserved water molecules are bound by Asp-102 and Glu-199 of the adjacent 

protomer (Figure 1.5B). Pyruvate binds the magnesium ion through both carboxylate and keto 

oxygen atoms, completing the octahedral geometry. The guanidinium group of the conserved 

arginine residue (Arg-123 in HMG/CHA aldolase) forms a hydrogen bond with the carbonyl 

oxygen of pyruvate. Modeling of the HMG substrate in the active site suggests that this residue 

may also interact with the C4-OH of the substrate. Mutagenesis of Arg-123 to alanine revealed 

that, analogous to HpaI, this residue is essential for catalysis (59). Interestingly, HMG/CHA 

aldolase does not exhibit strict stereochemical control but appears to exhibit a stereopreference 

for the L-isomer of HMG (102). However, the molecular basis of this specificity is currently 

unknown and the catalytic base and acid of the aldolase remain to be experimentally determined. 

The pH dependence of the kcat/Km and kcat for the enzyme is consistent with a single 

deprotonation with pKa values of approximately 8 and 7 for free enzyme and enzyme substrate 

complex, respectively (59). Two water molecules are proposed to be the catalytic base and acid, 

respectively, given their location in the active site and lack of apparent residues that could 

otherwise fulfill these functions. However, water molecules are unlikely to have pKa values of ~7 

or 8. 
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Figure 1.5 Structural convergence in the active sites of the Class II pyruvate aldolases HpaI 

and HMG/CHA aldolase. (A) Active site of HpaI (PDB 2V5K) (B) Active site of HMG/CHA 

aldolase (PDB 3NOJ). All residues are labeled. Note that both active sites contain a metal ion 

that is ligated in an octahedral configuration. Conserved arginine residues, Arg-70 in HpaI and 

Arg-123 in HMG/CHA aldolase interact with the carboxylate of the bound ligand. The HpaI 

structure contains the transition state analog oxamate, with carbon atoms depicted in grey while 

HMG/CHA aldolase is bound with the product of the aldol cleavage reaction, pyruvate, with 

carbon atoms depicted in yellow. 
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1.4 Aldolase-Dehydrogenase Complexes 
 

Bacterial aldolase-dehydrogenase complexes catalyze the last steps in the meta-cleavage 

pathway of aromatic hydrocarbon degradation (103). Studies of these complexes have been 

hampered by the inability to separately express the aldolase and dehydrogenase in heterologous 

hosts as complex formation is required for solubility and enzymatic activity (53, 104, 105). To 

date, only SanM and SanN from Streptomyces ansochromogenes, the aldolase and 

dehydrogenase involved in nikkomycin biosynthesis (106), have been successfully expressed 

independently in Streptomyces lividans. Limited biochemical characterization, focusing on 

deciphering the functions of these enzymes in the nikkomycin biosynthetic pathway, has shown 

that while purified dehydrogenase SanN is catalytically active, the aldolase, SanM, is not active 

unless it is in complex with SanN (104). 

 The BphI-BphJ complex has been successfully co-expressed in soluble form in E. coli 

BL21 λDE3. The aldolase exhibits maximal activity with Mn2+ as cofactor and is able to convert 

racemic 4-hydroxy-2-oxoacids up to seven carbons in length to pyruvate and the corresponding 

aldehyde (53). BphI is inhibited by oxalate, exhibits secondary oxaloacetate decarboxylase 

activity and was observed to catalyze the C3 methyl pyruvate proton exchange. Preliminary 

characterization suggests that Arg-16 may be essential for catalysis. Interestingly 0.4 mM NADH, 

the cofactor for the dehydrogenase BphJ, was observed to allosterically activate the aldol 

cleavage of BphI by approximately 5-fold (53).  
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1.4.1 The Structure of the DmpG-DmpF Aldolase-Dehydrogenase Complex 

The crystal structure of DmpG, an ortholog of BphI from the phenol degradation pathway 

of Pseudomonas putida CF600, has been determined (sequence 56% identical and 70% similar to 

that of BphI) (94). DmpG-DmpF is a 140 kDa tetramer consisting of two DmpG-DmpF 

heterodimers and are assembled such that the DmpG subunits (aldolase) from each heterodimer 

contact each other to form the core and the DmpF subunits (dehydrogenase) are located at the 

peripheral ends of the tetrameric structure (Figure 1.6A) (94). Subjected to a wide variety of 

separation procedures involving both low- and high-ionic-strength solutions, the aldolase and 

dehydrogenase activities maintained a similar ratio through each step (54). This suggests that the 

proteins are intimately associated with one another and that separation of the complex would 

require relatively harsh conditions (54).  

DmpG is composed of an N-terminal (α/β)8 TIM-barrel domain, with the active site  

located at the N-terminal end of the last ß-strand (Figure 1.6B) (94, 107). A C-terminal α-helical 

communication domain provides a significant number of inter-subunit contacts with DmpF, 

playing a key role in both the formation of the heterodimer and the formation of a tunnel that is 

proposed to channel an aldehyde intermediate produced during the aldol cleavage reaction to the 

active site of DmpF. An opening positioned between the barrel domain and the communication 

domain extends from the external aqueous environment towards the DmpG active site providing 

an entry point by which the HOPA substrate may access the DmpG active site. The solvent-

accessible pathway is obstructed by the side chain of His-21. A torsional movement of the His-

21 side chain has been proposed to open the active site for substrate entry. 
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The fold of DmpF resembles that of the glyceraldehyde-3-phosphate dehydrogenase 

enzyme family (108-110) and is organized into two domains: an NAD+ binding domain, 

(Rossmann fold), and a dimerization domain (94). A key difference between DmpF and BphJ is 

the presence of an additional sixteen residues in the communication domain (residues 251-267 in 

DmpF) that form a loop like structure in DmpF and are thought to provide additional support to 

the dimer interactions with residues in DmpG. The active site of DmpF is located at the interface 

between the NAD+-binding domain and the dimerization domain.  
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Figure 1.6 Crystal structure of DmpG-DmpF from Pseudomonas putida CF600. (A) Cartoon 

representation of the heterotetrameric organization of the aldolase-dehydrogenase complex. This 

shows that the tetrameric configuration is composed of association between two aldolase 

(DmpG) protomers, shown in purple, each of which is associated with a dehydrogenase (DmpF), 

shown in cyan. (B) Domains of each respective protomer. The aldolase (DmpG) is composed of 

an N-terminal HMGL-like domain (blue) and a C-terminal communication domain (red). The 

dehydrogenase (DmpF) is composed of an N-terminal NAD+ binding domain (green) and a C-

terminal dimerization domain (yellow). 
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The entrance of the dehydrogenase active site is made up of three hydrophobic residues, Ile-172, 

Ile-196 and Met-198, thought to act as a second barrier in the channel between the aldolase and 

dehydrogenase (94). A rotameric change of Ile-172 is observed between the apo and holo 

structures, facilitated by interactions between Asn-171 and NAD+ (94). It is hypothesized that 

the movement of Ile-172 is induced by interactions between Asn-171 and the NAD+ cofactor and 

multiple rotameric conformations of Ile-196 and Met-198 create a structural rearrangement 

maintaining the channel in an “open” position, allowing the acetaldehyde intermediate to enter 

the dehydrogenase active site (94). These residues are conserved in BphJ, with the exception of 

Met-198 which is replaced with leucine. 

 
 
1.5 DRE-TIM Metallolyase Superfamily 

BphI is a member of the DRE metallolyase superfamily whose members contain the 

HMGL-like TIM barrel motif. While members of this family catalyze different overall reactions, 

they share three common characteristics: (i) catalysis results in the formation of an enolate anion, 

(ii) the enolate is stabilized by a positively charged group, and (iii) an invariant aspartate residue 

acts as a ligand to the metal cation (Figure 1.7). All enzymes also share a common metal-ligand 

sphere composed of an aspartate and two histidine residues in a classical HXH motif (Figure 1.8).  

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) lyase is a mitochondrial enzyme 

that catalyzes the cleavage of HMG-CoA to acetoacetate and acetyl-CoA, the last step of ketone 

body synthesis and leucine catabolism (111). Human HMG-CoA lyase has been intensively 

studied, as mutations of HMG-CoA lyase are associated with hereditary HMG-CoA lyase 
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deficiency diseases (112). The crystal structure of the human (PDB 3MP5) enzyme revealed that 

the bound Mg2+ ion employs octahedral coordination with four conserved amino acid side chains 

(Asp-42, His-233, His-235 and Asn-275) and two water molecules (113, 114). The contribution 

of these metal ligands has been intensively studied. For example, substitution of His-233, the 

first histidine in the HXH metal-binding motif with arginine, alanine or asparate resulted in a 

104–fold reduction in catalytic activity (115, 116). Mutation of His-235 severely compromised 

the ability of the enzyme to bind the divalent metal ion (117) while elimination of the carboxyl 

group of Asp-42 perturbed metal binding, but not substrate binding (118). 
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Figure 1.7 Schematic overview of reactions catalyzed by enzymes in the DRE Metallolyase superfamily. All reactions produce 

an enolate anion intermediate which is stabilized a positively charged group denoted as X+. (A) HMG-CoA lyase cleaves 3-hydroxy-3-

methylglutaryl-CoA to form acetoacetate and acetyl-CoA, (B) 2-isopropylmalate synthetase cleaves 2-isopropylmalonyl-CoA to form 

α-ketoisovalerate and acetyl-CoA, (C) DmpG cleaves 4-hydroxy-2-oxopentanoate to form pyruvate and acetaldehyde, (D) 

transcarboxylation 5S cleaves oxaloacetate to form pyruvate and a carbamylated lysine. BH represents a general base that 

deprotonates a hydroxyl group to initiate carbon-carbon bond cleavage and HA represents a general acid that protonates the enolate to 

generate a ketone. This figure is modified from (119). 
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Figure 1.8 Structural overlay of enzymes in the DRE superfamily. (A) Overlay of HMGL-

like TIM barrel domain in cartoon representation. (B) Active sites of enzymes from the structural 

alignment in (A) showing the conserved arginine and metal ligands (Asp-His-His). DmpG from 

P. putida CF 600 (PDB 1NVM) is shown in green, HMG-CoA lyase from B. subtilis (PDB 

1YDO) is shown in pink, LeuA (α-ispropylmalate synthase) from M. tuberculosis (PDB 1SR9) is 

shown in yellow and transcarboxylase 5S from P. shermanii (PDB 1RQH) is shown cyan. 

Colours of residues correspond to the structure in (A) and numbers correspond to amino acid 

residues in DmpG. The metal ligand is not depicted.  
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Two residues, Arg-41 and Cys-266, have been implicated in enzyme activity (115, 120). 

It is hypothesized that Cys-266, located on a flexible loop, may undergo a conformation change 

upon substrate binding to bring this residue into close proximity, allowing it to participate in 

general base catalysis (113, 119). This is supported by the observed pKa of 8.0 in the pH profile 

for the WT enzyme (121). Water situated in close proximity to C2 and C3 of the bound acyl-

CoA in ternary complex structures has also been proposed as a candidate for the catalytic base or 

acid (114). In comparison, substitution of Arg-41, which is conserved among all members, with 

either glutamine or methionine, resulted in a 105-106-fold reduction in catalytic activity (120). 

This effect could not be attributed solely to alterations in structure or metal-binding. In addition, 

proton NMR studies indicated that R41Q and R41M variants were unable to catalyze methyl 

proton exchange of acetyldithio-CoA, an analog of the natural product acetyl-CoA. Together, 

these results are consistent with the involvement of Arg-41 in catalysis, stabilizing the 

intermediate. 

α-Isopropylmalate synthase, often referred to in the literature as LeuA, is another member 

of the DRE-TIM metallolyase superfamily (119). The enzyme catalyzes the first committed step 

in L-leucine biosynthesis catalyzing a Claisen-type condensation of α-ketoisovalerate and acetyl-

CoA and the subsequent hydrolysis of α-isopropylmalate-CoA to generate the products CoA and 

α-isopropylmalate (122). The hydrolysis of α-isopropylmalate-CoA occurs without formation of 

a cyclic anhydride intermediate (123). The crystal structure of LeuA from M. tuberculosis (PDB 

1SR9) revealed a tightly associated domain-swapped dimer in which each 70 kDa protomer 

comprises an (α/β)8 TIM barrel catalytic domain, a helical linker domain, and a regulatory 
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domain of novel fold (124). The bound Zn2+ ion is coordinated by three amino acids: Asp-81, 

His-285 and His-287. Three octahedral coordination sites remain and are filled in the enzyme-

substrate complex by a water molecule and two carbonyl oxygens of the substrate α-

ketoisovalerate. Based on this structure both His-397 and Glu-218 have been proposed as the 

catalytic base. Kinetic evidence has suggested that two catalytic bases are required for maximal 

catalytic activity, with both having estimated pKa values of ~6.7. Solvent isotope data has also 

suggested the involvement of a non-metal ligated catalytic water in the hydrolysis of α-

isopropylmalyl-CoA (123). 

 α-Isopropylmalate synthase has been demonstrated to be allosterically regulated through 

the binding of L-leucine to the regulatory domain of the enzyme (125). Interestingly, a single 

Y410F variant, a conserved residue located in the active site, was observed to be insensitive to L-

leucine binding and it is hypothesized that this mutant disrupts the allosteric network (126). 

Recent evidence of α-isopropylmalate synthase from Neisseria meningitides suggests that the C-

terminal regulatory domain is essential for the enzyme to catalyze the aldol reaction. However, in 

the absence of regulatory domain, the enzyme retains the ability to hydrolyze acetyl-CoA 

independently of α-ketoisovalerate, at a rate similar to that of the wild type enzyme (127). This 

implies that the regulatory domain is not only required to control enzymatic activity, but may 

also assist in the positioning of key residues in the active site. 

The 5S subunit of transcarboxylase represents another member of the superfamily. 

Transcarboxylase is a multi-enzyme complex composed of three subunit; 12S, 5S and 1.3S (128, 

129), which together transfer a carboxyl group from methylmalonly-CoA to pyruvate via two 
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carboxylation half-reactions to form oxaloacetate and propionyl-CoA (130). Specifically, the 5S 

subunit of transcarboxylase catalyzes the production of oxaloacetate by the addition of pyruvate 

and carboxylate. Based on the crystal structure of transcarboxylase 5S from Propionibacterium 

shermanii (PDB 1RQE), the metal ligands are Asp-23, His-215 and His-217 with one water 

molecule and the two carboxylate oxygens of oxaloacetate completing the octahedral 

configuration with the bound Co2+ ion (131). The conserved arginine residue (Arg-22) forms 

hydrogen bonds to the carbonyl group of pyruvate and oxaloacetate in substrate-bound structures. 

Of note is the carbamoylation of Lys-184 in the active site of the enzyme. While this 

modification was unexpected and is rare in enzyme active sites [a well studied example of 

carbamoylated Lys is observed in Rubisco (132, 133)], it is anticipated that this modification is 

physiologically relevant, allowing for the stabilization of metal ion binding, as observed in the 

crystal structure, rather than a direct role in catalysis. Mutation of this residue demonstrated that 

it is indispensable for catalytic activity (131), however this result is inconclusive as metal 

binding in this variant was not assessed. In the active site, Met-186 packs against Lys-184 in the 

apo structure but against ligands in the pyruvate, oxaloacetate and 2-ketobutyrate holo structures. 

It is hypothesized that Met-186 must play a role in substrate binding and stabilizing Lys-184. 

Finally, substitution of an active site Cys-154 with alanine resulted in a 2-fold reduction in 

catalytic activity, indicating that it is not essential for enzyme function (131). 

The catalytic residues do not appear to be conserved within members of the DRE 

superfamily and the catalytic mechanisms of this superfamily remain unresolved. Therefore, 
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further study on these enzymes, including BphI or DmpG, are required to elucidate the 

similarities and differences in the catalytic mechanisms. 

 
1.6 Aldehyde Dehydrogenases 

The aldehyde dehydrogenase (ALDH) superfamily represents a group of NAD(P)+-

dependent enzymes (134, 135) that catalyze the oxidation of a wide spectrum of aldehydes. The 

superfamily is observed across prokaryotic and eukaryotic organisms (136) and most well-

studied organisms are known to have several distinct ALDHs. All members of this superfamily 

are thought to have evolved from a common ancestor (135, 137), and are divided mechanistically 

into two families, phosphorylating and non-phosphorylating ALDHs. 

Aldehyde dehydrogenases share a similar chemical mechanism involving two major 

steps: (i) an acylation step common to both families and, (ii) a deacylation step that differs by 

nature of the acyl acceptor (138, 139). The acylation step involves the formation of a 

thiohemiacetal intermediate via the nucleophilic attack of a catalytic cysteine (140), followed by 

an oxido-reduction process, facilitated by a NAD(P)+ cofactor, leading to the formation of a 

thioacylenzyme intermediate. In the phosphorylating ALDH family, inorganic phosphate acts as 

an acyl-acceptor, leading to the formation of phosphoesters (139). In the non-phosphorylating 

family the thioacylenzyme intermediate undergoes nucleophilic attack by either a water molecule 

(CoA-independent) or a CoA molecule (CoA-dependent), leading to either non-activated or 

CoA-activated acids, respectively (Figure 1.9) (139).  
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Figure 1.9 Mechanistic differences between non-phosphorylating hydrolytic and 

acylating ALDHs. The acylating step is common to both classes of non-phosphorylating 

ALDHs and begins with the nucleophile attack on the carbonyl carbon of the aldehyde forming a 

thiohemiacetal intermediate. A hydride atom is eliminated and reacts with NAD(P)+ to form 

NAD(P)H, forming a thioacylenzyme intermediate. (A) Deacylation in hydrolytic ALDHs occurs 

when activated water makes a nucleophilic attack on the carbonyl carbon of the thioacylenzyme 

intermediate resulting in the formation of an acid. (B) Thioesterification in acylating ALDHs 

occurs through the nucleophilic attack of CoA on the thioacylenzyme intermediate, resulting in 

the formation of an acyl-CoA. 
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Previous studies have highlighted major differences in the kinetic mechanism of ALDHs 

depending upon the nature of the deacylation step following the oxido-reduction process. Non-

phosphorylating CoA-independent ALDHs exhibit an ordered sequential mechanism in which 

the reduced cofactor dissociates last (141, 142). In comparison CoA-dependent enzymes have 

been demonstrated kinetically to exhibit a “ping-pong” kinetic model with respect to the 

NAD(P)+ and CoA cofactors (143-145). 

Beyond the general classification based on catalytic mechanism, ALDHs have been 

further categorized based on phylogenetic clustering and substrate specificity. Fourteen different 

families have been proposed based on phylogenetic information (137). Based on substrate 

specificities, ALDHs may be categorized as: (i) semialdehyde dehydrogenases, (ii) nonspecific 

ALDHs, (iii) betaine dehydrogenases, (iv) non-phosphorylating glyceraldehyde 3-phosphate 

dehydrogenase, (v) phenylacetaldehyde dehydrogenase, (vi) lactaldehyde dehydrogenase, and 

(vii) ALDH-like proteins (134).  

BphJ and its orthologs do not fit within either of these classification systems. Structurally, 

DmpF, a close ortholog of BphJ (55% sequence identity to BphJ), resembles aspartate β-

semialdehyde dehydrogenase and phosphorylating glyceraldehyde-3-phosphate dehydrogenase 

(Figure 1.10), but mechanistically it is similar to methylmalonate-semialdehyde dehydrogenase, 

a well characterized non-phosphorylating, CoA-dependent aldehyde dehydrogenase. A common 

feature shared by these enzymes is the formation of a thioacylenzyme intermediate and the 

presence of an oxyanion hole that stabilizes the thiohemiacetal oxyanion prior to hydride transfer 

from the nicotinamide coenzyme (109, 146, 147). The oxyanion hole, in ALDHs which are 
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structurally similar to DmpF, is thought to be composed of the backbone amide nitrogen from the 

catalytic cysteine, and the side-chain amide nitrogen of a conserved asparagine residue (148, 

149). An asparagine residue is observed in the active site of DmpF (conserved in BphJ), however, 

it is not in an equivalent position to those in GAPDH and ASADH and the rotameric 

configuration of the residue in the NAD+ bound structure suggests that it does not form an 

oxyanion hole.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  34 

 

 

 

 

 

Figure 1.10 Superimposition of the CoA-dependent acetaldehyde dehydrogenase DmpF 

with other ALDHs. (A) Superimposition of the structure of DmpF with ASADHs. (B) 

Superimposition of the structure of DmpF with GAPDHs. DmpF from Pseudomonas putida 

CF600 (PDB 1NVM) is shown in pink, ASADH from Vibrio cholerae (PDB 2R00) RMSD of 

2.7 Å is shown in green, ASADH from Streptococcus pneumoniae (PDB 2GZ3) RMSD of 2.6 Å 

is shown in teal, glyceraldehyde, phosphorylating GAPDH from Bacillus stearothermophilius 

(PDB 3CMC) RMSD of 2.6 Å is shown in yellow and GAPDH from Arabidopsis thaliana (PDB 

3K2B) RMSD of 2.7 Å is depicted in tan. 
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The physiological reaction catalyzed by ASADH is the reductive dephosphorylation of β-

aspartyl phosphate to produce aspartate-β-semialdehyde, coupled with the oxidation of NADPH, 

while phosphorylating GAPDH catalyzes the reversible oxidative phosphorylation of D-

glyceraldehyde-3-phosphate into 1,3-diphosphoglycerate in the presence of inorganic phosphate 

and NAD(P)+ (Figure 1.11). A number of crystal structures of phosphorylating ALDHs have 

been solved and a few containing a bound thioacylenzyme intermediate have been reported for 

ASADH and GAPDH enzymes (138, 150-152) which has resulted in the identification of 

invariant functional residues. Phosphorylating GAPDHs contain two phosphate binding sites; the 

first denoted as “Ps” is responsible for binding the C3 phosphate group of D-glyeraldehyde-3-

phosphate while a second binding site, denoted as “Pi”, is responsible for binding inorganic 

phosphate ion. In all bacterial and eukaryotic GAPDHs the Ps site is in an identical location (153-

155) and is composed of the invariant arginine and threonine residues (Arg-231 and Thr-179 in 

GAPDH from Bacillus stearothermophilus) (156). However, there is still debate as to where the 

Pi site is located. Two residues which are essential for catalysis are the catalytic cysteine and 

histidine (Cys-149 and His-176 in GAPDH of Bacillus stearothermophilus). A number of roles 

of the histidine, located proximal to the catalytic thiol have been proposed including; (i) a 

chemical activator for enhancing the reactivity of the catalytic thiol (150, 157-159), (ii) a 

stabilizer of the tetrahedral transition state, (c) a base catalyst facilitating hydride transfers to 

NAD+ (160, 161).  
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Figure 1.11 Differences in substrate specificity between BphJ and structurally and 

mechanistically related ALDHs. Aspartate β-semialdehyde dehydrogenase and glyceraldehyde 

3-phosphate dehydrogenase catalyze the reversible phosphorylation of aspartate-β-semialdehyde 

to β-aspartyl phosphate and the phosphorylation of D-glyceraldehyde-3-phosphate into 1,3-

diphosphoglycerate, respectively. In contrast methylmalonate-semialdehyde dehydrogenase 

catalyzes the decarboxylation of methylmalonate-semialdehyde and subsequent acylation with 

CoA to form propionyl-CoA. Similarly, acetaldehyde dehydrogenases, such as BphJ, result in the 

formation of acetyl-CoA from acetaldehyde and utilizing NAD+ and CoA as cofactors. 
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Similarly, ASADH requires both the catalytic thiol and the conserved histidine. In 

addition, a conserved Arg-245 from the crystal structure of ASADH from Streptococcus 

pneumoniae (151) aligns with Arg-231 in GAPDH of Bacillus stearothermophilus (PDB 1NQA), 

and is involved in binding the 3C phosphate group (162). While Glu-220 is highly conserved 

among ASADHs, its role in catalysis has not been definitively established (163). However, 

crystal structures indicate that the residue provides a side-chain carboxyl group that interacts 

with the α-amino group of L-aspartate-β-semialdehyde (151, 164).  

Numerous crystal structures of homotetrameric and homodimeric non-phosphorylating 

CoA-independent ALDHs have been solved which show nearly identical structural features at 

the secondary, tertiary and quaternary levels (149, 165, 166). Several amino acids have been 

implicated as critical for catalysis. For example, the active site of non-phosphorylating 

glyceraldehyde-3-phosphate from Streptococcus mutans contains three critical components; (i) 

an oxyanion-hole composed of the side-chain of invariant Asn-169 and the NH-group of Cys-

302 permitting the efficient hydride transfer without base-catalyst assistance (109),  (ii) Cys-302 

which functions as the catalytic thiol (148), and (iii) Glu-268 that functions to orient and activate 

the attacking water molecule (141). 

The best-characterized family of non-phosphorylating CoA-dependent ALDH is 

methylmalonate-semialdehyde dehydrogenases (MSDHs), which are present in a wide variety of 

prokaryotic and eukaryotic organisms. MSDHs from many bacterial species are involved in the 

valine and myoinositol catabolism (167-170). To date, the MSDH from B. subtilis is the most 

extensively characterized CoA-dependent ALDH (139, 171). This homotetrameric enzyme 

catalyzes the conversion of 2-methyl-3-oxopropanoate to propionyl-CoA utilizing NAD+ and 

CoASH as cofactors. In addition, the enzyme is the only known ALDH to catalyze a β-
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decarboxylation in addition to the transthioesterification step. The enzyme contains conserved 

catalytic cysteine and asparagine residues similar to non-phosphorylating glycerlaldehyde-3-

phosphate dehydrogenase but lacks Glu-268, consistent with the non-efficient hydrolytic activity 

exhibited by MSDH.  

 

1.6.1 Acetaldehyde dehydrogenases 

The acetaldehyde dehydrogenases BphJ and DmpF catalyze the formation of acetyl-CoA 

from acetaldehyde. Unlike other ALDHs which form homodimers or homotetramers, this family 

of ALDHs forms a heterotetrameric complex with a 4-hydroxy-2-oxopentanoate aldolase (53). 

DmpF is structurally similar to phosphorylating ALDHs but is catalytically and kinetically 

similar to non-phosporylating, CoA-dependent ALDHs. No crystal structures have been solved 

to date of a non-phosphorylating acylating dehydrogenase bound with the CoA cofactor. Kinetic 

evidence in methylmalonate-semiladehyde dehydrogenase suggests that the CoA-binding site is 

distinct from that of NAD(H) (171). In contrast, hydrogen-deuterium exchange experiments in 

DmpF have demonstrated that NAD+ and CoA must share a similar binding site (172). This 

represents the first demonstrated example of a Rossmann fold that is able to alternatively bind 

both cofactors. However, overlapping ligand binding site have also been associated with the 

Rossmann fold in a number of other enzymes. For instance, glyceraldehyde-3-phosphate 

dehydrogenase (structurally similar to DmpF) binds RNA and DNA competitively with 

NAD+/NADH at the Rossmann fold, and other dehydrogenases such as alcohol dehydrogenase 

and lactate dehydrogenase bind RNA at the pyridine nucleotide cofactor binding site (173).  

The active site of DmpF is located at the interface between the NAD+-binding domain 

and the dimerization domain (94). The absence of the conserved functional groups, with the 
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exception of a putative catalytic cysteine, in comparison with either phosphorylating or non-

phosphorylating ALDHs suggests that BphJ must utilize a different mechanism. Superimposition 

of the holo and apo forms of DmpF reveals significant movement of the cofactor-binding domain, 

relative to the dimerization domain. In the NAD+-bound form, the cofactor-binding domain 

rotates towards the dimerization domain, resulting in a more closed conformation relative to the 

apo form (94, 174). Similar to observations from other aldehyde dehydrogenases, it appears that 

the putative catalytic cysteine in DmpF adopts two conformations (138, 166). Studies of ALDH 

indicate that the catalytic cysteine is deprotonated by another residue, such as glutamic acid, as 

observed in non-phosphorylating GAPDH, to increase its nucleophilicity for attack at the 

carbonyl carbon of the aldehyde substrate (175, 176). It has been proposed that Asp-209 in 

DmpF (Asp-208 in BphJ) may fulfill this role. The crystal structure of apo DmpF reveals a 

bound water molecule positioned between Asp-209 and Cys-132 (94). Relative to other ALDHs, 

the active site of DmpF is primarily hydrophobic, which is consistent with the physiological 

aliphatic aldehydes that the enzyme is proposed to utilize. 

Given the unique properties of BphJ relative to other members of the ALDH superfamily 

the mechanisms involved in catalysis and substrate specificity remain unknown and requires 

further enquiry.  

 
1.7 Substrate Channeling in Protein Complexes 
 

The term “substrate channeling” is used to describe a coupled enzymatic reaction in 

which a common intermediate is transferred from one enzyme to the other without diffusion into 

the bulk solvent (177). Substrate channeling has been documented in vitro and in vivo in both 

prokaryotic and eukaryotic organisms, and there are numerous inherent advantages for 

channeling metabolites between enzymes (178-180). These include: (i) isolating intermediates 
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from competing reactions, (ii) circumventing unfavorable equilibria and kinetics, and (iii) 

protecting or sequestering unstable or volatile intermediates (177, 178). The mechanisms of 

substrate channeling are diverse but typically are divided into three mechanisms. In the first, 

channeling occurs when the active sites of two enzymes are transiently brought into contact with 

each other, forming an enclosure that permits direct transfer of the intermediate and sterically 

prevents its escape into the bulk phase. In the second mechanism, the proximity of active sites 

may be sufficient for channeling between the sites on soluble multifunctional enzymes. In this 

scenario local interactions are important in preventing a portion of the substrate intermediate 

from escaping into the bulk phase. An example of such a process is electrostatic channeling, 

which uses the favorable electrostatic field between adjacent enzyme sites to constrain a 

significant fraction of the intermediate within the channeling path. The classical substrate 

channeling mechanism is the transfer of the substrate intermediate between active sites in a 

stable multi-enzyme complex.  

The best characterized channeling mechanism is associated with the tryptophan synthase 

α2β2 complex, which catalyzes the final two reactions in the biosynthesis of tryptophan (181).  In 

bacteria, the two reactions are catalyzed by separate α and β subunits, which combine to form a 

stable multi-enzyme complex (α2β2 tetramer). In yeast and molds the two subunit reactions are 

catalyzed by separate α and β sites in a single bifunctional polypeptide chain (182). The α 

subunit catalyzes the formation of indole and glyeraldehyde-3-phosphate (G3P) from a retro-

aldol cleavage of indole-3-glyercol phosphate (IGP). The β subunit catalyzes the β-replacement 

reaction in which indole and serine condense to form tryptophan in a pyridoxal phosphate (PLP) 

dependent reaction (183). The active sites of the α and β subunits are located 25-30 Å apart, and 

are connected via a hydrophobic intramolecular tunnel that acts as a conduit to channel indole 
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(183-185). Several structures in the presence of different ligands have revealed a number of 

ligand-induced conformational changes that may be important in channeling the indole 

intermediate and for allosteric communication between the α and β subunits (185-188). Kinetic 

studies have subsequently established that this tunnel is responsible for channeling indole 

between the α and β sites (189-191). The structure and function of this channel have also been 

probed using site-directed mutagenesis to block or partially occlude the tunnel, resulting in 

impairment of substrate channeling (192, 193). In addition, tryptophan synthase exhibits 

allosteric interactions which allow the bifunctional enzyme to synchronize the reactions, thereby 

preventing the build-up of excess intermediate (194-197). The presence of L-serine at the β-site 

increases the cleavage of indole-3-glyceral phosphate in the α-subunit by approximately 30-fold 

(189). 

Carbamoyl phosphate synthetase (CPS), which catalyzes the synthesis of carbamoyl 

phosphate from bicarbonate, glutamine, and two molecules of ATP is another multi-enzyme 

channeling complex (198). CPS from E. coli is composed of two subunits: a small 

monofunctional glutamine amidotransferase (α) and a large, bifunctional subunit (β). The N-

terminus of this subunit catalyzes the production of carboxyphosphate that reacts with NH3 to 

form carbamate, while the C-terminal half catalyzes the phosphorylation of carbamate (199). The 

crystal structure of a ligand bound form of the enzyme complex revealed that the three active 

sites are far apart with the glutamine binding site of the small α subunit located 45 Å from the 

ADP site from the N-terminus of the β subunit, which is 35 Å from the ADP site in the 

carbamoyl phosphate domain on the C-terminus of the β subunit (200, 201). The crystal structure 

revealed a tunnel of at least 96 Å by which intermediates pass between active sites. While the 

average minimum radius of the tunnel (3.2-3.5 Å) is sufficient for passage of the NH3 and 
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carbamate intermediates, constrictions in the tunnel (2.1-2.5 Å) are observed in two locations 

(202), which appear incompatible with the ability to channel these substrate intermediates. The 

location of these channels has been shown through site-directed mutagenesis and kinetic assays 

(203-205). Additionally, the enzyme complex is allosterically regulated by the metabolites: 

ornithine, hypoxanthine-9-β-D-arabinofuranoside 5’monophosphate (IMP), and uracil-1-β-D-

arabionfuranoside 5’-monophosphate (UMP) (206, 207). Ornithine and IMP function as 

activators, whereas UMP acts as an inhibitor. 

Relative to the previously mentioned substrate channeling mechanisms, channeling 

between thymidylate synthase (TS) and dihydrofolate reductase (DHFR) is very different. TS 

and DHFR catalyze sequential reactions in the thymidylate pathway that is responsible for 

supplying 2-deoxythiymidylate for DNA synthesis. TS catalyzes the conversion of dUMP and 

6(R)-L-5,10-methylene tetrahydrofolate to dTMP and dihydrofolate. DHFR then catalyzes the 

subsequent reduction of dihydrofolate by NADPH to regenerate tetrahydrofolate (208). Although 

TS and DHFR are distinct monofunctional enzymes in most species, the two catalytic activities 

are found on a single polypeptide chain in protozoa and some plants (182, 209). A 2.8 Å X-ray 

crystal structure from Leishmania major revealed that the enzyme is a homodimer with an N-

terminal DHFR domain and C-terminal TS domain that are ~40 Å apart (210). In contrast to 

tryptophan synthase and carbamoyl phosphate synthetase, no obvious tunnel between active sites 

is observed. However, the negatively charged dihydrofolate intermediate is proposed to be 

channeled by moving along a positively charged electrostatic “highway” that links the two active 

sites (210, 211). Electrostatic channeling in TS-DHFR is supported by Brownian dynamic 

simulations and experimental kinetic studies (212-214). 

The crystal structure of the aldolase-dehydrogenase complex DmpG-DmpF reveals a 21 
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Å tunnel that connects the two active sites. It should be noted that this is a putative channel since 

no biochemical or biophysical demonstration of aldehyde channeling has been described. Two 

advantages can be envisioned if channeling of the aldehyde intermediate occurs in this complex. 

One is that the toxicity of the aldehyde might be minimized, as it remains contained within the 

enzyme and is metabolized shortly after it is generated (54). Secondly, channeling prevents 

competing enzymes, such as non-CoA-dependent aldehyde dehydrogenase and alcohol 

dehydrogenase, from utilizing the aldehyde substrate (54). 

 
 
 
1.8 Justification of Research  
 

Structure-function studies of BphI-BphJ and related enzymes may guide strategies to 

improve the pathway for more efficient degradation of aromatic compounds, including 

polychlorinated biphenyls/biphenyl, thereby aiding the bioremediation of these widespread 

environmental pollutants (21, 22). In addition, BphI and BphJ share about 48% identity to the 

respective enzymes in the meta-cleavage degradation of cholesterol found in Mycobacterium 

tuberculosis. Cholesterol uptake and metabolism are essential for M. tuberculosis for persistence 

in the macrophage (215-217). Therefore, studies of the mechanism of BphI-BphJ may also have 

medical relevance in the design of inhibitors that may be useful as new antibiotics against this 

important pathogen that has developed resistance against a number of currently available 

antibiotics (218-220). Finally characterization of BphI will complement similar biochemical 

studies of HpaI and HMG/CHA aldolases in our lab (56, 57, 59) as well as work on the DRE-

TIM metallolyase superfamily. Comparison of BphI with the functionally similar but 

evolutionarily unrelated aldolases will provide fundamental understanding of how enzymes 

evolve convergently to catalyze similar reactions. Such information may be useful for the 
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engineering of new aldolases that have applications in organic synthesis of important chemicals, 

including bioactive sugars and pharmaceuticals (62, 221). These applications exploit the ability 

of aldolases to catalyze stereospecific carbon-carbon bond formation, which would otherwise be 

difficult to achieve by conventional organic chemistry. 

 
 
 
1.9 Thesis Objectives 
 

This thesis concerns the characterization of the aldolase (BphI) and dehydrogenase 

(BphJ) of the bph pathway in Burholderia xenovorans LB400. There had been few biochemical 

studies of this enzyme complex or any homologues prior to the commencement of this thesis 

research. Furthermore, there was no biochemical evidence to support the notion that the 

acetaldehyde is channeled from the aldolase to the dehydrogenase. The crystal structure of 

DmpG revealed that His-21 (corresponding to His-20 in BphI) may function as a base to abstract 

a proton from the 4-hydroxyl group of the HOPA substrate (94). This proton could then be 

transferred to a tyrosyl residue (Tyr-291 in DmpG and Tyr-290 in BphI) which must 

subsequently donate a proton to pyruvate enolate (94). However, these hypotheses had not been 

substantiated by biochemical analysis. 

In contrast to phosphorylating dehydrogenases, there was been little information 

regarding the mechanistic and structural aspects of non-phosphorylating CoA-dependent ALDHs 

(94). The acylation step is proposed to involve the nucleophilic attack of a conserved catalytic 

cysteine residue followed by a hydride transfer that leads to the formation of a thioacylenzyme 

intermediate. Based on its position within the active site of DmpF, it is proposed that Cys-132 

(equivalent to Cys-131 in BphJ) is in position to act as a nucleophile on the substrate.  
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The goal of this thesis is to elucidate the mechanisms and specificities of both the BphI 

and BphJ. Hypotheses pertaining to aspects of mechanism and specificity are incorporated into 

each chapter. In chapter 3 the kinetic, catalytic mechanisms and substrate specificity of the 

aldolase BphI was investigated. Residues important for stereochemical control are also identified. 

In chapter 4 the mechanism of stereochemical control was probed and results provide details as 

to how this control is governed and how it can be modified. In chapter 5 the catalytic mechanism 

and substrate specificity of the dehydrogenase BphJ were examined which provide biochemical 

evidence of substrate channeling between the aldolase and dehydrogenase. Finally, in chapter 7 

the structural and functional significance of the aldolase-dehydrogenase interaction is explored 

through the construction of chimeric aldolase-dehydrogenase enzyme complexes. 

It should be noted that this thesis extensively utilizes steady-state kinetic parameters to 

make comparisons between variants and the wild-type. While calculated standard errors provide 

context as to the reproducibility of the experiment, they should not be taken to show significance 

when comparing kinetic parameters. These parameters are often contextual and their significance 

is aligned to observations of significance in the literature. 
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CHAPTER 2 – Materials and Methods 
 
2.1 Chemicals 
 

Sodium pyruvate, sodium oxalate, all aldehydes, L-lactate dehydrogenase (from rabbit 

muscle), alcohol dehydrogenase (from Saccharomyces cerevisiae), thrombin (from bovine 

plasma) and Chelex 100 were from Sigma Aldrich (Oakville, ON). Restriction enzymes, T4 

DNA ligase, and Pfu Turbo polymerase were from Stratagene (Mississauga, ON), Invitrogen 

(Burlington, ON) or New England Biolabs (Pickering, ON). Ni-NTA Super-flow resin was 

obtained from Qiagen (Mississauga, ON). All other chemicals were analytical grade and were 

obtained from Sigma-Aldrich or Fisher Scientific (Nepean, ON). 

2.1.1 Preparation of aldolase substrates 

The class II aldolase HpaI was purified from E. coli BL21 (λDE3) according to the 

previously reported procedure (56). Racemates of 4-hydroxy-2-oxopentanoate, 4-hydroxy-2-

oxohexanoate and 4-hydroxy-2-oxoheptanoate were generated enzymatically from pyruvate and 

acetaldehyde, propionaldehyde or butyraldehyde, respectively, using HpaI (53). Briefly, 10 mM 

of sodium pyruvate and 2 M of pure aldehyde were mixed with 40 µg of HpaI in a total of 50 mL 

of 0.1 M HEPES buffer, pH 8.0, containing 0.2 mM MnCl2. After 12 hours, the Mn2+ was 

removed by the incubation with 0.5 g Chelex 100 for 15 min, followed by centrifugation at 

12,096 x g for 10 min to remove Chelex 100.  HpaI was removed by ultrafiltration using an 

Amicon YM10 filter (Millipore, Nepean, ON) and excess aldehyde was evaporated using a 

rotovap prior to lyophilization. Following lypophilization, the substrate was dissolved in water 

and the pH of the solution was adjusted to ~2 using HCl. This change in pH results in 

lactonization the 4-hydroxy-2-oxoacids and was completed overnight to allow complete 

lactonization of the sample. The sample was then subjected to HPLC using an ÄKTA Explorer 
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100 apparatus (Amersham Pharmacia Biotech, Baie d’Urfé, PQ) equipped with an Aminex® 

Fast-acid analysis ion exchange column (100 mm x 7.8 mm) and eluted with a mobile phase of 

0.1% formic acid at a flow rate of 0.6 mL/min. Fractions containing the lactone were neutralized 

using NaOH and lyophilized prior to use.   

Entantiomerically pure 4-hydroxy-2-oxoacids were generated enzymatically from 

pyruvate and aldehydes using BphI. Briefly, 500 mg of pyruvate and 4 mL of pure aldehyde 

were mixed with 40 mg of BphI in a total volume of 50 mL of 0.1 M HEPES buffer, pH 8.0, 

containing 1 mM MnCl2. After 6 hours, BphI was removed by ultrafiltration using an Amicon 

YM10 filter (Millipore, Nepean, ON) and excess aldehyde was evaporated using a rotovap prior 

to lyophilization. The substrate was then purified according to the same procedure as the 

purification of racemate 4-hydroxy-2-oxoacids. The concentrations of the respective substrates 

were determined spectrophotometrically at 340 nm by coupling their aldol cleavage by excess 

HpaI with LDH, where the change in oxidation of NADH is directly proportional to the 

concentration of substrate.  

 
2.2 DNA Manipulation 
 
2.2.1 Isolation of aldolase and dehydrogenase genes from genomic DNA 

The genes bphI and bphJ were previously amplified from Burkholderia xenovorans 

LB400 genomic DNA by PCR and were sequenced at the Guelph Molecular Supercentre, 

University of Guelph (53). The bphI sequence corresponds to the published sequence from the 

plasmid pDD5301 (51), except for a difference in the codon for amino acid 263, which is GCC 

(Ala) in our sequence and TCC (Ser) in the published sequence. However, the more recently 

determined bphI gene sequence from the B. xenovorans LB400 genome sequencing project 

showed a GCC codon at this position (31), consistent with the sequence we obtained. 
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The genes encoding TTHB246 and TTHB247 were amplified from Thermus 

theromphilus HB8 genomic DNA by PCR using the primers 5’-

GCGGCATATGAGCTGGGACCTTTCCACGG-3’ and 5’-GCACAAGCTTCTAGTCCGCGA 

GGGCCCC-3’ for TTHB246 and 5’-GCGACATATGAGCGAAAGGGTT 

AAGGTAGCCATC-3’ and 5’-ATATTAAGCTTCACGCCACCACCTCCTCCACGG-3’. 

Introduced NdeI and HindIII restriction sites are underlined. The PCR reactions contained 10 ng 

of genomic DNA, 0.1 units of Pfx polymerase (Invitrogen), 20 nM amounts of each dNTP, 1× 

expand High Fidelity buffer, 1× Pfx enhancer, 1 mM MgSO4 and 2 µM of each primer in a total 

volume of 50 µl. The following amplification profile was followed: 94°C for 2 min, followed by 

30 cycles of 94°C for 30 s, 48°C for 30s, and 68°C for 1 min and finally 68°C for 10 minutes. 

 

2.2.2 Restriction endonuclease digestion 

For restriction endonuclease digestion of plasmid DNA, 6 µl of plasmid was mixed with 

10 U each of each restriction endonuclease and 1× reaction buffer and sterile distilled water to a 

final volume of 10µl. The mixture was incubated at 37 ºC for 3 hours to ensure complete 

digestion. For analytical scale restriction endonuclease digestion 3 µl of the plasmid DNA, was 

mixed with 10 U of each enzyme, and 1 × appropriate reaction buffer to a final volume of 10 µl 

with sterile distilled water. The reaction mixture was incubated at 37 ºC for at least 3 hours.  

 

2.2.3 Agarose gel electrophoresis 

 Agarose gel electrophoresis was performed to separate DNA fragments. Gels of varying 

percent agarose (0.8%-1.2% w/v) were prepared. 1× agarose gel electrophoresis loading buffer 

was added to DNA samples prior to loading on to the agarose gel. The O’GeneRulerTM 1 kb 
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DNA Ladder (Fermentas, Hanover, MD) containing DNA fragments from 250 to 10 000 bp was 

used as a ladder to quantify the size of fragments. Electrophoresis was performed at 100 V for 1 

h in 1X TAE buffer. Gels were stained in ethidium bromide for 15-20 min and DNA fragments 

were visualized under UV light using a GelDoc system (BioRad, Mississauga, ON). Isolated 

DNA fragments destined for ligation were stained in GelGreen™ (Biotium Inc., Hayward, CA) 

for 15 min. Fragments were visualized using visible blue light. 

 

2.2.4 DNA extraction from agarose gels 

Digested DNA was loaded on to a 1% agarose gel and run and stained according to 

previously stated procedures. DNA was excised from the gel using a scalpel and placed into 

microcentrifuge tubes. DNA was extracted from the gel using the QIAEX®II Gel Extraction Kit 

from Qiagen (Mississauga, ON) or EZ-10 Gel Extraction spin column from BioBasic (Markham, 

ON). Bound DNA was eluted in 10 µl of sterile distilled water for the QIAEX®II kit while DNA 

from the EZ-10 kit was eluted in 20 µl of elution buffer. 

 

2.2.5 DNA ligation and plasmid construction 

The bphI gene was previously inserted into the vector pBTL4-T7 (53). This vector was 

formally constructed by adding the T7 promoter and ribosomal binding site from the vector pT7-

7 (222) into the broad host range vector pBTL4 (223). bphJ was previously cloned into pET28a 

containing an N-terminal His-tag  (EMD, Biosciences Inc., San Diego, CA) using NdeI and 

HindIII restriction sites. DNA ligation was carried out in a 1.5 ml microfuge tube using 0.1 U of 

T4 DNA ligase (Invitrogen), 1× ligation buffer and a vector to insert ration of 1:3 in a total 

volume of 10 µl. The ligation mixtures were incubated overnight at 15°C. The gene encoding 
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TTHB247 was inserted into the vector pET28a while the gene encoding TTHB246 was inserted 

into pBTL4-T7 (53) for co-expression with BphJ (cloned into pET28a) or in pET28a for 

expression of the aldolase alone. 

 

2.2.6 Plasmid purification 

Plasmid DNA was isolated using the GenElute™ Plasmid Mini-prep Kit from Sigma-

Aldrich Co. (Nepean, ON) or the EZ-10 Spin Column Plasmid Purification Kit from BioBasic 

(Markham, ON). These kits are designed for isolation of up to 15 µg of high purity plasmid DNA. 

Plasmid DNA from 5 mL of cells was isolated according to the manufacturer’s instructions and 

eluted in a final volume of 40 µl with sterile distilled water.  

 

2.2.7 Site-Directed Mutagenesis of bphI and bphJ 

The plasmid vector pBTL4-T7 was used for mutagenesis and expression of bphI and 

tthb246. The plasmid vector pET28a, encoding a cleavable N-terminal His-tag was used for 

protein expression and mutagenesis of bphJ and tthb247. Site-directed mutagenesis to replace 

Tyr-290 was conducted according to the megaprimer method (224). All other mutations were 

incorporated according to a modified Quikchange™ (Stratagene, Santa Clara, CA) method that 

uses non-overlapping primers (Table 2.1). PCR reaction mixtures consisted of 1× Pfu Ultra 

Buffer (Stratagene), 1 mM dNTP, 100 µg/mL of mutagenic primers, 2.5 U of Pfu Ultra 

(Stratagene), 15 µg/mL of purified plasmid, and sterile deionized water in a final volume of 25 µl. 

The following amplification profile was used for bphI: 95 ºC for 30 sec, followed by 5 cycles of 

95 ºC for 30 sec, 45 ºC for 1 min, 68 ºC for 3.5 min. After 5 cycles, tubes were pooled and 2.5 U 

of Pfu Ultra was added. The 51 µl PCR reaction was then subjected to a further amplification 
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cycle: 95 ºC for 30 sec, followed by 12 cycles of 95 ºC for 30 sec, 48ºC for 1 min, 68 ºC for 3.5 

min.  

The following amplification profile was used for bphJ: 95 ºC for 30 sec, followed by 5 

cycles of 95 ºC for 30 sec, 46 ºC for 1 min, 68 ºC for 7.5 min. After 5 cycles, tubes were pooled 

and 2.5 U of Pfu Ultra was added. The 51 µl PCR reaction was then subjected to a further 

amplification cycle:  95 ºC for 30 sec, followed by 12 cycles of 95 ºC for 30 sec, 46ºC for 1 min, 

68 ºC for 7.5 min. Following PCR, 5 µl of PCR mixture was run on an agarose gel at 100 V for 

1.25 h. Upon confirmation of the presence of amplified products, 10 U of DpnI (Invitrogen) was 

added to the remainder of the PCR reaction to digest methylated or hemi-methylated DNA and 

digested for 3 h at 37 ºC. All other mutations in bphI and bphJ were incorporated according to a 

modified Quikchange method which uses non-overlapping primers (225). Genes from positive 

clones were sequenced at the Guelph Molecular Supercentre, University of Guelph. 
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Table 2.1 Mutagenic primers used in the creation of BphI and BphJ variants. a  
 

BphI Mutation Direction Sequence 5’ → 3’ 
   
R16A FOR GACATGACGCTGGCCGACGGCATGCAC 
 REV GTGCATGCCGTCGGCCAGCGTCATGTC 
R16K FOR GACATGACGCTGAAGGACGGCATGCAC 
 REV GTGCATGCCGTCCTTCAGCGTCATGTC 
H20A FOR GCTGCGCGACGGCATGGCCCCCAAGCGCCACCAG 
 REV CTGGTGGCGCTTGGGGGCCATGCCGTCGCGCAGC 
H20S FOR GCTGCGCGACGGCATGTCCCCCAAGCGCCACCAG 
 REV CTGGTGGCGCTTGGGGGACATGCCGTCGCGCAGC 
L87A FOR CAGTGCCGCGCTCTTGCCCGGCATCGGCACC 
 REV GCAAGAGCGCGGCACTGACCTTGGCCTGCTTC 
L89A FOR CTGCTCGCGCCCGGCATCGGCACCGTCGAAC 
 REV GCCGGGCGCGAGCAGGGCACTGACCTTGGC 
L89N FOR GTCAGTGCCAATCTCTTGCCCGGCATCGGCACC 
 REV GGCAAGAGATTGGCACTGACCTTGGCCTGCTTC 
L89W FOR GTCAGTGCCTGGCTCTTGCCCGGCATCGGCACC 
 REV GGCAAGAGCCAGGCACTGACCTTGGCCTGCTTC 
Y290F FOR GCCGGGGTCTTTTCCAGCTTT 
 REV  
Y290S FOR GCCGGGGTCTCTTCCAGCTTT 
 REV  
   
BphJ Mutation Direction Sequence 5’ → 3’ 
   
C131A FOR GTCAACATGGTCACCGCCGGCGGCCAGGCCACC 
 REV GGTGGCCTGGCCGCCGGCGGTGACCATGTTGAC 
C131S FOR GTCAACATGGTCACCTCCGGCGGCCAGGCCACC 
 REV GGTGGCCTGGCCGCCGGAGGTGACCATGTTGAC 
I195A FOR GGCCATCGCCATCCTCAACCCGGCCGAGC 
 REV GTTGAGGATGGCGATGGCCTTGCCCTTTTTGGCGCC 
I195W FOR CAAGGCCATCTGGATCCTCAACCCGGCCGAGC 
 REV GTTGAGGATCCAGATGGCCTTGCCCTTTTTGGCGCC 
D208A FOR CATGCGCGCCACCGTGCACTGCCTGCTGG 
 REV GCACGGTGGCGCGCATGATCAGCGGGGGC 

 
 
a Site-directed mutagenesis to replace Tyr-290 was carried out according to the megaprimer 

method. All other mutations were performed according to a modified Quikchange (Stratagene) 

method that uses non-overlapping primers. Underlined nucleotides represent altered nucleotides. 
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2.3 Bacterial Methods 

2.3.1 Bacterial growth and cell storage 

 Bacteria were grown at 37°C using LB broth and LB agar for the propagation of 

Escherichia coli, unless otherwise stated. Antibiotics were added as required at the following 

concentrations for E. coli: tetracycline 15 µg/ml, kanamycin 50 µg/ml.  

 
2.3.2 Preparation of heat shock competent E. coli cells 

A 0.3 mL aliquot of an overnight starter culture was inoculated into 30 mL of LB broth in 

a 250 mL Erlenmeyer flask. The culture was grown at 37 °C until an optical density of 0.4 at 600 

nm was reached. The liquid culture was incubated on ice for 30 min and then centrifuged at 5000 

g for 5 min at 4 °C. The cell pellet was washed twice in 9 mL of cold frozen storage buffer 

(FBS) (100 mM KCl, 50 mM, CaCl2·2H2O, 10mM potassium acetate, 10% w/v glycerol, pH 6.0). 

Each washing step was followed by a 20 min incubation on ice. The washed pellet was 

resuspended in 2.4 mL of cold FBS. Resuspended cells were divided into 100 µl aliquots and 

stored at -80 °C. 

 

2.3.3 Heat shock transformation of competent E. coli cells.  

A 100 µl aliquot of competent cells was thawed on ice. Approximately 100 ng of plasmid 

DNA was added to E. coli DH5α chemically competent cells (Invitrogen, Oakville, ON). 

Mixtures were incubated on ice for 30 min. Competent E. coli DH5α were heat-shocked at 37 ºC 

for 42 sec followed by incubation on ice for 2 min. The cultures were resuspended in 500 µl of 

SOC media, transferred to a sterile test tube and incubated to recover at 37 °C for 1 h. All of the 

culture was then plated on LB containing the appropriate antibiotic; 15 µg/ml tetracycline for 

pBTL4-T7 plasmid and 50 µg/ml kanamycin for pET28a plasmid. Plates were inverted and 
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incubated overnight at 37 °C. The genes from positive clones were extracted through the 

GenElute™ Plasmid Mini-prep Kit from Sigma-Aldrich Co. (Nepean, ON) and were sequenced 

at the Guelph Molecular Supercentre, University of Guelph, to ensure that there were no PCR-

induced errors. 

 

2.3.4 Preparation of electrocompetent E. coli BL21 (λDE3) cells. 

A 50 mL culture of E. coli grown in LB media in a 250 mL Erlenmeyer flask was grown 

to an optical density of 0.4-0.6 at 600 nm. The liquid culture was incubated on ice for 30 min and 

then centrifuged at 5000 x g for 15 min at 4 °C. The culture supernatant was discarded and the 

pellet was washed twice with 12.5 mL of 10% (v/v) glycerol. The washed cell pellet was 

resuspended in 100 µl of GYT (10% (v/v) glycerol, 0.125% (w/v) yeast extract, 0.25% (w/v) 

tryptone).  Resuspended cells were divided into 25 µl aliquots and stored at -80 °C.  

 

2.3.5 Electroporation of electrocompetent E. coli  

Twenty-five microliters of electrocompetent E. coli BL21 (DE3) cells were added to a 

sterile 1 mm electroportaion cuvette. 2 µl of plasmid DNA was added and mixed. Samples were 

kept on ice prior to electroporation. Electroporation conditions were as follows: voltage 1.25 kV; 

capacitance, 25 µF; and pulse resistance of 200 Ω. After electroporation, cells were resuspended 

in 500 µl of SOC media, transferred to a sterile test tube and incubated for 1 h at 37 °C with 

shaking. The entire cell culture was spread on LB plates containing the appropriate antibiotics 

and grown overnight at 37°C.  
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2.4 Protein Manipulation, Expression and Purification 
 
2.4.1 Mini-scale protein expression  

Five hundred microliters of an overnight culture of BL21 (λDE3) was pelleted by 

centrifugation at 2300 g for 10 min. The supernatant was discarded and the pellet was 

resuspended by vortexing in 50 µl of B-PER™ II Bacterial Protein Extraction Reagent (Pierce 

Chemical Company). The lysed cells were centrifuged at 15 800 g for 5 min to separate the 

soluble and insoluble proteins. The supernatant, containing soluble protein was removed and 10 

µl of 2X SDS-PAGE loading buffer was added. The pellet, containing insoluble protein, was 

resuspended in 25 µl of sterile water and 2 µl of 2X SDS-PAGE loading buffer was added. 

Fractions were incubated at 100°C for 2 min. 15 µl of the soluble and 10 µl of the insoluble 

fractions were loaded onto a 10% SDS-PAGE gel. 

 

2.4.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

A one millimeter thick 10% (w/v) resolving gel and 5% (w/v) stacking gel was created 

using the Hoefer Mighty Small dual gel caster system (Amersham Biosciences, 

Buckinghamshire, UK). The BenchMark™ Protein Ladder (Invitrogen), with fragments ranging 

from 10 to 220 kDa was used as a molecular weight marker. The gel was subjected to 

electrophoresis at 10 mA for 2.5 h and was stained with Coomassie blue for 15 min, followed by 

destaining overnight with destaining solution. Following destaining the gel was rinsed with 

deionized water and placed in 10% (v/v) glycerol. Gels were photographed using a GelDoc 

system (BioRad). 
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2.4.3 Expression of the Aldolases-Dehydrogenase Complexes 

Recombinant E. coli BL21 (λDE3) cells harbouring the bphI and bphJ genes were 

propagated in 1 L of LB medium supplemented with 15 µg/mL tetracycline and 34 µg/mL 

kanamycin at 37°C were incubated in a shaker at 200 rpm until reaching an OD600 of 0.6 to 0.8 

was obtained. Cultures were induced with 1 mM Isopropyl-β-D-thiogalactopyranoside (IPTG) to 

over-express proteins. The cultures were then moved to 15°C with shaking (200 rpm) overnight. 

Cells were harvested by centrifugation at 9605 x g for 10 min at 4 °C.  

Recombinant E. coli BL21 (λDE3) harbouring the genes encoding TTHB246 or 

TTHB247 were propagated in 1 L of LB medium supplemented with 34 µg/mL kanamycin at 

37°C. When the OD600 reach 0.6-0.8 of 600 nm protein expression was induced by the addition 

of 1 mM IPTG to the culture. Following induction, cultures expressing the aldolase and 

dehydrogenase were incubated at 37°C and 15°C, respectively. Cells were harvested by 

centrifugation at 9605 x g for 10 min at 4 °C.  

 

2.4.4 Immobilized metal-ion affinity chromatography (IMAC)  

The cell pellet was resuspended in 20 mM sodium HEPES (pH 8.5) and disrupted by 

passage through a French press three times at an operating pressure of 12 000 psi. The cell debris 

was removed by centrifugation at 39,191 × g for 10 min. 50 mM phosphate buffer containing 

300 mM NaCl, pH 8.0 containing various concentrations of imidazole was used in affinity 

chromatography. The clear supernatant was filtered through a 0.45 µm filter and incubated for 60 

min with the Ni2+-NTA resin in buffer containing 20 mM imidazole. The mixture was poured 

into a column and washed with 20 mL of the phosphate buffer containing 20 mM imidazole. 

BphI-BphJ was eluted in approximately 13 mL in phosphate buffer containing 150 mM 
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imidazole. Fractions were pooled and the buffer was changed to 50 mM sodium phosphate buffer 

(pH 7.4) by repeated dilution in a stirred cell containing a YM10 filter (Amicon). The histidine-

tag was removed by cleavage with thrombin. Approximately 2 mg of BphI-BphJ in 1 ml aliquots 

were incubated for 75 min at 25°C with 220 µl of 50% (v/v) glycerol and 1 U of thrombin (from 

bovine plasma). The cleavage of the N-terminal His-tag results in three amino acid residues 

(Gly-Ser-His) remaining attached to the protein. Thrombin and uncleaved His-tagged protein 

were removed using p-aminobenzamidine-agarose and Ni2+-NTA resin, respectively. The 

enzyme was aliquoted and stored at -80°C in 20 mM sodium HEPES buffer (pH 8.5) containing 

10 mM DTT.  

Purification of TTHB246 and TTHB247 was completed in a similar fashion with one 

exception. Following cell lysis via the French Press and centrifugation at 39,191 × g for 25 min 

to remove cell debris, the supernatant was subjected to a 70°C heat treatment for 10 min, 

followed by an additional centrifugation at 39,191 × g for 25 min to remove precipitated proteins. 

Purification of each protein was performed by Ni2+-NTA chromatography and the protein was 

eluted at 150 mM imidazole similar to BphI-BphJ. The TTHB246-TTH247 complex was formed 

by incubation of 2 mg/mL of both TTHB246 and TTHB247 for 20 min at 25 °C. Complexes 

were concentrated and separated from uncomplexed protein using gel filtration on a HiLoad™ 

26/60 Superdex™ 200 column at 25 °C in 20 mM HEPES buffer, pH 7.5, containing 150 mM 

NaCl, at a flow rate of 2 mL/min. 

Chimeric aldolase-dehydrogenase complexes were expressed in E. coli BL21 (λDE3) 

harbouring the aldolase gene in the vector pBTL4-T7 and the dehydrogenase gene in the vector 

pET28a.  Following Ni2+-NTA chromatography the His-tag was removed by thrombin cleavage 
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and the proteins were subjected to gel filtration (HiLoad™ 26/60 Superdex™ 200). Purified 

enzymes were stored in 20 mM HEPES pH 8.5 at -80°C. 

 

2.4.5 Determination of protein concentrations, purities, and molecular masses 

Protein concentrations were determined by the Bradford assay (226) using bovine serum 

albumin as the standard. Sodium dodecyl sulfate−polyacrylamide gel electrophoresis 

(SDS−PAGE) was performed, and the gels were stained with Coomassie Blue according to 

established procedures (21). The BenchMark Protein Ladder (Invitrogen) containing proteins 

ranging from 10 to 220 kDa was used for molecular mass markers. The native molecular mass of 

the purified BphI−BphJ complex was estimated using gel filtration on a calibrated HiLoad 26/60 

Superdex 200 column (GE Healthcare). The proteins used for calibration were horse heart 

cytochrome c (12.4 kDa), bovine erythrocyte carbonic anhydrase (29 kDa), bovine serum 

albumin (66 kDa), yeast alcohol dehydrogenase (150 kDa), and sweet potato β-amylase (200 

kDa). The void volume was determined using blue dextran (2000 kDa). Chromatography was 

conducted at 25 °C using 20 mM HEPES buffer (pH 7.5) containing 150 mM NaCl, at a flow 

rate of 2 mL/min. 

 

2.4.6 Circular dichroism spectroscopy 

Far-UV circular dichroism (CD) spectra were recorded on a Jasco J-815 

spectropolarimeter using a 1 mm path-length quartz cuvette. All protein samples were at a final 

concentration of 1 µM in 20 mM HEPES (pH 8.0). Measurements were taken in continuous 

scanning mode at a scanning speed of 50 nm/min with a time constant of 1 s and a bandwidth of 
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1 nm at 25 °C. For each spectrum, the resolution was set to 0.5 nm, and eight scans were 

averaged. Corresponding buffer backgrounds were subtracted from the spectra containing protein. 

 
 
2.5 Enzyme Assays 
 
2.5.1 Enzymatic Synthesis for the Determination of Stereospecificity 

The 4-hydroxy-2-oxoacids were synthesized by BphI (20 mg), respectively, using 0.3 M 

pyruvate and 1.8 M of acetaldehyde or 0.3 mM succinic semialdehyde and 10 mM pyruvate in 

10 mL of 0.1 M HEPES buffer (pH 8.0) containing 2 mM MnCl2. Following incubation for 60 

min, 0.5 g of Chelex 100 was added to remove all metal ions and to stop the enzyme reaction. 

The reaction mixture was then filtered through a YM10 filter to remove the enzyme and then 

separated in a Dowex 1X8−200 ion-exchange resin using a linear 0−0.1 M H2SO4 gradient. 

Fractions containing the product were neutralized to pH ~7.0 with 5.0 M NaOH and lyophilized. 

4(S)-HOPA previously generated enzymatically from catechol using XylE, TodF, and BphH (8) 

was obtained from Dr. Weijun Wang. (R)-HOPA was generated by treatment of racemic HOPA 

with 8 mg of BphI in 0.1 M HEPES buffer (pH 8.0) containing 2 mM MnCl2 to remove the 

majority of 4(S)-HOPA. The product was purified using Dowex 1X8−200 resin and HPLC. The 

concentration of each enantiomer of HOPA was determined by aldol cleavage with BphI, 

followed by HpaI, both in a coupled assay using LDH. Optical rotation of enantiomers was 

determined using an Autopol III automatic polarimeter at 25 °C. The NMR spectrum of 4-

hydroxy-2-oxopentanoate was recorded with a Bruker Avance 600 MHz at 25 °C. 

 

 

 



	  60 

2.5.2 Divalent Metal-ion Specificity 

Metal-free TTHB246 was generated by incubation in 20 mM EDTA (pH 8.5) for a 

duration of 30 min at 25°C followed by repeated dilution of the protein using metal free 20 mM 

HEPES buffer (pH 8.5) in a stirred cell containing a YM10 filter. Metal ion specificity of the 

aldolase was determined by incubating 10 µg of apo-aldolase with concentrations of metal 

chloride ranging from 0.1 to 10 Km for 20 min followed by activity measurements using the 

standard aldol cleavage assays (53, 227). All buffers, reagents and cofactors used in assays were 

prepared with HPLC grade water and were additionally treated with Chelex 100 for 30 min to 

remove any remaining metal ion contaminants. 

 

2.5.3 Aldol Cleavage Activity Assays 

All aldol cleavage assays were performed at least in duplicate in a total volume of 1 mL 

of 100 mM sodium HEPES buffer (pH 8.0) at 25 °C, using a Varian Cary 3 spectrophotometer 

equipped with a thermojacketed cuvette holder, unless otherwise stated. The extinction 

coefficient of NADH at 340 nm was taken as 6200 M−1 cm−1. Aldolase activity was deduced by 

assessing the production of pyruvate by coupling the reaction with LDH and monitoring the rate 

of NADH oxidation as previously described (56). A standard aldolase activity assay contained 

0.4 mM NADH, 1 mM MnCl2  (for BphI) or 1 mM CoCl2 (for TTHB246), and 19.2 units of LDH 

in 100 mM HEPES buffer (pH 8.0). Concentrations of HOPA were varied from at least 0.1 Km to 

5Km. Data were fitted by nonlinear regression to the Michealis−Menten equation using Leonora 

(228). 
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2.5.4 pH Dependency Assays 

The effects of varying pH on kcat and kcat/Km were studied using a constant-ionic strength 

buffer containing 0.1 M Tris, 0.05 M acetic acid, 0.05 M MES. The upper limit (pH 8.5) in 

activity measurements for BphI was due to precipitation of Mn2+ at pH ≥9.0. Enzyme activity for 

BphI was undetectable at pH <6.5. All other conditions were the same as those of standard 

enzyme assays with substrate concentrations varied from at least 0.1 to 5 Km. Activity assays for 

BphJ were completed over a range of 6.0 to 9.0 using standard assay conditions and an 

acetaldehyde concentration of 100 mM (5 Km). Data were fit to equation 2.1 by nonlinear 

regression using Leonora (228). 

 

(Eq 2.1)   

 

where v is the velocity at a given pH, C is the pH-independent value of kcat or kcat/Km, H is the 

proton concentration, and Ka1 is the ionization constant of groups involved in the reaction. 

 

2.5.5 Thermostability Assay 

Thermostability was tested at 50 °C in a digitally controlled water bath with an accuracy 

of ± 0.1 °C using 1.5 mL microcentrifuge tubes containing a 1 mg/mL enzyme in 20 mM HEPES 

buffer pH 8.5. At given time points, an aliquot of the enzyme was removed and activity 

determined under standard aldol cleavage assays conditions (1 mM CoCl2 in 100 mM HEPES 

buffer pH 8.0 at 25 °C) using 5 Km HOPA. Data were plotted using an exponential decay 

equation using SigmaPlot 11.0. 

 

€ 

v =
C

(1 + H/Ka1)
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2.5.6 Determination of stereospecificity through racemate degradation 

The stereoselectivity of the wild-type BphI and variants was assessed through the 

degradation of racemic mixtures of 4-hydroxy-2-oxoacids with aldehyde substituents up to five 

carbon atoms in length. Assays contained 100 µM of racemic 4-hydroxy-2-oxoacid, 10 µg for the 

wild-type BphI or 500 µg for the BphI variants, 0.4 mM NADH, 1 mM MnCl2 and 19.2 Units 

LDH in 100 mM HEPES buffer pH 8.0. Reactions were measured continuously at 340 nm until 

completion (≤120 min). Both the wild-type and variants were also used to synthesize the 4-

hydroxy-2-oxoacids in assays containing 2 M aldehyde, 100 mM pyruvate and 4 mg of the wild-

type BphI or variants in 100 mM HEPES pH 8.0. After 3 hours, reactions were quenched by the 

addition of Chelex to remove the Mn2+ cofactor and subsequently filtered through a YM10 filter 

(Millipore) to remove the enzyme. Samples were lyophilized and resuspended in 4 mL of water. 

The pH was adjusted to 2.0 using HCl allowing for 4-hydroxy-2-oxoacids to lactonize overnight. 

Samples were loaded on an Aminex® HPX-87H column (300 x 7.8 mm) with a mobile phase of 

0.1% formic acid at a flow rate of 0.6 mL/min. Products were detected at 215 nm and retention 

times were consistent with products previously confirmed by LC-MS (61), collected and 

lyophylized. Synthesized substrates were resuspended in 100 mM HEPES pH 8.0 and the optical 

rotation of purified substrates was determined using a Rudolph Autopol IV automatic 

polarimeter at 25 ºC using a wavelength of 589 nm. 

 

2.5.7 Aldol Addition Activity Assay 

Standard assays contained 80 mM pyruvate or 2-ketobutyric acid, 2 mM divalent metal 

ion, 100 µg of BphI−BphJ, and aldehyde concentrations ranging from 0.1 to 2 Km in a final 

volume of 1.0 mL of 100 mM HEPES buffer, pH 8.0. The reaction was initiated by the addition 
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of enzyme and proceeded for a duration of 10 min for HpaI and 120 min for BphI at 25 °C. The 

reaction was quenched with 200 µL of concentrated HCl and incubated overnight at 25 °C to 

lactonize the product. A 500 µL aliquot from each reaction was analyzed by HPLC using an 

ÄKTA Explorer 100 apparatus (Amersham Pharmacia Biotech, Baie d’Urfé, Quebec, Canada) 

equipped with an Aminex fast-acid analysis ion-exchange column (100 mm × 7.8 mm) with a 

mobile phase of 0.1% formic acid at a flow rate of 0.6 mL/min. Products were detected at a 

wavelength of 215 nm and quantified using a standard curve of pure compounds of known 

concentrations. The identity of the synthesized 4-hydroxy-2-ketoacid compounds was further 

confirmed by Electrospray Ionisation-Time-of-Flight Mass Spectrometry (ESI-QTOF MS) 

analysis performed at the Advanced Analysis Centre, University of Guelph. For substrate 

specificity, data was fitted to the Michaelis−Menten equation using Leonora (228).  

 

2.5.8 Pyruvate Proton Exchange Assays 

The rate of pyruvate proton exchange was determined by measuring the loss of the 

pyruvate methyl proton signal in deuterated buffer by NMR. To obtain samples in deuterated 

MOPS buffer, 2 mg of enzyme was concentrated by ultrafiltration using a YM10 filter. The 

proton exchange reactions were performed with a Bruker Avance 600 MHz spectrometer at 25 

ºC using a 5.0 mm NMR tube with an assay solution of 600 µl containing 100 mM pyruvate, 1 

mM MnCl2, 2 mg of BphI-BphJ and 20 mM deuterated MOPS buffer. Upon addition of enzyme 

to the reaction mixture, the 1H NMR spectra of samples was recorded every 180 seconds over a 

period of 2 hours. BphI-BphJ inactivated by heat denaturation at 100 ºC for 10 minutes and 

sample without enzyme served as negative controls. Results were analyzed using TopSpin 2.0 

and proton exchange was assessed from the time-dependent change in the ratio of the methyl 
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proton signal of pyruvate (2.38 ppm) to the reference methylene protons at position 1 of MOPS 

(2.05 ppm), which is unaffected by the exchange reaction (56, 120). All NMR experiments were 

conducted at the Advanced Analysis Centre, University of Guelph. 

 

2.5.9 Proton Inventories 

To obtain enzyme samples in deuterated 20 mM HEPES buffer (pD 8.0), 5 mg of BphI  

was repeatedly diluted in 20 mM deuterated HEPES buffer (pD 8.0) by ultrafiltration using a 

stirred cell containing a YM10 filter (Amicon). The protein was concentrated from a volume of 5 

mL to 500 µL. Deuterated buffer was then added to the concentrated protein to a final volume of 

40 mL. This procedure was repeated three times with successive washes with deuterated buffer, 

yielding a final volume of 500 µL. Lyophilized substrate (HOPA) was incubated in D2O-

containing buffer for 30 min to allow for full proton−deuteron equilibrium. The kinetic 

parameters V and V/K were obtained by measuring the initial rate, in a discontinuous fashion at 

different fractional concentrations of D2O in the reaction mixture via combination of appropriate 

volumes of H2O or D2O. Proton inventory assays contained 1 mM MnCl2 and 10 µg of BphI in a 

final volume of 1.0 mL in 100 mM HEPES buffer (pL 8.0) containing 0, 20, 40, 60, 80, and 

100% D2O [mole fractions of D2O (n) of 0, 0.2, 0.4, 0.6, 0.8, and 1.0]. Reactions were initiated 

by the addition of enzyme and proceeded for 10 min, when the reaction was quenched with 20 

mM EDTA and 0.4 mM NADH. The amount of pyruvate produced was determined by an end 

point assay by coupling to the stoichiometric oxidation of NADH by LDH. Linear regression 

was used to determine the reaction velocity for each substrate concentration. For each n value, 

the experimental data were fitted to the Michaelis−Menten equation using Leonora. The steady-

state kinetic constant, kcat, for each n value was normalized, and the resulting value was plotted 
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versus the mole faction D2O and fitted to the Gross−Butler equation for a one-proton transfer 

model (equation 2.2) (229): 

 

(Eq 2.2) 

 

where n is the atom fraction of deuterium in the mixed isotopic solvent, Vn is the velocity in the 

solvent with the atom fraction of deuterium n, V0 is the velocity in H2O, and kD/kH is the isotope 

effect. 

 

2.5.10 Dehydrogenase activity assays 

Substrate specificity of the dehydrogenase was determined using 0.4 mM NAD+, 0.1 mM 

CoASH and aldehyde concentrations varied from 0.1 to 5 Km. Concentrations of aldehyde stocks 

were determined by coupling it to NAD+ reduction with alcohol dehydrogenase. Cofactor 

specificities were determined under similar conditions in which acetaldehyde was held at 100 

mM and the NAD+ or NADP+ concentrations were varied. 

 
2.5.11 Substrate channeling assays  

Progress curve for BphJ was determined spectrophotometrically at 340 nm due to 

formation of NADH. The assay contained 0.1 mM 4-hydroxy-2-oxopentanoate, 1 mM MnCl2, 

0.4 mM NAD+ and 0.1 mM CoASH in a total of 1 mL 100 mM sodium HEPES (pH 8.0). In the 

absence of channeling, the theoretical progress curve for BphJ, assuming there are no limiting 

substrate concentrations, can be simulated by equation 2.3 (230, 231):  

 

(Eq 2.3)    [NADH] = v1t + (v1/v2)Km (e-v2t/Km -1)           

Vn =V0[1− n+ n(kD / kH)]
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where Km is the Michealis constant for acetaldehyde, v1 is the rate (µM⋅min-1) of reaction 

catalyzed by BphI, v2 is the rate (µM⋅min-1) of reaction catalyzed by BphJ at near-saturating 

concentrations of substrates. The Km/v2 value indicates the lag time that precedes attainment of 

the steady-state concentration of aldehyde.  

 
2.5.12 Determination of substrate channeling using high-pressure liquid chromatography 

(HPLC) 

Substrate channeling was accessed using a substrate competition assay. These assays 

contained 0.1 mM 4-hydroxy-2-oxopentanoate or 4-hydroxy-2-oxohexanoate, 1 mM of 

acetaldehyde or propionaldehyde, 0.4 mM NAD+, 0.1 mM CoA, 1 mM MnCl2, 1 µg BphI/BphJ 

in 100 mM HEPES buffer (pH 8.0). Reaction was quenched with 3 N HCl to pH 5.0 after 10 min 

and filtered through a 0.2 µM filter and was kept on ice until HPLC analysis; this procedure 

effectively stopped the reaction. 500 µl of sample was analyzed by HPLC using an ÄKTA 

Explorer 100 apparatus (Amersham Pharmacia Biotech, Baie d’Urfé, PQ) equipped with a 

reversed-phase Discovery C18 column (Supelco). Sample was eluted with an 50 mM phosphate 

buffer (pH 5.3):acetonitrile (94:6 (v/v)). Column flow rate was set at 0.8 mL/min and CoA esters 

were detected by absorbance at 254 nm as previously described. Pure acetyl-CoA and propionyl-

CoA ranging from 2 µM to 100 µM were used to construct standard curves to determine the 

concentration of acyl-CoAs. 

 

2.5.13 Reverse substrate channeling assay and calculation of channeling efficiency 

Assays contained 1 mM acetyl-CoA or acetaldehyde, 100 mM pyruvate, 1.5 mM NADH, 

2 mM MnCl2, and 180 µg of BphI-BphJ in 100 mM HEPES buffer (pH 8.0) with or without 20 
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units of ADH, respectively. The reaction was initiated by addition of acetyl-CoA. Reactions were 

quenched with 1/5 (v/v) of 12 M HCl at 7 and 15 min and incubated overnight, and HOPA was 

quantified by HPLC as described earlier. Reverse channeling was also demonstrated by 

measuring NADH consumption at 370 nm (extinction coefficient of 2600 M-1 cm-1) due to the 

high concentration of NADH present. Assays were combined as mentioned above in the presence 

and absence of 100 mM pyruvate, 20 units of ADH, or 10 mM EDTA. The specific activity of 

ADH was unaffected by the concentrations of EDTA present in the assay. The productive 

channeling efficiency (CE) was defined as the ratio of V3 to V1, which can be determined by 

equation 2.4: 

 

 

(Eq 2.4) 

 

 

 

 

 

where V1 is the rate of conversion of acetyl-CoA to acetaldehyde by BphJ, V2 is the rate of 

conversion of acetaldehyde to ethanol in the bulk solvent by ADH, V3 is the rate of aldol addition 

of pyruvate with acetaldehyde which is channeled from BphJ, R is the ratio of NADH oxidation 

with ADH compared to no ADH which is (V1 + V2)/V1 (Figure 2.1). It should be noted that the 

channeling efficiency obtained represents a lower threshold since the equation only takes into 

account aldehydes that are channeled and undergo aldol addition with pyruvate to form 4-
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hydroxy-2-oxopentanoate. The equation also assumes that ADH is able to utilize all exogenous 

aldehyde in the bulk solvent. 
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Figure 2.1 Overview of reverse channeling assay in the aldolase-dehydrogenase complex 

BphI-BphJ. V1 is the rate of conversion of acetyl-CoA to acetaldehyde by BphJ, V2 is the rate 

of conversion of acetaldehyde to ethanol in the bulk solvent by ADH, V3 is the rate of aldol 

addition of pyruvate with acetaldehyde by BphI. 
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2.6 Molecular Modeling and in silico Methods  
 
2.6.1 Molecular modeling  

All modeling was completed in PyMOL (232) using the crystal structure of the 

orthologous DmpG-DmpF complex from Pseudomonas putida CF600 (1NVM) (94).  

 

2.6.2 Phylogenetic and protein interface analysis 

A multiple-sequence alignment containing orthologous aldolases and dehydrogenases 

was generated using ClustalX (233). Amino acid conservation was mapped onto the structure of 

the ortholog DmpG-DmpF (94) using Consurf (234, 235) and visualized using PyMOL (232). 

Calculation of solvent accessible surfaces between interacting chains was completed using the 

crystal structure of DmpG-DmpF (94) and the Protein Interfaces, Surfaces and Assemblies 

(PISA) server (236). The evolutionary history was inferred by using the Maximum Likelihood 

method based on the JTT matrix-based model (237) from the MEGA5 software (238). Initial 

tree(s) for the heuristic search were obtained automatically as follows. When the number of 

common sites was < 100 or less than one fourth of the total number of sites, the maximum 

parsimony method was used; otherwise BIONJ method with MCL distance matrix was used. 

Trees were drawn to scale, with branch lengths measured in the number of substitutions per site.  

All positions containing gaps and missing data were eliminated.  
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CHAPTER 3 – Probing the Molecular Basis of the Kinetic Mechanism, Substrate 
Specificity and Catalysis in BphI 

 
 
 
 
Data from this chapter has been published in the following journals; 

  

• Wang, W.†, Baker, P.†, Seah, S.Y.K. (2010) Comparison of Two Metal-Dependent Pyruvate 

Aldolases Related by Convergent Evolution: Substrate Specificity, Kinetic Mechanism, and 

Substrate Channeling. Biochemistry 49, 3774-3782 († denotes co-first author) 

 
• Baker, P., Carere, J., Seah, S.Y.K. (2011) Probing the Molecular Basis of Substrate-

Specificity, Stereospecificity and Catalysis in the Class II Pyruvate Aldolase, BphI. 

Biochemistry 50, 3559-3569  
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Only experiments that were directly contributed by Perrin Baker from the above manuscripts are 

included in this chapter. The primary author, Perrin Baker, designed and conducted the 

experiments with the exception of carbonyl donor specificity that was completed in collaboration 

with Weijun Wang. Data analysis was completed by Perrin Baker and Weijun Wang. Perrin 

Baker, Weijun Wang and Stephen YK Seah co-wrote Biochemistry 49, 3774-3782 and Perrin 

Baker and Stephen YK Seah co-wrote Biochemistry 50, 3559-3569. Solvent isotope data was 

collected with the aid of fellow graduate student Jason Carere. 
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3.2 Introduction 

Pyruvate aldolases play a key role in the catabolism of aromatic compounds bridging the 

aromatic degradation pathway and central cellular metabolism, allowing the bacteria to utilize 

aromatic compounds as carbon and energy sources. One of these aldolases, BphI from 

Burkholderia xenovorans LB400, is found in the catabolic pathway of the environmental 

pollutant, polychlorinated biphenyls (PCBs) (49). The aldolase forms a tetrameric complex with 

the dehydrogenase BphJ (53). The crystal structure of DmpG, an ortholog of BphI from the 

phenol degradation pathway of Pseudomonas putida CF600, has been solved (56% sequence 

identity and 70% sequence similarity to BphI) (94). The aldolase adopts a TIM barrel fold, with 

aspartate (Asp-18), two histidines (His-200 and His-202), and a well ordered water molecule 

(Wat-1) ligating the Mn2+ cofactor. Two carboxylate oxygens of oxalate, a pyruvate enolate 

analogue, complete the octahedral coordination of the metal ion.  

Two other class II metal dependent pyruvate aldolases exist in aromatic hydrocarbon 

degradation pathways. HpaI and HMG/CHA aldolase are found in the 3- and 4-

hydroxyphenylacetate catabolic pathway in Escherichia coli and protocatechuate catabolic 

pathway of Pseudomonas putida F1, respectively (55, 58). While these aldolases are not related 

to BphI, they are able to catalyze pyruvate C3-proton exchange, are inhibited by oxalate and 

have secondary oxaloacetate decarboxylase activity (53, 56, 59), supporting the premise that they 

evolve convergently to catalyze similar reactions involving the formation of a pyruvate enolate 

intermediate (95). 

Here 4(S)-hydroxy-2-oxopentanoate was modeled in the active site of DmpG to identify 

five active site residues fully conserved within BphI that may be involved in substrate binding or 

catalysis. These residues (Arg-16, His-20, Leu-87, Leu-89 and Tyr-290) were replaced in BphI 
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by site-specific mutagenesis.  Based on our analyses of the enzyme variants, residues important 

for substrate specificity and stereospecificity were determined. Catalytic and kinetic mechanisms 

of BphI are proposed that provide an interesting comparison with its evolutionary divergent and 

convergent counterparts.  

 
 
 
 
 
 
 



	  74 

3.3 Results 
 
3.3.1 Carbonyl Donor Specificity 

BphI was tested for its ability to catalyze the enolization of pyruvate analogues by 

monitoring the α-proton exchange rate of these compounds in deuterated buffer by 1H NMR. 

BphI was only able to catalyze the proton exchange of pyruvate with a kexchange of 0.32 ± 0.02 

µmol·min-1·mg-1. BphI was unable to catalyze proton exchange of 2-ketobutyrate, 2-

ketopentanoic acid and 4-methyl-2-ketopentanoic acid. To determine whether the aldolases could 

bind these pyruvate analogues, steady-state kinetic inhibition assays were performed. All 2-

ketoacids tested were able to competitively inhibit the aldol cleavage of 4-hydroxy-2-

oxopentanoate by BphI, demonstrating that active site of the enzyme is able to accommodate 2-

ketoacids larger than pyruvate (Table 3.1). The inhibition constants (Kic), however, increase with 

increasing size of the C3-substituent. 

 
 
3.3.2 Determination of Kinetic Mechanism in the Aldol Addition Reaction 

Kinetic assays were performed using varying concentrations of pyruvate and 

acetaldehyde in the aldol addition reaction. Lineweaver−Burk plots of the results show a series 

of converging lines consistent with a classical ternary complex bi-uni mechanism in BphI 

(Figure 3.1) (35). In order to determine the order of substrate binding in the enzyme, product 

inhibition assays were further performed. The aldol cleavage reaction was competitively 

inhibited by pyruvate but exhibited mixed inhibition for acetaldehyde, indicating that the enzyme 

obeys a compulsory or preferred order mechanism in the aldol addition reaction with pyruvate 

binding to the active site prior to acetaldehyde. 

  



	  75 

 

Table 3.1 Inhibition constants of 2-ketoacids in the aldol cleavage of HOPA. a 

 

 

 

 

 

 

aAssays were performed by varying the inhibitor and substrate concentrations and contained 0.4 

mM NADH 2 mM MnCl2 and 20 U of ADH in 100 mM HEPES buffer, pH 8.0 at 25 °C in a 

total volume of 1 mL. 

 
 
  

  

2-ketoacid Inhibition Constant Ki (mM) 
Glyoxylate 0.21 ± 0.01 
Pyruvate 0.55 ± 0.03 
2-ketobutanoate 0.34 ± 0.04 
2-ketopentanoate 1.09 ± 0.10 
4-methyl-2-oxopentanoate 2.71 ± 0.17 
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Figure 3.1 Lineweaver-Burk plots of the product inhibition of BphI in the HOPA aldol 

cleavage reaction. (A) Inhibition of BphI with pyruvate  (Kic = 0.34 ± 0.04). Reaction rates were 

determined using 0 mM (), 2 mM (), 4 mM (), 6 mM () and 10 mM () pyruvate. (B) 

Inhibition of BphI with acetaldehyde (Kic = 59.1 ± 5.0 mM, Kiu 94.3 ± 5.0). Reaction rates were 

determined using 0 mM (), 20 mM (), 50 mM (), 75 mM () 100 mM () acetaldehyde. 

Inhibition was calculated using the competitive inhibition for HpaI and mixed inhibition equation 

in Leonora. Reaction conditions contained; 2 mM divalent metal ions and either 20 U of ADH or 

20 LDH in 100 mM HEPES buffer pH 8.0 at 25 °C. 
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3.3.3 Modeling of the HOPA Substrate in the Aldolase Structure 

Substrate was modeled into the structure of DmpG (Protein Data Bank entry 1NVM) via 

superimposition of the pyruvyl moiety of 4(S)-HOPA on the experimentally observed pyruvate 

enolate analogue, oxalate (Figure 3.2A), with the C1 and C2 oxygens forming bidentate ligands 

to the divalent metal cofactor. The C4 OH group of 4(S)-HOPA is positioned in the space 

occupied by an enzyme-bound water molecule (Wat-2) in the DmpG−oxalate structure and is 

within hydrogen bonding distance and geometry with respect to Arg-17 η1 (3.1 Å), His-20 δ (3.0 

Å), and the metal ligating water molecule, Wat-1 (2.0 Å) (Figure 3.2B). Arg-17 Nη1 and Arg-17 

Nη2 are 2.9 and 2.8 Å from the pyruvyl α-keto group, respectively, and 3.4 Å from C3 of HOPA. 

The C4 methyl group of 4(S)-HOPA was fitted into a small hydrophobic cleft lined by Leu-88 

and Leu-90. In this configuration, there is a slight overlap of van der Waals radii between C4 of 

4(S)-HOPA and the hydroxyl of Tyr-291 (~2.6 Å).  

However, a clockwise rotation of 14.5° about the Cα atom of Tyr-291 afforded by a space 

in the active site would relieve this steric clash (Figure 3.3). Movement of the Tyr-291 side chain 

in the presence of the aldehyde moiety of the substrate is also necessary to open the tunnel to 

allow channeling of the aldehyde product from the aldolase to the aldehyde dehydrogenase 

active site (7). The above-mentioned amino acid residues in DmpG are conserved in all orthologs, 

including BphI, with the exception of Leu-90, which is substituted with valine in XylK from P. 

putida (26). 
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Figure 3.2 Active site of DmpG with bound ligands. (A) Oxalate bound in DmpG active site. 

The pyruvate enolate analog, oxalate, coordinates the divalent metal ion Mn2+. Arg-17Nη1 and 

Nη2 are 2.7 Å and 2.8 Å from the O3 carboxylate of oxalate. Two enzyme bound water 

molecules are located in the active site. Wat-1 (2.8 Å) coordinates to Mn2+ while Water-2 (W2) 

acts as a hydrogen bond donor for the backbone carbonyl of Gly-52 and oxygen equivalent to 

pyruvyl α-keto of oxalate with a bond angle of 102.5°. Wat-2 is also located proximal to the Nδ 

imidazole nitrogen of His-20 (2.8 Å), the hydroxyl of Tyr-290 (2.9 Å), and Arg-17Nη1 (3.3 Å). 

(B) Model of HOPA in the DmpG active site. Model was generated by superimposing the 

pyruvyl moiety of 4(S)-HOPA on the experimentally observed oxalate. This positions the C4-OH 

of HOPA in the space occupied by W2 and allows the C4-OH to possibly interact with the Arg-

16Nη1 (3.1 Å) and a metal ligating water molecule, W1 (2.1 Å). Numbers in brackets 

correspond to the residue numbers in BphI. 
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Figure 3.3 Active site of DmpG showing the proposed alternative conformation of Tyr-291. 

The substrate, shown with carbon atoms in cyan, was modeled into the active site of DmpG by 

superimposing the pyruvyl moiety of (4S)-HOPA on the experimentally observed oxalate.  

Overlap in van der Waals radii was observed between C4 of the substrate and the hydroxyl 

oxygen of Tyr-291 (~2.6 Å; carbon atoms of Tyr-291 shown in grey). A clockwise rotation of 

14.5º about the Cα of Tyr-291 (carbon atoms in green) afforded by a space in the active site, 

would relieve this steric clash. Distance measurements between the hydroxyl oxygens of the two 

different conformations of Tyr-291 and the C4 of the modeled HOPA are shown in red. Numbers 

in brackets correspond to the residue numbers in BphI.  
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From the modeled structure, it appears that the side chains of Leu-88 and Leu-90 (Leu-87 

and Leu-89 in BphI, respectively) interact with the C4-alkyl substituent of 4-hydroxy-2-oxoacids. 

The hydroxyl moiety in Tyr-291 (Tyr-290 in BphI) causes a narrowing of the active site and may 

be important for substrate binding and could also potentially aid in the acid-catalyzed 

protonation to the pyruvate enolate. Modeling of the full substrate suggests that Arg-17 (Arg-16 

in BphI) hydrogen bonds to the C4 OH group of HOPA (Arg-17 Nη1 is 3.0 Å from the C4 OH 

group). Thus, Arg-17 Nη1 may lower the pKa of the C4 OH group (pKa ~20) aiding in base-

catalyzed proton abstraction. His-21 (His-20 in BphI) may be important for abstraction of a 

proton from the C4 OH group. 

To test these hypotheses, we replaced the two leucine residues in BphI with alanine 

separately and together (L87A, L89A, and L87A/L89A). Tyr-290 was replaced with 

phenylalanine (Y290F) and the smaller serine (Y290S). The positively charged Arg-16 was 

replaced with alanine (R16A) and lysine (R16K). His-20 was replaced with alanine (H20A) and 

serine (H20S). All mutations were successfully incorporated into bphI, and all variants were 

expressed and purified in E. coli to homogeneity using the same protocol developed for the wild-

type enzyme (4). 
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3.3.4 Analysis of BphI Leucine Variants 

A 3-fold reduction in kcat/Km for pyruvate was observed for the L87A variant compared to 

the wild-type enzyme. In contrast, kcat/Km for pyruvate in the L89A variant was similar to that of 

the wild-type enzyme (Table 3.2). Wild-type BphI has similar specificity constants (kcat/Km) 

toward acetaldehyde and propionaldehyde in the aldol addition reaction with pyruvate as the 

carbonyl donor (Table 3.3). The replacement of Leu-87 with alanine reduced the specificity 

constants of the enzyme toward acetaldehyde by 32-fold while maintaining a specificity constant 

for propionaldehyde similar to that of the wild-type enzyme. This effectively changed the 

discrimination in favor of propionaldehyde over acetaldehyde by >40-fold. The L89A variant, on 

the other hand, exhibited similar kcat/Km values for acetaldehyde and propionaldehyde as in the 

wild-type enzyme. However, specificities toward butyraldehyde, pentaldehyde, and hexaldehyde 

were increased in the variant compared to the wild-type enzyme. This increase in specificity 

constants for longer chain aldehydes in the L89A variant was primarily due to lower Km values. 

Similarly, the L87A/L89A variant exhibited improved specificity for aldehydes at least four 

carbons in length relative to the wild-type enzyme. A dramatic increase in the Km for 

acetaldehyde and propionaldehyde in the L87A/L89A variant is responsible for the reduction in 

kcat/Km for shorter chain aldehydes (2C and 3C). Overall, the aldehyde specificity of the enzyme 

was effectively altered by replacement of these leucine residues. In particular, the specificity of 

the L89A variant for pentaldehyde is ~50-fold higher than that of the wild type, making it a more 

efficient enzyme (kcat/Km = 23.3 ± 2.8 M-1.s-1) for utilization of this longer chain aldehyde than 

the wild-type enzyme for its natural substrate, acetaldehyde (kcat/Km = 13.4 ± 0.8 M-1.s-1). 

Aldehydes substituted with C2- and C3-OH are not substrates of BphI. 
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Table 3.2 Steady-state kinetic parameters for pyruvate utilization in BphI wild-type (WT), 

L87A and L89A variants in the aldol addition reaction a 

 
 
 
 
 
 
 
 
 

 
 
a Assays were performed at 25 °C and contained 120 µg of BphI, 1 mM MnCl2 and 240 mM 

propionaldehyde with varying concentrations of pyruvate in 100 mM HEPES buffer pH 8.0. The 

4-hydroxy-2-oxohexanoate product formed was lactonized and detected at 215 nm. 

Enzyme Km, app (mM) kcat, app  
(s-1) 

(kcat/Km)app 
(M-1.s-1) 

WT 13.0 ± 0.6 1.20 ± 0.02 91.5 ± 4.7 

L87A 20.2 ± 1.8 0.32 ± 0.01 15.9 ± 1.6 

L89A 11.0 ± 1.1 0.64 ± 0.02 58.7 ± 6.3 
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Table 3.3 Aldehyde specificities of BphI L87A and L89A variants in the aldol addition reaction a  
 
 

 Carbon Length 2 3 4 5 6 

  Aldehyde Acetaldehyde Propionaldehyde Butryaldehyde Pentaldehyde Hexaldehyde 

Enzyme Kinetic Parameters       

WT 
Km, app (mM)  64.2 ± 3.7 136 ± 9.6 - - - 
kcat, app (s-1)  0.860 ± 0.020 1.79 ± 0.07 - - - 
kcat/Km, app (M-1.s-1)  13.4 ± 0.80 13.2 ± 1.1 2.19 ± 0.12 b 0.470 ± 0.01 b 0.0100 ± 0.0010 b 

L87A 
Km, app (mM)  - 16.8 ± 1.3 323 ± 29.5 - - 
kcat, app (s-1)  - 0.290 ± 0.010 0.260 ± 0.010 - - 
kcat/Km, app (M-1.s-1)  0.420 ± 0.020 b 17.5 ± 1.39 0.790 ± 0.080 0.330 ± 0.02 b 0.0100 ± 0.0010 b 

L89A 
Km, app (mM)  80.5 ± 7.6 40.2 ± 4.0 49.2 ± 4.4 24.8 ± 2.9 - 
kcat, app (s-1)  0.940 ± 0.030 0.630 ± 0.020 0.640 ± 0.020 0.580 ± 0.02 - 
kcat/Km, app (M-1.s-1)  11.7 ± 1.1 15.6 ± 1.6 12.9 ± 1.2 23.3 ± 2.8 0.130 ± 0.010 b 

L87A;L89A 
Km, app (mM)  - - 289 ± 20 33.3 ± 2.9 - 
kcat, app (s-1)  - - 0.300 ± 0.010 0.130 ± 0.010 - 
kcat/Km, app (M-1.s-1)  0.490 ± 0.020 b 6.73 ± 0.070 b 1.04 ± 0.080 3.80 ± 0.30 0.100 ± 0.010 b 

 
aAssays were performed at 25 °C and contained 120 µg of BphI variants, 1 mM MnCl2 and 100 mM pyruvate with varying 

concentrations of aldehydes in 100 mM HEPES buffer pH 8.0.  4-hydroxy-2-oxoacids products formed were lactonized and detected 

at 215 nm by HPLC using an Aminex fast-acid analysis ion exchange column.  

b Due to low substrate solubility or high apparent Km for the substrate, the specificity constant was estimated from the linear gradient 

of specific activity vs substrate concentration graph. 
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3.3.5 Analysis of Tyrosine 290 Variants 

Y290F and Y290S variants had 20−30-fold lower kcat values and 10-fold lower Km values 

compared to those of the wild-type in the aldol cleavage of 4(S)-HOPA. Catalytic efficiencies 

were reduced only ~3-fold relative to that of the wild-type enzyme (Table 3.4). Y290F and 

Y290S also retained the ability to catalyze the half-reaction of pyruvate enolization, although the 

pyruvate C3 methyl proton exchange rate is reduced by ~10-fold in comparison to that of the 

wild-type enzyme (Table 3.5). Interestingly, replacement of tyrosine with phenylalanine or serine 

resulted in enzymes that lack stereochemical control because both variants were able to catalyze 

the aldol cleavage of 4(R)-HOPA with kinetic parameters similar to those of the natural substrate, 

4(S)-HOPA (Table 3.4). 
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 1 

Table 3.4 Steady state kinetic parameters of BphI and variants for the aldol cleavage of 4- 2 
hydroxy-2-oxopentanoate stereoisomers a  3 

 4 

a Aldol cleavage activity was completed with 4(S)- and 4(R)-HOPA. Assays were performed at 5 

25oC and contained 0.4 mM NADH, 1 mM MnCl2 and 19.2 U of LDH in 100 mM HEPES buffer, 6 

pH 8.0 in a total volume of 1 mL. NA: denotes no detectable activity. 7 

  8 

Enzyme Substrate 

 (4S)-HOPA (4R)-HOPA 

 Km  
(µM) 

kcat  x 10-2 

 (s-1) 
kcat / Km x 102 

(M-1·s-1) 
Km  

(µM) 
kcat  x 10-2 

 (s-1) 
kcat / Km x 102 

(M-1·s-1) 

WT 89 ± 8 407 ± 7 447 ± 40 NA NA NA 

Y290F 13 ± 1 13.2 ± 0.2 126 ± 9 13 ± 1 13.1 ± 0.3 104 ± 6 

Y290S 13 ± 1 17.1 ± 0.3 134 ± 13 12 ± 1 17.0 ± 0.3 141 ± 13 
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Table 3.5. Rate of C3 methyl proton exchange of pyruvate catalyzed by wild-type and 1 
mutant enzymes a  2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

a Proton exchange assays contained  30 mM sodium pyruvate, 2 mM MnCl2 and 1 mg of BphI- 12 

BphJ in 20 mM deuterated MOPS buffer (pD 8.0) to a final volume of 600 µL. NA: denotes no 13 

detectable activity (less than 0.0001 s-1). 14 

15 

Enzymes  Vexchange (µmol⋅min-1⋅mg-1) 

WT 0.32 ± 0.02 

R16A NA 

R16K 0.01 ± 0.001 

H20A 0.11 ± 0.002 

H20S 0.06 ± 0.002 

Y290F 0.02 ± 0.001 

Y290S 0.03 ± 0.001 
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3.3.6 Examination of Histidine 20 and Arginine 16 Variants 1 

H20A and H20S variants exhibited a 2-fold increase in Km and a 45-fold decrease in kcat, 2 

resulting in a ~100-fold decrease in the catalytic efficiencies (kcat/Km) for the aldol cleavage of 3 

4(S)-HOPA (Table 3.6). The pyruvate α-proton exchange rate in these variants was only slightly 4 

reduced (≤5-fold change), indicating that protonation of the pyruvate enolate was not affected in 5 

these variants (Table 3.5). The pH profile of the wild-type enzyme suggests the involvement of a 6 

base with pKa values of 7.18 ± 0.04 and 7.06 ± 0.05 for the free enzyme and enzyme substrate 7 

complex, respectively (Figure 3.4A,C). In the H20A and H20S variants, the pKa is lost, and 8 

instead, a linear increase in log (kcat) and log (kcat/Km) with an increase in pH from 6.5 to 8.5 was 9 

observed (R2 ≥ 0.95) (Figure 3.4B,D). The slope of the line is 0.35, which is less than the 10 

expected slope of unity. Slopes lower than unity have also been observed in pH−rate profiles for 11 

other metalloenzymes, although the rationale behind this has not been fully investigated (27-30). 12 

When Arg-16 is replaced with alanine (R16A), no detectable activity was observed in the variant 13 

(activity of <0.0001 s-1) (Table 3.6). The R16K variant retained the ability to catalyze the aldol 14 

cleavage of 4(S)-HOPA; however, the Km value for this substrate increased by >100-fold 15 

compared to that of the wild type. Examination of the secondary structure of the arginine variants 16 

(R16A and R16K) by circular dichroism spectroscopy did not exhibit differences in spectra 17 

relative to that of the wild type, suggesting that the effects on aldol cleavage are not the result of 18 

disruption of the secondary structure of the enzyme (Figure 3.5). However, the existence of small 19 

local structural changes in the active site of the aldolase cannot be ruled out, as these may not be 20 

detectable by circular dichroism spectroscopy.  21 

 22 
  23 
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 1 

Table 3.6 Steady state kinetic parameters of BphI and variants for the aldol cleavage of 2 
4(S)-HOPA a  3 

 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 

a Assays were performed at 25oC and contained 0.4 mM NADH, 1 mM MnCl2 and 19.2 U of 21 

LDH in 100 mM HEPES buffer, pH 8.0 in a total volume of 1 mL. b Due to the high apparent Km 22 

for this substrate, the specificity constant can be estimated from only the gradient of the specific 23 

activity vs substrate concentration graph. 24 

Enzyme Aldol Cleavage 

 Km (µM) kcat  x 10-2 (s-1) kcat / Km x 102 
(M-1·s-1) 

WT 89 ± 8 407 ± 7 447 ± 40 

R16A NA NA NA 

R16K - - 0.12 ± 0.01b 

H20A 222 ± 14 9.9 ± 0.1 4.5 ± 0.3 

H20S 228 ± 22 8.9 ± 0.2 3.4 ± 0.4 
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Figure 3.4 pH dependence of kcat and kcat/Km for BphI WT, Y290 and H20 variants. Assay 

were completed in an constant ionic strength buffer containing 0.1 M Tris, 0.05 M acetic acid, 

0.05 M MES and 1 mM MnCl2. (A) pH dependence of kcat for WT and Tyr-290 variants (B) pH 

dependence of kcat for His-20 variants (C) pH dependence of kcat/Km for WT and Y290 variants 

(D) pH dependence of kcat/Km for H20 variants. The upper limit (pH 8.5) in activity 

measurements was due to precipitation of Mn2+ at pH 9.0 and spontaneous breakdown of HOPA. 

The enzyme exhibits minimal activity < pH 6.5. pH data was fit using Leonora. The R2 values of 

lines in panels B and D are >0.95. 
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Figure 3.5 Circular dichroism spectra of BphI and R16A and R16K variants. Far-UV 

circular dichroism spectra were recorded on a Jasco J-815 spectropolarimeter using a 1 mm path-

length quartz cuvette. All protein samples were set to a final concentration of 1 µM in 20 mM 

HEPES, pH 8.0. Measurements were made in continuous scanning mode at a scanning speed of 

50 nm·min-1 with a time constant of 1 s and bandwidth of 1 nm at 25 °C 
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3.3.7 Kinetic Solvent Isotope and Proton Inventories 

To determine if water is involved in the catalytic mechanism of BphI and to obtain 

information about the number of protons involved in flight in the transition state, we assembled a 

proton inventory of the wild-type enzyme. A dependence of kcat on n, the mole fraction of solvent 

deuterium, was observed, resulting in a normal solvent kinetic isotope effect of 2.54 ± 0.04. Data 

obtained were fitted for a single proton in flight in the transition state that contributes to the 

isotope effect (Figure 3.6). 

 
 
3.4 Discussion 
 

The active site of DmpG is small, with the aldehyde binding site closer to the entrance 

and pyruvate binding site in the interior. Therefore it is not surprising that pyruvate binding in 

the ortholog BphI must precede aldehyde binding in this enzyme in order for the aldol addition to 

occur. Similarly, aldehyde produced in the aldol cleavage reaction must dissociate from the 

active site and be channeled prior to dissociation of pyruvate.  

From structural and biochemical analyses, Leu-87 and Leu-89 of BphI were found to be 

important for the aldehyde specificity of the enzyme. From the crystal structure of the aldolase, 

Cδ1 of Leu-87 is approximately 3.5 Å from C5 of the modeled 4-hydroxy-2-oxoacid substrate 

(equivalent to C2 of the aldehyde) while Cδ1 of Leu-89 is 3.8 and 3.6 Å from C6 and C7 of 4-

hydroxy-2-oxoacids, respectively (equivalent to C3 and C4 of aldehydes, respectively) (Figure 

3.7A). Leu-87 plays an important role in interacting with the C5 of the natural substrate HOPA 

as replacement of Leu-87 with alanine resulted in a lower catalytic efficiency for this substrate. 

Propionaldehyde and longer aldehydes may still be anchored in the active site through their 

interactions with Leu-89 in the L87A variant, which would account for the unchanged specificity 
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for longer aldehydes. The aldehyde alkyl moiety of 4-hydroxy-2-oxoacids must extend toward 

Leu-89, resulting in steric clash when the aldehyde has at least five carbons because Cδ2 of Leu-

89 is ~3 Å from C7 of the 2-oxoacid (Figure 3.7B). Replacement of Leu-89 with alanine 

effectively increased the length of the active site, allowing for the accommodation of longer 

aldehydes, thus improving specificity constants of the variant toward these substrates.  

 Creation of a larger substrate binding site in the double variant (L87A/L89A) resulted in 

improved kcat/Km values for aldehydes five or six carbons in length relative to the wild-type 

enzyme but reduced kcat/Km values for shorter aldehydes (acetaldehyde and propionaldehyde). 

The latter is possibly due to the loss of specific interactions between the enzyme and the shorter 

aldehydes leading to conformational freedom of the smaller substrates and nonproductive 

binding. In contrast to the changes in aldehyde specificities observed for the leucine variants, 

pyruvate specificities are only slightly affected. Cδ of Leu-87 is 3.6 Å from C3 of the modeled 

pyruvate, thus shortening the side chain of the amino acid residue could disrupt this hydrophobic 

interaction, accounting for the 3-fold reduction in the specificity constant for pyruvate in the 

L87A variant. 
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Figure 3.6 Proton inventory on kcat of wild-type BphI aldol cleavage reaction. Kinetic 

parameters of nk were obtained by measuring the initial rate, in a discontinuous fashion at 

different fractional concentrations of deuterium (n). Proton inventory assays contained 1 mM 

MnCl2, 10 µg of BphI and HOPA concentrations varying between 0.1Km and 10Km in a final 

volume of 1.0 mL in 100 mM HEPES buffers (pL 8.0). Data was fit to the Gross-Butler one-

proton in-flight model (Equation 2.2). 
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Figure 3.7 Model of (A) 4-hydroxy-2-oxohexanoate and (B) 4-hydroxy-2-oxoheptanoate in 

the substrate binding site of DmpG. The substrates are positioned within the solvent accessible 

surface of the active site.  Carbon atoms of the substrates are depicted in cyan and the residues in 

the substrate binding sites are depicted in grey.  Distances between the Cδ of Leu-88 and Leu-90 

and the C5, C6 and C7 of the substrates are illustrated. Corresponding residue numbers in BphI 

are indicated in brackets.   
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BphI has previously been shown to be stereospecific, catalyzing the aldol cleavage of 

HOPA with a 4(S) conformation (61). In contrast, the analogous pyruvate aldolase, HpaI, is not 

stereospecific because of a large active site that can accommodate substrates of different 

enantiomers (61). In BphI, Tyr-290 appears to prevent the binding of 4(R)-HOPA because of a 

steric clash with the 4-methyl substituent of this enantiomer. Steric constraint of 4(R)-HOPA was 

alleviated when the hydroxyl is removed in the Y290F variant or when the side chain is 

shortened in the Y290S variant. Both substitutions allowed the enzyme to utilize both 

enantiomers as substrates with equal catalytic efficiencies. Stereochemical control afforded by 

Tyr-290 may, however, be an inadvertent consequence of evolution to increase the catalytic rate 

of the aldol cleavage reaction as Tyr-290 also appears to be important for catalysis by increasing 

the catalytic power of the enzyme. 

On the basis of the crystal structure of DmpG, the ortholog of BphI, it was previously 

proposed that tyrosine functions as the catalytic acid protonating the pyruvate enolate in the 

reaction mechanism (94). Tyrosine residues have been implicated as catalytic residues in other 

aldolases. In 2-keto-3-deoxygluconate (KDG) aldolase, the hydroxyl group of tyrosine is 

proposed to mediate the transfer of a proton from the substrate carboxylate to the pyruvate 

enolate (81, 239-241). In the archael class I fructose-1,6-bisphosphate aldolase from 

Thermoproteus tenax, the hydroxyl of Tyr-146 occupies a position equivalent to that of the 

carboxyl of the catalytically vital Glu-187 residue of the eukaryotic class I fructose-1,6-

bisphosphate aldolase (242). Structural data, in combination with a Y146F variant that exhibited 

a 3 order of magnitude reduction in kcat, suggest that tyrosine may function as the proton donor 

catalyzing the conversion between the carbinolamine intermediate and the Schiff base in this 

enzyme (243).  
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In BphI, Y290F and Y290S variants exhibit ≥10-fold reductions in the rates of pyruvate 

proton exchange; however, overall catalytic efficiencies of aldol cleavage are reduced by only 3-

fold, discounting the possibility that this tyrosine residue is the direct catalytic acid in the 

enzyme. In the DmpG structure, the hydroxyl substituent of Tyr-290 forms a hydrogen bond with 

an enzyme-bound water molecule (Wat-2, 2.9 Å) that appears be of the correct geometry to act 

as a catalytic acid (Figure 3.2). Wat-2 also forms hydrogen bonds with the carbonyl on the 

backbone of Gly-52 (Gly-51 in BphI) (3.2 Å), O3 carboxylate of oxalate (3.3 Å) (bond angle of 

102.5°), and His-21 (His-20 in BphI) (Figure 1B). The involvement of Wat-2 in the catalytic 

mechanism is supported by the normal kinetic solvent isotope effect and proton inventory that 

demonstrates one proton “in flight” in the transition state, although it cannot be inferred whether 

this proton transfer occurs in a transition state leading to (step a) or from (step d) the enolate 

intermediate (Figure 3.4). The involvement of Wat-2 is also consistent with an ordered 

sequential kinetic mechanism previously reported for BphI (61), in which acetaldehyde leaves 

the active site first following aldol cleavage, thereby creating a space for Wat-2 to enter the 

active site. In addition, the normal solvent isotope effect observed indicates that the water 

molecule that protonates the intermediate is not bound to the divalent metal (Wat-1), which 

would be expected to yield inverse solvent isotope effects (244). Water has been proposed to 

function as a catalytic acid in HMG/CHA aldolase and dihydroneopterin aldolase (61, 245) or as 

a proton shuttle in KDPG aldolase and D-2-deoxyribose-5-phosphate aldolase (87, 246). Proton 

inventory results for BphI are analogous with those obtained for α-isopropylmalate synthase, an 

enzyme from the same superfamily. α-Isopropylmalate synthase exhibits a similar normal 

solvent isotope effect of 2.2 ± 0.5 and catalyzes a chemical mechanism similar to that of BphI 

with the formation and protonation of an enolate anion intermediate (123).  
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In BphI and its orthologs, His-20 has been suggested to be the catalytic base involved in 

abstracting the proton of the C4 hydroxyl of the substrate (94). Evidence that supports this 

includes the strict conservation of His-20 in orthologs and the close position (2.9 Å) of the C4 

OH group of modeled HOPA relative to His-20 Nδ. A linear increase in log(kcat) and log(kcat/Km) 

with an increase in pH from 6.5 to 8.5 was observed in the histidine variants (Figure 3.3B,D). A 

similar exponential increase in kcat with an increase in pH, attributed to OH-, has been observed 

in GDP-mannose mannosyl hydrolase when its catalytic base has been removed (247). However, 

His-20 variants exhibited an only 40-fold reduction in kcat at pH 8.0 compared with the 3 order of 

magnitude reduction in kcat observed when general bases in other aldolases were replaced (248-

250). In the pyruvate aldolase HpaI, a histidine residue (His-45) appears to be important for base 

catalysis, although its position in the structure suggests an indirect role in C4 OH group 

abstraction via an enzyme-bound water molecule (57, 96). A metal-bound water molecule is also 

proposed to act as the general base in another pyruvate aldolase, HMG/CHA aldolase (61). The 

water ligand (Wat-1) to the metal ion in BphI and orthologs is, however, further (3.7 Å) from the 

C4 OH group of the modeled substrate than in the analogous pyruvate aldolases. For Wat-1 to 

act as a base, a conformational change in the active site during catalysis would be required to 

bring the substrate closer. Given that there are no direct structures available for the wild type and 

histidine variants containing the aldehyde moiety, the involvement of Wat-1 in base catalysis 

cannot be entirely ruled out. 

Among other unrelated class II aldolases such as L-fuculose-1-phosphate and L-

rhamulose-1-phosphate aldolases, a single glutamate residue has been implicated in acid−base 

catalysis (65, 66). Similarly, most class I aldolases employ groups containing carboxyl 

substituents (aspartate, glutamate, or the substrate carboxylate group) for catalysis (87, 239, 248). 
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The identity of the general base in class I fructose-1,6-bisphosphate aldolase is, however, 

unresolved, with both Glu-187 and Asp-33 being possible candidates (248, 251, 252). In class I 

2-keto-3-deoxygluconate (KDG) aldolase and 2-keto-3-deoxy-6-phosphogluconate (KDPG) 

aldolase, the identity of the catalytic base or acid is also unclear because of the possibility that 

residues may act through bridging water molecules (87).  

In the DmpG oxalate complex structure, an arginine residue corresponding to Arg-16 of 

BphI interacts with the carboxylate group of oxalate (Figure 1A). The positively charged side 

chain of arginine (Arg-16 Nη2) likely functions to stabilize, by electrostatic interaction, the 

resultant negatively charged vinylic alkoxide oxygen (O3) on pyruvate enolate. Loss of the 

positive charge at the Arg-16 position would thus severely compromise the stabilization of the 

enolate, thus affecting the catalytic activity and the half-reaction of pyruvate proton exchange, 

which was observed in the R16A variant. In the R16K variant, the single amine group on Lys 

cannot easily compensate for the functionality of the guanidinium of Arg-16 that can orient 

toward the negatively charged O3 atom of the pyruvate enolate or the C4 OH group of the 

substrate. Similar arginine to alanine substitutions in HpaI and HMG/CHA aldolases led to the 

abrogation of aldol cleavage and pyruvate α-proton exchange activities (56, 61, 96), suggesting 

convergent evolution toward a common catalytic strategy for pyruvate enolate stabilization in 

these enzymes (253, 254). In other DRE family members, including α-isopyropylmalate synthase 

(Protein Data Bank entry 3HPZ) and 3-hydroxy-3-methylglutaryl-CoA lyase (Protein Data Bank 

entry 3MP3), arginine residues are similarly positioned to stabilize an enolate anion intermediate 

in their respective reaction mechanisms (119) and substitutions with neutral residues are 

deleterious to enzyme function (113, 114, 120).  
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Proposed Catalytic Mechanism 

A proposed catalytic mechanism of the aldol cleavage of BphI is outlined in Figure 3.8 

The catalytic cycle begins with HOPA binding in the active site cavity with two carboxylate 

oxygen atoms (O1 and O3) forming equatorial ligands to the metal ion creating an electron sink 

at the C2 keto intermediate. In addition, Arg-16 and Wat-1 interact with the keto oxygen (O3) 

and the oxygen of the C4 hydroxyl group. Abstraction of a proton from the C4 hydroxyl group 

by His-20 induces C3−C4 bond cleavage (reaction a) to yield acetaldehyde and a pyruvate 

enolate anion that is stabilized by Arg-16. Following the release of acetaldehyde, Wat-2 binds to 

the active site and acts as the catalytic acid to donate a proton to pyruvate enolate (reaction b) to 

produce pyruvate (reaction c). Alternatively, His-20 could remain protonated during the 

formation of the intermediate and may utilize Wat-2 as a proton shuttle to protonate the pyruvate 

enolate intermediate. Release of pyruvate (reaction d) allows the catalytic cycle to recommence.  

The data presented here corroborate the position of HOPA in the modeled structure and 

improve our understanding of how residues in the active site of BphI contribute to catalysis, 

substrate specificity, and stereospecificity. As aldolases are important biocatalysts for organic 

synthesis, this work may allow future studies aimed at redesigning enzymes to alter substrate 

specificity and stereospecificity to produce useful organic chemicals. 
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Figure 3.8 Proposed catalytic mechanism for the BphI catalyzed aldol cleavage reaction. 

Proton abstraction from the C4 hydroxyl by His-20 induces a cleavage of the C3-C4 bond 

(reaction a) to yield acetaldehyde and a pyruvate enolate anion. In this compulsory order 

mechanism, acetaldehyde leaves the active site (reaction b). Arg-16 stabilizes the α-keto 

carbanion of the pyruvate enolate which then abstract a proton from Wat-2 to produce pyruvate 

(reaction c). Pyruvate is released (reaction d) to allow the catalytic cycle to recommence.
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CHAPTER 4 – Rational Design of Stereoselectivity in the Class II Pyruvate Aldolase, BphI  

 
 
 
 
This chapter has been published in the Journal of the American Chemical Society as follows;  

 

Baker, P. and Seah, S.Y.K. (2012) Rational design of stereoselectivity in the class II pyruvate 

aldolase, BphI. J. Am. Chem. Soc. 134, 507-513  
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4.2 Introduction 
 

Approximately 60% of all pharmaceutical agents currently on the market are chiral and 

the development of enantiomerically pure formulations is often critical to ensure high specificity 

for the intended biological target (255-258). Aldolases have the potential to catalyze the 

formation of C-C bonds with stereochemical control, and are therefore powerful biocatalysts for 

the synthesis of pharmaceutical compounds including enzyme inhibitors (259) and complex 

oligosaccharides (260). Among aldolases, the dihydroxyacetone phosphate (DHAP) dependent 

aldolases, possess strict requirement for DHAP as the nucleophilic component and can accept 

virtually any aldehyde as an electrophile, have been extensively investigated for organic 

synthesis (261-263). However, since DHAP-dependent enzymes produce a 1,3,4-trihydroxy-2-

butanone skeleton that is already highly functionalized and requires the expensive DHAP 

precursor, there has been emphasis in recent years in the development and discovery of other 

aldolases that have alternative substrate specificities. One such group is pyruvate aldolases that 

catalyze the aldol addition of cheaply available precursors, pyruvate and aldehyde, to produce a 

4-hydroxy-2-oxoacid skeleton that can be further modified chemically or enzymatically to 

produce amino or hydroxyl substituted derivatives as chiral synthons for organic reactions (64, 

89). 

In BphI, Leu-87 interacts with the C4-methyl of the substrate as substitution to shorter 

alanine side chain led to a >30-fold increase in Km for acetaldehyde in the aldol addition reaction. 

Tyr-290 functions to position a water molecule that is proposed, based on kinetic and solvent 

isotope experiments, to abstract a proton from pyruvate to form the pyruvate enolate intermediate 

(227). BphI Y290F and Y290S variants resulted in a 10-fold decrease in Km and kcat for the retro-

aldol cleavage of 4-hydroxy-2-oxopentanoate. Surprisingly, the variants also lost stereochemical 
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control and were able to catalyze aldol cleavage reactions of both 4(S) and 4(R) enantiomers of 

the 4-hydroxy-2-oxopentanoate with similar catalytic efficiencies (227). This is consistent with 

the proposal that the p-hydroxyl of Tyr-290 in the wild-type enzyme also sterically restricts the 

binding of the 4(R)-enantiomer and its removal in the variants enables the enzyme to utilize this 

enantiomer. 

While many class I and class II pyruvate aldolases exist, the class I 2-keto-3-deoxy-6-

phosphogalactonate (KDPGal) aldolase is the only known member that appears to be 

stereospecific for the (R)-enantiomer of its natural substrate. KDPGal aldolase can catalyze aldol 

addition using a broad range of electrophilic substrates, provided they incorporate polar 

functionality at C2, C3 or C4 (90). However the enzyme is not efficient with longer aldehydes as 

electrophiles and therefore it is desirable to engineer other pyruvate aldolases, such as BphI, to 

create (R)-specific precursors of some compounds, such as 4-hydroxy-2-oxooctanoate for the 

antifungal Syringomycin (264, 265).  

Here, molecular modeling and prior knowledge from the biochemical analysis of BphI 

(227) were exploited to rationally redesign the class II aldolase BphI to exclusively utilize or 

produce the opposing 4(R) enantiomer. The results demonstrate that rational design to change the 

stereospecificity of an enzyme is possible without the availability of detailed experimentally 

determined enzyme-substrate structural information. 
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4.3 Results 
 
4.3.1 Molecular Modeling and creation of enzyme variants 

4-hydroxy-2-oxopentanoate (HOPA) was previously modeled into the crystal structure of 

DmpG, an orthologue of BphI, by superimposing its pyruvyl moiety on the position of the 

experimentally determined oxalate within the active site of the enzyme (227).  In this position the 

C1-carboxyl and C2-carbonyl oxygens of 4-hydroxy-2-oxopentanoate (HOPA) coordinate the 

divalent metal cofactor (227). The van der Waals radius of the hydroxyl oxygen of Tyr-291 

residue (corresponds to Tyr-290 in BphI) overlaps with the C4 carbon of HOPA, necessitating a 

clockwise rotation of the phenyl ring of Tyr-291 by 14.5° to relive this steric clash. Even in the 

alternative confirmation of Tyr-291, there is insufficient space proximal to this residue to 

accommodate the 4-methyl substituent of the R enantiomer of HOPA. The C4-methyl of 4(S)-

HOPA, on the other hand, orients towards Leu-88 (Leu-87 in BphI) in a space opposite Tyr-291 

(Figure 4.1A).  

In order to engineer the enzyme to utilize the 4(R)-enantiomer, the phenolic oxygen was 

removed in BphI by substitution of Tyr-290 with phenylalanine, thus creating more space for the 

4(R)-methyl substituent of the substrate. Replacement of Leu-87 with polar asparagine (L87N) or 

bulky tryptophan (L87W) were constructed in an attempt to create unfavourable polar-

hydrophobic interactions or to introduce steric constraints to prevent binding of 4(S) enantiomer 

(Figure 4.1B).   

Single variants (L87N, L87W) and double variants (L87N;Y290F and L87W;Y290F) 

were successfully created by site-specific mutagenesis and they could be purified to homogeneity 

with similar yields as the wild-type enzyme.   
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Figure 4.1 Active site of DmpG with modeled substrates.	   	  (A)	  The	  4-‐methyl	  substituent	  of	  

4(S)-‐HOPA	  directs	  towards	  Leu-‐87	  at	  the	  active	  site	  of	  the	  wild-‐type	  enzyme.	  (B)	  The	  4(R)-‐

HOPA	   can	   be	   accommodate	   in	   the	   active	   site	   if	   Tyr-‐290	   is	   replaced	  with	   phenylalanine.	  

Numbers	   in	   parentheses	   correspond	   to	   the	   residue	   numbers	   in	   BphI.	   Images	   were	  

generated	  using	  PyMOL	  (232).	  
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4.3.2 Stereospecificity for HOPA in the retro-aldol reaction 

Variants were initially tested for their ability to catalyze the retro aldol cleavage of 4(S)- 

or 4(R)-HOPA. The double variants L87N;Y290F and L87W;Y290F were inactive towards 4(S)-

HOPA but were able to catalyze the aldol cleavage of the opposing 4(R) enantiomer (Table 4.1). 

The catalytic efficiency of the retro aldol activity for these variants were however compromised 

due to a ~40-fold decrease in kcat and 30-60 fold higher Km values compared to the wild-type 

enzyme. The decrease in kcat is possibly associated with the loss of the phenolic oxygen of Tyr-

290 that hydrogen bonds with a catalytic water molecule (227). No detectable activity (activity 

of <0.0001 s-1) was observed in single variants L87N and L87W for either enantiomers of HOPA. 

	  

4.3.3 Oxaloacetate (OAA) decarboxylase activity 

In order to determine if the inactivity of L87N and L87W single variants in the retro-

aldol reaction above is due to catalytic inactivation of the variant enzymes or the inability of the 

enzymes to bind to HOPA, we tested the enzymes for OAA decarboxylase activity. Oxaloacetate 

decarboxylation is a secondary reaction of pyruvate aldolases (53, 56, 61) that proceeds through 

C-C bond cleavage between C3 and C4, followed by proton donation to a pyruvate enolate 

intermediate, analogous to the retro-aldol reaction. Oxaloacetate is, however, one carbon shorter 

than HOPA and more highly oxidized so that C-C bond cleavage leads to production of carbon 

dioxide rather than an aldehyde. Both L87N and L87W were found to possess OAA 

decarboxylase activity, confirming that they are catalytically active. The catalytic efficiencies of 

OAA decarboxylase in the L87N and L87W variants were however lower than the wild-type 

enzyme by 10- and 380-fold, respectively (Table 4.2). The L87N variant exhibited a 35-fold 

decrease in Km relative to the wild-type, while the Km for the L87W was much higher than the 
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Table 4.1 Steady-State Kinetic Parameters of BphI and Its Variants for the Aldol Cleavage 

of the Stereoisomers of 4-Hydroxy-2-Oxopentanoate a 

 

a Aldol cleavage activity was completed with 4(S)- and 4(R)-HOPA. Assays were performed at 

25 °C and contained 0.4 mM NADH, 1 mM MnCl2, and 19.2 units of LDH in 100 mM HEPES 

(pH 8.0) in a total volume of 1 mL. NA: denotes no detectable activity. 

b activity is <0.0001 s-1 

	   	  

 4(S)-HOPA 4(R)-HOPA 

Enzyme Km,app 
(µM) 

kcat  
(x 10-2s-1) 

kcat / Km,app 
(x 102 M-1·s-1) Km,app (µM) kcat  

(x 10-2 s-1) 
kcat / Km,app 

(x 102 M-1·s-1) 
WT 89 ± 8 400 ± 0.7 447 ± 40 NA NA NA 

Y290F 13 ± 1 13.2 ± 0.2 126 ± 9 13 ± 1 13.1 ± 0.3 104 ± 6 

L87N;Y290F NA NAb NA 757 ± 89 9.8 ± 0.5 1.3 ± 0.06 

L87W;Y290F NA NAb NA 435 ± 42 4.3 ± 0.2 1.0 ± 0.1 
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Table 4.2 Steady-State Kinetic Parameters of BphI and Its Variants for Oxaloacetate 

decarboxylation.a  

 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a Assays were performed with 50 µg enzyme, 0.4 mM NADH, 19.2 U LDH  and oxaloacetate 

varying between at least 0.1 Km and 10 Km, in 100 mM HEPES buffer, pH 8.0 in a total volume 

of 1 mL. b Due to the high apparent Km for the substrate, the specificity constant can only be 

estimated from the linear gradient of specific activity vs substrate concentration graph. 

Enzyme Km,app (mM) kcat (x 10-1 s-1) kcat / Km,app 
(M-1·s-1)  

WT 7.4 ± 0.4 163 ± 4 2200 ± 100 

L87N 0.21 ± 0.02 0.5 ± 0.01 254 ± 30 

L87W - - 5.8 ± 0.3 b 

Y290F 0.92 ± 0.07 2.7 ± 0.1 530 ± 40 

L87N;Y290F 0.84 ± 0.06 0.8 ± 0.02 98 ± 7 

L87W;Y290F 6.2 ± 0.5 4 ± 0.1 64 ± 5 
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wild-type as the enzyme could not be saturated with the substrate under the assay conditions. The 

kcat values for OAA decarboxylase activity were also lower than the wild-type, possibly due to 

the absence of the phenolic oxygen of Tyr-290 that is important in positioning the catalytic water 

that is proposed to protonate the pyruvate enolate. Neither enantiomer of HOPA at a 

concentration of 10 mM inhibited the OAA decarboxylase activities of the two single leucine 

variants, confirming that the lack of aldolase activity is due to the inability of the enzyme 

variants to bind HOPA.   

OAA decarboxylase activity was not dramatically affected in the L87N;Y290F variant 

relative to the single L87N variant. In comparison, the Km for the L87W;Y290F variant is lower 

than the L87W variant,  providing evidence that Trp-87 also sterically impedes the proper 

binding of the carboxylate of oxaloacetate in the single L87W variant and this is alleviated upon 

the removal of the phenolic oxygen of Tyr-290 in the double variant.  

	  

4.3.4 Stereochemical control for longer aldehyde substrates 

	   In order to determine if the stereospecificity for the opposing enantiomer to the wild-type 

enzyme is preserved in the double variants for aldehydes longer than acetaldehyde, variants were 

tested for activity towards racemic mixtures of 4-hydroxy-2-oxoacids containing alkyl chains ≤8 

carbon atoms in length (pyruvate addition products with propionaldehyde, butyraldehyde and 

pentaldehyde).  These racemic compounds were synthesized using HpaI, an enzyme that does 

not exhibit stereochemical control (61). The wild-type, L87N;Y290F and L87W;Y290F variants 

were only able to degrade ~50% of racemic 4-hydroxy-2-oxoacids (Table 4.3). In addition, the 

~50% 4-hydroxy-2-oxoacids remaining after treatment of the wild-type enzyme could be further 

degraded to completion by the L87N;Y290F or L87W;Y290F variants, showing that the variants 



	  110 

are utilizing the opposite enantiomer that the wild-type enzyme cannot utilize. Similarly, when 

racemic 4-hydroxy-2-oxoacids were treated with Y290F;L87N or Y290F;L87W variants first, 

the wild-type enzyme was able to degrade the remaining substrate. In contrast, the Y290F variant 

was able to cleave ~98% of these racemic mixtures, confirming that this single variant is not 

stereospecific.  

The aldol addition products of pyruvate and various aldehydes synthesized by the wild-

type and each variant enzyme were also subjected to polarimetric analysis. The specific rotation 

of 4-hydroxy-2-oxoacids produced by L87N;Y290F and L87W;Y290F variants were opposite to 

those synthesized by the wild-type enzyme (Table 4.4). The Y290F single variant produced 

substrates with an optical rotation of approximately 0 further confirming that the enzyme 

exhibits poor facial selectivity. Together, these results demonstrate that constructed variants 

exhibit the opposite stereoselectivity to that of the wild-type and that alkyl chain length of the 

aldehyde does not affect stereochemical control. 
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Table 4.3 Degradation of racemic mixtures of 4-hydroxy-2-oxoacids a  

 

a Assays contained 20 µM 4-hydroxy-2-oxoacid, 0.4 mM NADH, 1 mM MnCl2 and 19.2 U LDH 

in a 100 mM HEPES buffer pH 8.0. The amount of enzyme added was 10 µg for the wild-type 

and 500 µg for the variants. 

	   	  

Enzyme % Degradation of Racemic Mixtures of 4-hydroxy-2-oxoacids 

 4-hydroxy-2-
oxopentanoate 

4-hydroxy-2-
oxohexanoate 

4-hydroxy-2-
oxoheptanoate 

4-hydroxy-2-
oxooctanoate 

WT 51.6 ± 1.0 50.6 ± 0.8 51.2 ± 0.7 48.6 ± 0.8 

Y290F 99.0 ± 3.3 98.6 ± 3.2 97.9 ± 2.2 98.2 ± 2.7 

L87N;Y290F 48.5 ± 1.3 49.6 ± 1.2 50.6 ± 1.9 49.3 ± 1.2 

L87W;Y290F 46.2 ± 1.6 48.8 ± 1.8 51.2 ± 2.1 50.6 ± 1.9 
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Table 4.4 Specific rotation of 4-hydroxy-2-oxoacids synthesized by BphI and variants a 

 
 

	  

a	  Samples were synthesized by each respective enzyme, lactonized and purified by Aminex® 

HPX-87H column with a mobile phase of 0.1% formic acid and lyophilized. The optical rotation 

of purified substrates was determined using a Rudolph Autopol IV automatic polarimeter at 25 

ºC at a wavelength of 589 nm.	  

	  

Enzyme Specific Rotation of Synthesized 4-hydroxy-2-oxoacids [a]D
25  

 4-hydroxy-2-
oxopentanoate 

4-hydroxy-2-
oxohexanoate 

4-hydroxy-2-
oxoheptanoate 

4-hydroxy-2-
oxooctanoate 

WT + 15.4 + 6.7 + 14.0 + 33.3 

Y290F 0 -0.8 - 0.2 0 

L87N;Y290F + 13.6 - 7.9 - 14.7 - 33.1 

L87W;Y290F + 14.0 - 7.9 - 13.7 - 34.0 
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4.3.5 Kinetic analysis of the aldol addition reaction 

Steady-state kinetic parameters were determined in the aldol addition reaction using 

pyruvate and various aldehydes. The Km,app values for pyruvate were approximately 2 to 4-fold 

higher in the variants than the wild-type enzyme suggesting that pyruvate binding is largely 

unaffected (Table 4.5). All variants exhibited similar kcat values that were 3 to 10-fold lower than 

that of the wild-type. In addition, variants exhibited similar specificity constants (kcat/Km,app) 

towards acetaldehyde and propionaldehyde as in the wild-type enzyme suggesting that the C2 of 

the aldehyde forms favourable hydrophobic interactions with the phenyl ring of Phe-290 (Table 

4.6). The Y290F single variant exhibited similar specificities for all aldehydes and had notably 

higher specificity for pentaldehyde compared to the wild-type and double variants. Similar to the 

wild-type enzyme, the double variants exhibited a reduction in catalytic efficiencies as aldehyde 

chain length increases to  >3C in length. This is primarily due to an increase in Km,app for longer 

aldehydes. Overall the kcat/Km for the double variants in the aldol addition reaction was affected 

by ≤10-fold relative to the wild-type enzyme. 
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Table 4.5 Steady-state kinetic parameters for the utilization of pyruvate in BphI wild-type 

(WT), L87N;Y290F and L87W;Y290F variants in the aldol addition reaction a 

 
 
 
 
 
 
 
 
 
 

 
 

 

a Assays were performed at 25 °C and contained 120 µg of BphI, 1 mM MnCl2 and 240 mM 

propionaldehyde with varying concentrations of pyruvate in 100 mM HEPES buffer pH 8.0. The 

4-hydroxy-2-oxohexanoate product formed was lactonized and detected at 215 nm. 

Enzyme Km, app (mM) kcat, app  
(s-1) 

(kcat/Km)app 
(M-1·s-1) 

WT 13.0 ± 0.6 1.20 ± 0.02 91.5 ± 4.7 

Y290F 20.0 ± 1.9 0.19 ± 0.01 8.4 ± 0.8 

L87N;Y290F 30.2 ± 1.6 0.11 ± 0.01 3.6 ± 0.2 

L87W;Y290F 38.2 ± 3.1 0.16 ± 0.01 4.3 ± 0.4 
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Table 4.6 Steady-state kinetic parameters for the utilization of various aldehydes of BphI wild-type and variants in the aldol 

addition reaction a 

a Assays were performed at 25 °C and contained 120 µg of BphI, 1 mM MnCl2 and 100 mM pyruvate with varying concentrations of 

aldehyde in 100 mM HEPES buffer pH 8.0. The 4-hydroxy-2-oxo acid products formed were lactonized and detected at 215 nm via 

HPLC. 

b Due to the high apparent Km for the substrate, the specificity constant was estimated from the linear gradient of specific activity vs 

substrate concentration graph.  

 Carbon Length 2 3 4 5 

  Aldehyde Acetaldehyde Propionaldehyde Butyraldehyde Pentaldehyde 

Enzyme Kinetic Parameters      

WT 
Km, app (mM)  64.2 ± 3.7 136 ± 9.6 - - 
kcat, app (s-1)  0.860 ± 0.020 1.79 ± 0.07 - - 
kcat/Km, app (M-1·s-1)  13.4 ± 0.80 13.2 ± 1.1 2.19 ± 0.12 b 0.470 ± 0.01 b 

Y290F 
Km, app (mM)  81.0 ± 6.8 81.2 ± 7.0 104 ± 8.3 80.5 ± 7.6 
kcat, app (s-1)  0.20 ± 0.005 0.16 ± 0.006 0.16 ± 0.005 0.14 ± 0.003 
kcat/Km, app (M-1·s-1)  2.5 ± 0.2 2.0 ± 0.2 1.5 ± 0.1 1.7 ± 0.1 

L87N;Y290F 
Km, app (mM)  70.7 ± 3.7 54.9 ± 3.8 - - 
kcat, app (s-1)  0.30 ± 0.003 0.10 ± 0.003 - - 
kcat/Km, app (M-1·s-1)  4.3 ± 0.2 1.8 ± 0.1 0.16 ± 0.008 b 0.040 ± 0.002 b 

L87W;Y290F 
Km, app (mM)  86.3 ± 8.5 24.4 ± 1.9 - - 
kcat, app (s-1)  0.59 ± 0.003 0.14 ± 0.003 - - 
kcat/Km, app (M-1·s-1)  6.9 ± 0.7 5.7 ± 0.5 0.31 ± 0.004 b 0.051 ± 0.003 b 
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4.4 Discussion 
 

Pyruvate aldolases are a diverse group of enzymes that differ in their substrate 

specificities, stereo-specificities and catalytic mechanisms. For example, some pyruvate 

aldolases that utilize catalytic lysine residues in their reaction mechanisms (Class I aldolases), 

such as N-acetylneuraminic acid (NAL) aldolase (266) and 2-keto-3-deoxy-gluconate (KDG) 

aldolase lack stereochemical control (241, 267). Other class I aldolases such as 2-keto-3-deoxy-

6-phosphogluconate-6-phosphate (KDPG) aldolase and 2-keto-3-deoxy-6-phosphogalactonate 

(KDPGal) aldolase catalyze the identical reaction, but with si- and re-facial selectivity at C4, 

respectively, providing access to both stereochemical sequences (64). However they only utilize 

aldehydes with polar groups at C2, C3 or C4 as substrates (90). Pyruvate aldolases that are 

divalent metal dependent (Class II aldolases) include HpaI and HMG/CHA aldolases that, unlike 

BphI, lack stereospecificity (61, 102). HpaI and BphI exhibit broad specificity for the aldol 

reaction of pyruvate with non-phosphorylated nonsubstituted aldehydes and are therefore useful 

for synthesis of 4-hydroxy-2-ketoacid precursors for organic synthesis. 

During the aldol addition catalyzed by BphI, the S configured stereogenic centre at C4 is 

created via attack of a pyruvate enolate intermediate onto the si face of the aldehyde carbonyl of 

acetaldehyde. The availability of a x-ray crystal structure of the orthologous DmpG (56% amino 

acid identity) (94), containing the pyruvate enolate analog, oxalate, previously enabled us to 

propose a  model for the binding of 4(S)-hydroxy-2-oxopentanoate in the active site (227). A 

critical residue is Tyr-290 that prevents the binding of the 4(R)-isomer due to steric clash 

between the C4-methyl substituent of the substrate and the hydroxyl oxygen of the tyrosyl 

residue. Hence, in the Y290F variant, steric constraint at the stereogenic carbon is alleviated 

resulting in a loss of stereochemical control. Since Tyr-290 functions to position a catalytic water 
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in the reaction mechanism, the catalytic power of the Y290F variant is compromised. 

Interestingly, a T161V substitution in 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase also 

eliminated the stereochemical control in the enzyme, allowing the enzyme to accept either 

KDPG or KDPGal (2-keto-3-deoxy-6-phosphogalactarate) as substrates with roughly equal 

efficiencies (89). However, unlike the BphI Y290F variant, this substitution was accompanied by 

a significant loss of kcat (104-fold) against both the natural and epimeric substrates. The reason 

why the T161V variant loses stereospecificity is not clear but it suggests catalytic involvement in 

stereochemical control. 

Aromatic residues within the active sites of other enzymes have been implicated in 

stereoselectivity. Steric occlusion by Phe-297 within the active site of acetylcholinesterase is the 

primary determinant of both enantiomeric preference and substrate selectivity (268). Similarly, 

Phe-77 and Phe-138 in aryl sulfotransferase IV, which catalyzes the sulfation of many drugs, 

carcinogens and xenobiotics, was shown by alanine substitutions to provide significant 

interactions that both impart stereospecificity and enhance catalytic efficiency (269). Among 

aldolases, fructose-1,6-bisphosphate aldolase was engineered to catalyze the formation of the 

opposite enanatiomer, tagatose, by replacing a histidine residue (His-26) with an aromatic 

tyrosine (H26Y). The subtle change in conformation of the active site in this variant affects the 

position of the bound glyceraldehyde 3-phosphate (G3P) plane relative to the 

dihydroxyacetonephosphate (DHAP) enediolate, permitting the attack of DHAP on the opposite 

face of the incoming G3P molecule (270). 

While Tyr-290 in BphI prevents the binding of the 4(R) isomer of the substrate, Leu-87, 

positioned opposite to Tyr-290 in the active site of BphI, appeared to be important for interaction 

with the 4-methyl of the S-enantiomer of the substrate. This is supported by previous studies 
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where replacement of Leu-87 with a shorter alanine reduced the specificity constants of the 

enzyme towards acetaldehyde by 32-fold while maintaining a similar specificity constant for 

pyruvate in the aldol addition reaction (227). As demonstrated through inhibition studies, Leu-87 

variants lost the ability to bind and catalyze the cleavage of HOPA, although they were still 

catalytically active as they retained OAA decarboxylase activities. OAA differs from HOPA in 

that it lacks the C5-alkyl group. Therefore in the L87N variant, the incompatibility between the 

hydrophobic C5 alkyl of HOPA and the polar side chain of Asn-87 is a possible factor that has a 

negative effect on HOPA binding and catalysis. In the L87W, an unfavourable steric clash is 

thought to occur between the C5-alkyl and the bulky side chain of Trp-87. At the same time, 

these Leu-87 single variants are unable to accommodate the 4(R) enantiomer due to the steric 

blockage by Tyr-290. Thus, combining mutations at two positions in the double variants 

(L87N;Y290F and L87W;Y290F) led to enzymes with stereoselectivity for the 4(R) enantiomer. 

Km,app values for pyruvate binding were unaffected in these variants, consistent with our model 

indicating that these amino acid substitutions are sufficiently removed from the carbonyl donor. 

The L87W;Y290F variant had a marginally higher kcat/Km in both the retro aldol and aldol 

addition reaction relative to the L87N;Y290F variant possibly due to the more favourable 

accommodation of the hydrophobic tail of 4-hydroxy-2-oxoacids if the active site is also 

hydrophobic. The stereoselectivity is retained for longer aldehyde substrates suggesting that Phe-

290 does not sterically hinder their binding.  Inspection of the crystal structure of DmpG, suggest 

that there is sufficient space at the distal end of the active site pocket to accommodate these 

aldehydes (Figure 4.2) (271).  
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Figure 4.2 Model of 4(R)-hydroxy-2-oxooctanoate in the substrate binding site of DmpG. 

Tyr-291 and Leu-88 of the active site are replaced with phenylalanine and asparagine, 

respectively in the model.  The distal end of the substrate can adopt different conformations to fit 

within the solvent accessible areas of the active site (mesh). Carbon atoms of the substrates are 

colored cyan, and the residues in the substrate binding sites are colored gray. Corresponding 

residue numbers in BphI are given in parentheses. 
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Directed evolution based on random mutagenesis has been the preferred method to alter 

the stereoselective profiles of aldolases and other biocatalysts (63, 83, 272-274). Although no 

prior structural information of the enzyme is necessary for directed evolution, its main limitation 

is the requirement for robust screening methods to select for desired variants from a pool of 

thousands of mutants (275). An alternative method to modify the stereoselectivity of aldolases is 

by rational design, an approach that has been attempted with 2-keto-3-deoxygluconate aldolase 

(276). The natural enzyme produces the diasteroisomers D-2-keto-3-deoxygluconate (D-KDGlu) 

and D-2-keto-3-deoxy-galactonate (D-KDGal) in almost equal mixtures using pyruvate and D-

glyceraldehyde as substrates. Detailed structures of the enzyme containing bound D-KDGlu or 

D-KDGal were required to modify the enzyme by site-specific mutagenesis to preferentially 

produce one or the other enantiomer exploiting the subtle differences in hydrogen bonding 

interactions between the enzyme with the C4 (the stereogenic centre), C5 and C6 

oxygens/hydroxyls of the D-glyceraldehyde moiety of the respective enantiomer.    

For many aldolases, the mechanism for stereochemical control is not fully understood. 

We have shown how structural modeling can be used to rationally design a stereo-

complementary variant of BphI.  The results presented herein demonstrated that both Leu-87 and 

Tyr-290 govern stereochemical control and that relatively few amino acid substitutions within 

the active site can result in large changes in the stereoselectivity of an enzyme. This approach 

compares favourably and can complement directed evolution approaches to create biocatalysts of 

desired stereospecificity.   
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CHAPTER 5 – Characterization of the Substrate Specificity, Catalytic Mechanism and 
Substrate Channeling in the Aldehyde Dehydrogenase, BphJ  

 
 

Data from this chapter has been published in the following journals;  

 

• Baker, P.†, Pan, D.†, Carere, J., Rossi, A., Wang, W., Seah, S.Y.K. (2009) Characterization 

of an Aldolase−Dehydrogenase Complex That Exhibits Substrate Channeling in the 

Polychlorinated Biphenyls Degradation Pathway. Biochemistry 48, 6551-6558 

 
• Wang, W.†, Baker, P.†, Seah, S.Y.K. (2010) Comparison of Two Metal-Dependent Pyruvate 

Aldolases Related by Convergent Evolution: Substrate Specificity, Kinetic Mechanism, and 

Substrate Channeling. Biochemistry 49, 3774-3782 
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5.1 Introduction 

Aldehyde dehydrogenases (ALDHs) are a diverse group of enzymes, present in both 

prokaryotic and eukaryotic organisms, that are involved in numerous biological functions 

including; central metabolism (136, 277), osmotic protection (278), cellular differentiation (279) 

and detoxification pathways (38). Two phylogenetically and structurally distinct families of 

NAD(P)+-dependent aldehyde dehydrogenases, classified as phosphorylating and non-

phosphorylating, catalyze the oxidation of aldehydes into activated or non-activated acids (135). 

While the families share mechanistic similarities, including a common acylation step, the 

deacylation step differs by the nature of the acyl acceptor (144, 280, 281). Kinetic data support a 

sequential mechanism for hydrolytic ALDHs in which NAD(P)H dissociates last (141, 282-284). 

In contrast, CoA-dependent ALDHs exhibit a ping-pong mechanism where the release of the 

reduced cofactor occurs before the transthioesterification step (Scheme 5.1) (143, 145, 285). 

While mechanistic and structural aspects of hydrolytic ALDHs have been extensively studied 

(109, 138, 161, 175, 286-288), considerably less is known about CoA-dependent ALDHs (171). 

BphJ is a non-phosphorylating CoA-dependent aldehyde dehydrogenase from the PCB-

degrading bacterium Burkholderia xenovorans LB400 (53). The enzyme is unique in that while it 

is a non-phosphorylating CoA-dependent aldehyde dehydrogenase, the crystal structure of DmpF, 

(an ortholog of BphJ with sequence 55% identity), resembles the structures of phosphorylating 

hydrolytic dehydrogenases glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and aspartate-

β-semialdehyde dehydrogenase (ASADH), which belong to the phosphorylating family. 

Hydrogen-deuterium exchange studies in DmpF have shown that NAD+ and CoASH share a 

binding site (172), making it the first reported Rossmann fold that can alternatively bind both 

cofactors. BphJ is also unique in that it forms a heterotetrameric complex with an aldolase BphI 
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(53) as opposed to other ALDHs that form homodimers and homotetramers. It is proposed that 

this association between the aldolase and dehydrogenase allows for aldehydes produced during 

the cleavage of 4-hydroxy-2-oxoacids by BphI to be channeled via a molecular tunnel to the 

active site of BphJ (94).  

 Here site-specific mutagenesis was used to identify the catalytic cysteine (Cys-131) and 

residues involved in substrate specificity (Ile-171 and Ile-195). Finally, kinetic analyses of the 

BphI-BphJ provided the first biochemical evidence of substrate channeling in an aldolase-

dehydrogenase complex. 
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Scheme 5.1 Schematic representation of the BphJ catalyzed reaction. The acylation step starts with the nucelophilic attack by 

cysteine on the aldehyde. This results in the formation of a thiohemiacetal intermediate with the negative charged oxygen anion is 

stabilized by an oxyanion hole. Hydride transfer reduces the NAD+ cofactor to NADH and leads to the formation of a thioacylenzyme 

intermediate. The deacylation step starts with the removal of NADH and thioestrification through nucleophilic attack of CoAS- on the 

thioacylenzyme intermediate, followed by the release of acyl-CoA.  
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5.2 Results 
 
5.2.1 Structural Analysis of the Dehydrogenase and Putative Active Site 

Analysis using the DALI server (289) indicated that DmpF, an ortholog of BphJ (58% 

identical), structurally resembles aspartate-β-semialdehyde dehydrogenase (PDB 2R00) and 

glyceraldehyde-3-phosphate dehydrogenase (PDB 1CF2). While these enzymes contain a 

catalytic cysteine in a position equivalent to the putative catalytic cysteine in DmpF, no other 

active site residues are conserved. 

The structure of DmpF is composed of two domains, an N-terminal NAD+ binding 

domain fold spanning residues 6-119 and a C-terminal dimerization domain composed of 

residues 127-273. The crystal structures of DmpF reveal movement between the apo and NAD+-

bound forms of the enzyme, which otherwise superimpose with each other with an average 

RMSD of 1.8 Å. The putative active site is located between these domains with contribution 

from three hydrophobic residues, Ile-172, Ile-196 and Met-198 (Ile-171, Ile-195 and Leu-197 in 

BphJ).  These residues also contribute to the interface with the aldolase DmpG, and are proposed 

to gate the channeling of aldehydes between the aldolase and dehydrogenase (94). Due to their 

proposed involvement in interacting with the aldehyde, and position in the active site, these 

residues may have some bearing on substrate specificity. Ile-171 and Ile-195 are conserved 

among orthologs and were targeted for further analysis. Both Ile-171 and Met-198 exist in two 

different rotameric configurations in the crystal structure. The putative catalytic thiol (Cys-132) 

located on the N-terminal end of α6 adopts two conformations. In the apo form (Figure 5.1), the 

thiol is oriented towards Asp-209 with a bridging water molecule 4.0 Å from Cys-132 and 2.6 Å 

and 3.4 Å to the carboxylate oxygens of Asp-209. It has been previously proposed that such a 



	  126 

conformation may be required to activate the thiol (94). In the NAD+-bound form, the thiol is 

located above the nicotinamide moiety of NAD+ bound in the active site. 

To test the importance of these residues, Ile-171 was replaced with alanine and 

phenylalanine (I171A and I171F) and Ile-195 with the smaller alanine (I195A) as well as the 

bulkier phenylalanine and tryptophan (I195F and I195W) residues. To probe the catalytic thiol 

and the role of Asp-208 in catalysis, Cys-131 was replaced with alanine and serine (C131A and 

C131S) and Asp-208 with alanine (D208A). All proteins were expressed in E. coli and purified 

to homogeneity using the same protocol developed for the wild-type enzyme (53).  
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Figure 5.1 Active site of DmpF in both apo and NAD+-bound orientations. (A) Apo form of 

DmpF with the proposed catalytic thiol (Cys-132) oriented towards Asp-209 through hydrogen 

bonding with a bridging water molecule 4.0 Å to Cys-132 and 2.6 Å and 3.4 Å to Asp-209 (B) 

Holo form of DmpF depicting Cys-132 in a second conformation orienting towards the 

nicotinamide moiety of NAD+ which is in turn hydrogen bonding to Asn-171. In this 

conformation both Ile-172 and Met-198 changes their rotameric configuration in comparison to 

the apoenzyme structure. Numbers in parentheses correspond to the residue numbers in BphJ. 

All residues are conserved with the exception of Met-198 that is replaced with Leu-197 in BphJ. 
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5.2.2 Analysis of Cys-131 and Asp 208 

When Cys-131 was replaced with alanine (C131A) or serine (C131S), no detectable 

activity was observed in the variants (Table 5.1). Examination of the secondary structure of 

cysteine variants (C131A and C131S) by circular dichroism spectroscopy did not reveal 

differences in spectra relative to that of the wild-type (Figure 5.2), suggesting that abrogation of 

catalysis did not the result from disruption of the secondary structure of the enzyme. However, 

the existence of small local structural changes in the active site of the dehydrogenase cannot be 

ruled out, as these may not be detectable by circular dichroism spectroscopy. The aldolase BphI 

in complex with the cysteine variants of BphJ was observed to exhibit similar kinetic parameters 

to that of the wild-type enzyme, further supporting the premise that the aldolase-dehydrogenase 

complex was properly folded (Table 5.2). 

 The pH profile for the wild-type enzyme, carried out over a pH range of 6.0-9.0, was fit 

to a one pKa model with pKa values of 8.49 ± 0.05 and 8.05 ± 0.03 for the free enzyme and 

enzyme-substrate complex, respectively (Figure 5.3). It has been proposed that the putative 

catalytic thiol Cys-132 may be activated by Asp-209 functioning as a general base via an 

intervening water molecule (94). Substitution of Asp-208 to alanine (D208A) resulted in <2-fold 

difference in the steady-state catalytic efficiency (kcat/Km) for the dehydrogenase reaction relative 

to the wild-type enzyme. In addition, the pH dependency of the reaction was not significantly 

altered in comparison to the wild type enzyme with pKa values of 8.57 ± 0.08 and 8.08 ± 0.03 for 

the free enzyme and enzyme-substrate complex, respectively (Figure 5.3). This suggests that 

Asp-209 is not involved in thiol activation and/or that the attack of the aldehyde by the thiol is 

not rate limiting. 
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Table 5.1 Steady-State Kinetic Parameters of BphJ with acetaldehyde as substrate. a  
 

Thiol Km (mM) kcat (s-1) kcat/Km, app 
(M-1 s-1) 

WT 23.6 ± 1.8 17.2 ± 0.5 730 ± 60 

C131A NA NA NA 

C131S NA NA NA 

D208A 18.7 ± 1.4 7.6 ± 0.2 406 ± 34 

 
 
aAssays were performed at 25 °C and contained 0.4 mM NAD+ and 0.1 mM coenzyme A in 100 

mM HEPES buffer (pH 8.0) in a total volume of 1 mL. NA: denotes no detectable activity 

(<0.0001 s-1). 
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Figure 5.2 Circular dichroism spectra of BphI and C131A and C131S variants. Far-UV 

circular dichroism spectra were recorded on a Jasco J-815 spectropolarimeter using a 1 mm path-

length quartz cuvette. All protein samples were set to a final concentration of 1 µM in 20 mM 

HEPES, pH 8.0. Measurements were made in continuous scanning mode at a scanning speed of 

50 nm·min-1 with a time constant of 1 s and bandwidth of 1 nm at 25 °C. 

 

 

 



	  131 

Table 5.2 Steady-state kinetic parameters for the aldolase BphI in complex with BphJ and 

BphJ variants. a 

 

Enzyme Km (µM) kcat (s-1) kcat/Km, app 
(×102 M-1 s-1) 

BphI-BphJ 89 ± 8 4.1 ± 0.7 447 ± 40 

BphI-BphJ C131A 68 ± 5 3.1 ± 0.1 455 ± 35 

BphI-BphJ C131S 108 ± 6 3.4 ± 0.2 315 ± 28 

 
 
a Assays were performed at 25 °C and contained 0.4 mM NADH, 1 mM MnCl2 and 18 U LDH 

with concentrations of HOPA varied between 0.1 Km and 10 Km in 100 mM HEPES buffer (pH 

8.0) in a total volume of 1 mL.  
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Figure 5.3 pH dependence of kcat and kcat/Km for WT BphJ and D208A variant. Assays were 

completed in a constant-ionic strength buffer containing 0.1 M Tris, 0.05 M acetic acid, 0.05 M 

MES, and 1 mM MnCl2. (A) pH dependence of kcat for WT BphJ () and D208A variant (). (B) 

pH dependence of kcat/Km for WT BphJ () and D208A variant ().  
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5.2.3 Examining Substrate Specificity of BphJ 

 The wild-type enzyme exhibited similar catalytic efficiency (kcat/Km) for acetaldehyde 

and propionaldehyde with a ~2-fold reduction for butyraldehyde. However saturating levels of 

pentaldehyde could not be reached due to low solubility and a high apparent Km. Site-directed 

mutagenesis was used to probe the function of residues in the active site in an attempt to increase 

or decrease the size of the active site. Both I171A and I171F variants exhibited similar 

preferences for aldehydes as the wild-type (Table 5.3). In comparison, replacement of Ile-195 

with alanine reduced the specificity constant of the enzyme toward acetaldehyde by 5-fold due to 

increase in Km. Specificities towards butyraldehyde and pentaldehyde in the I195A variant were 

increased by approximately 9- and 20-fold, respectively, compared to the wild-type enzyme. 

This increase in specificity constants for longer chain aldehydes primarily resulted from lower 

Km values (<10 mM for butyraldehyde and pentaldehyde). In particular, the specificity of the 

I195A variant for pentaldehyde is 20-fold higher than that of the wild-type making it a more 

efficient enzyme for utilization of this longer chain aldehyde (1584 ± 156 M-1 s-1) than the wild-

type enzyme for its natural substrate, acetaldehyde (730 ± 60 M-1 s-1). When Ile-195 was 

replaced with a phenylalanine or tryptophan, kcat/Km values were 5 to 20-fold lower than the 

wild-type for aldehydes 2-4 carbons in length. An increase in the Km for butyraldehyde in both 

I195F and I195W variants is responsible for the reduction in kcat/Km. Together, these results 

argue that the alkyl chain of the aldehyde in the thioacylenzyme intermediate orients towards Ile-

195, and that this residue is at least partly responsible for governing aldehyde substrate chain 

length specificity. 
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Table 5.3 Substrate Specificity of BphJ in the dehydrogenase reaction. a 

 
a Assays were performed at 25 °C and contained 5 µg of BphJ variants, 1 mM MnCl2, 3 Km CoA and 4 Km NAD+  with varying 

concentrations of aldehydes in 100 mM HEPES buffer pH 8.0. b Due to low substrate solubility or high apparent Km for the substrate, 

the specificity constant can be estimated from the linear gradient of specific activity vs substrate concentration graph. 

 Carbon Length 2 3 4 5 

  Aldehyde Acetaldehyde Propionaldehyde Butyraldehyde Pentaldehyde 

Enzyme Kinetic Parameters      

WT 
Km, app (mM)  23.6 ± 1.8 23.1 ± 1.7 31.7 ± 2.2 - 
kcat, app (s-1)  17.2 ± 0.5 16.3 ± 0.5 9.5 ± 0.2 - 
kcat/Km, app (M-1 s-1)  730 ± 60 700 ± 50 300 ± 20 76 ± 3.1 b 

I171A 
Km, app (mM)  17.0 ± 1.4 20.4 ± 2.1 12.6 ± 1.2 - 
kcat, app (s-1)  37.9 ± 1.2 24.9 ± 1.2 16.7 ± 0.9 - 
kcat/Km, app (M-1 s-1)  2224 ± 203 1219 ± 141 1323 ± 147 72.8 ± 4.9 b 

I171F 
Km, app (mM)  34.9 ± 3.5 27.2 ± 2.4 19.3 ± 1.3 - 
kcat, app (s-1)  7.8 ± 0.3 6.0 ± 0.2 7.1 ± 0.2 - 
kcat/Km, app (M-1 s-1)  223 ± 23  221 ± 21  370 ± 29  38.7 ± 1.3 b 

I195A 
Km, app (mM)  133 ± 12 31.5 ± 2.7 4.6 ± 0.3 8.2 ± 0.8 
kcat, app (s-1)  19.7 ± 0.9 12.1 ± 0.6 12.6 ± 0.3 13.0 ± 0.4 
kcat/Km, app (M-1 s-1)  147 ± 15  384 ± 35  2763 ± 181  1584 ± 156  

 Km, app (mM)  33.7 ± 3.2 45.7 ± 4.1 - - 
I195F kcat, app (s-1)  15.4 ± 0.6 7.6 ± 0.3 - - 
 kcat/Km, app (M-1 s-1)  457 ± 48 167 ± 16 43.3 ± 2.3 b 34.6 ± 2.3 b 
 Km, app (mM)  45.6 ± 4.0 79.5 ± 6.9 - - 
I195W kcat, app (s-1)  6.9 ± 0.3 3.4 ± 0.2 - - 
 kcat/Km, app (M-1 s-1)  152 ± 14 42.5 ± 4.1 45.8 ± 1.4 b 26.5 ± 1.1 b 
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The kcat for picolinaldehyde in WT BphJ was approximately 5-fold lower than that of the natural 

substrate acetaldehyde. However the Km values for picolinaldehyde in all variants with the 

exception of I195F and I195W are lower than linear non-functionalized aldehydes suggesting 

that the pyridine ring forms favorable contacts in the active site (Table 5.4). The I171A and 

I195A variants exhibited the highest catalytic efficiencies for picolinaldehyde, while the 

incorporation of an aromatic residue at position 195 (I195F and I195W variants), resulted > 200-

fold reduction in kcat/Km, possibly due to steric hindrance with the large aldehyde side chain. 

  

5.2.4 Cofactor Specificity 

BphJ was able to utilize both NAD+ and NADP+ with comparable kcat values (Table 5.5).  

However the apparent Km for NAD+ is 16-fold lower than for NADP+. BphJ preferentially 

utilizes CoASH as cofactor, but dithiothreitol (DTT) can replace CoASH as cofactor, albeit at a 

300-fold lower efficiency (Table 5.6). This difference is the direct result of increase in Km for 

DTT relative to CoASH. Neither cysteine nor glutathione could replace CoASH as an acyl 

acceptor. BphJ was not observed to hydrolyze the thioacylenzyme intermediate using water 

under standard assay conditions. 
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Table 5.4 Steady-State Kinetic Parameters for BphJ for the Dehydrogenase Reaction Using 

Picolinaldehyde. a 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

a Assays were performed at 25 °C and contained 5 µg of BphJ variants, 1 mM MnCl2, 200 µM 

CoA and 800 µM NAD+  with concentrations of picolinaldehyde varying between 0.1 Km to at 

least 5 Km in 100 mM HEPES buffer pH 8.0. 

 

b Due to low picolinaldehyde solubility and high apparent Km for the substrate, the specificity 

constant can only be estimated from the linear gradient of specific activity vs substrate 

concentration graph. 

  

Enzyme Km,app (mM) kcat, app (s-1) kcat/Km, app 
(M-1 s-1) 

WT 18.2 ± 1.3 2.8 ± 0.1 154 ± 12 

I171A 3.2 ± 0.3 1.9 ± 0.1 597 ± 53 

I171F 12.0 ± 1.0 2.4 ± 0.1 202 ± 17 

I195A 6.9 ± 0.5 3.2 ± 0.1 468 ± 34 

I195F - - 0.76 ± 0.03 b 

I195W - - 0.11 ± 0.01 b 
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Table 5.5 Steady state kinetic parameters of BphJ with different nicotinamide cofactors. a  

 

Substrate  Km,app (µM) kcat,app (s-1) kcat/Km,app x 105 (M-1·s-1) 

NAD+ 34.8 ± 1.9 14.1 ± 0.2 4.0 ± 0.02 

NADP+ 561 ± 21 12.9 ± 0.2 0.22 ± 0.01 
 

a Assays were performed at 25oC and contained 100 mM acetaldehyde and 0.1 mM coenzyme A 

in 100 mM HEPES buffer, pH 8.0 in a total volume of 1 mL.  
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Table 5.6 Thiol specificity of wild type BphJ in the dehydrogenase reaction. a 

 
 

 

 

 

 

 

 

a Assays were performed at 25 °C and contained 10 µg of BphJ variants, 1 mM MnCl2, 400 µM 

NAD+ and 100 mM acetaldehyde with concentrations of cofactor varying between 0.1 Km to at 

least 5 Km in 100 mM HEPES buffer pH 8.0. 

  

 

 

 

 

 

 

 

 

 

 

Thiol Km,app (µM) kcat, app (s-1) kcat/Km, app  
(×104 M-1 s-1) 

Coenzyme A 30.2 ± 2.7 13.9 ± 0.4 46 ± 4 

DTT 6609 ± 525 10.1 ± 0.3 0.15 ± 0.01 

Cysteine NA NA NA 

Glutathione NA NA NA 
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5.2.5 Forward Substrate Channeling in the BphI-BphJ Complex 

Substrate channeling was investigated using two methods.  First, the substrate of BphI, 4-

hydroxy-2-oxopentanoate, was added to the BphI-BphJ complex and the BphJ activity was 

determined based on the rate of NADH formation. In the absence of substrate channeling, a lag 

phase in the BphJ progress curve is expected to occur that corresponds to the time taken for the 

concentration of acetaldehyde to reach steady-state level. Based on equation (3) pg 66, and using 

the steady-state kinetic parameters determined for both the aldolase and dehydrogenase, this lag 

time is estimated to be 3100 min due to the high apparent Km of acetaldehyde for BphJ. However, 

the experimentally determined progress curve showed no lag time (Figure 5.4). In addition, the 

activity of BphJ estimated from the progress curve is 10.4 s-1, which is about 60 % the kcat value 

for BphJ determined using exogenous acetaldehyde, even though the theoretical maximum 

concentration of acetaldehyde produced by aldol cleavage of 4-hydroxy-2-oxopentanoate in the 

assay is only 0.1 mM, 236-fold lower than the apparent Km of acetaldehyde for BphJ. Therefore 

the activity of BphJ corresponds to an acetaldehyde concentration 360-fold higher than expected 

from the maximum acetaldehyde produced from the assay.  

We also took advantage of the fact that BphJ has similar steady-state kinetic parameters 

for acetaldehyde and propionaldehyde, to assess substrate channeling using a competing 

substrates method. Exogenous propionaldehyde was provided in 10-fold molar excess 

concentration over 4-hydroxy-2-oxopentanoate in a BphI-BphJ coupled assay where coenzyme 

A is limiting. If no substrate channeling occurs, the excess propionaldehyde can effectively 

compete with acetaldehyde released from BphI, resulting in predominantly propionyl-CoA 

formation in the BphJ reaction. However, HPLC analysis of reaction products revealed a 

concentration of 65 µM of acetyl-CoA and only 3.2 µM of propionyl-CoA (Figure 5.5). 
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Conversely, using 4-hydroxy-2-oxohexanoate instead of 4-hydroxy-2-oxopentanoate, and 

acetaldehyde instead of propionaldehyde as the exogenous competing substrate, concentrations 

of 68 µM of propionyl-CoA and 0.72 µM of acetyl CoA were detected, demonstrating that 

propionaldehyde can also be directly channeled from the aldolase to the dehydrogenase. When 

the concentrations of the competing exogenous aldehydes were increased to 20 mM, which is 

near the Km values of BphJ for these aldehydes, significant amounts of channeled products were 

still produced, constituting about 30% of the total CoA esters formed, even though exogenous 

competing aldehydes are in 200-fold molar excess over the aldolase substrates (0.1 mM) in these 

assays.  
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Figure 5.4 Progress curve for NADH formation in the coupled aldolase and dehydrogenase 

assay. No lag was visualized when the coupled assay was initiated with the BphI-BphJ complex. 

The reduction in catalytic activity over time is the result of limited cofactors for BphJ.  
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Figure 5.5 HPLC traces of reaction mixtures. Samples were loaded onto a C18 column and 

eluted with a 50 mM phosphate buffer (pH 5.3)/acetonitrile mixture (94:6). CoA esters were 

detected by absorbance at 254 nm: (a) 50 µM acetyl CoA, (b) 50 µM propionyl CoA, (c) 

products of the BphI-BphJ reaction mixture containing 0.1 mM 4-hydroxy-2-oxopentanoate and 

1 mM propionaldehyde, and (d) products of the BphI-BphJ reaction mixture containing 0.1 mM 

4-hydroxy-2-oxohexanoate and 1 mM acetaldehyde. 
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5.2.6 Reverse Substrate Channeling in the BphI-BphJ Complex 

Since BphJ can catalyze the reverse reaction, transforming acetyl-CoA to acetaldehyde, 

we investigated if aldehyde channeling can occur in reverse, and whether this would increase the 

aldol addition catalytic efficiency by BphI. Reverse substrate channeling was assessed by 

including alcohol dehydrogenase (ADH) in the assay mixture, which converts any acetaldehyde 

that is released to the bulk solvent to ethanol. Table 5.6 shows a summary of the results obtained 

from HPLC analyses of reaction products. Control reactions using acetaldehyde in place of 

acetyl-CoA showed that ADH effectively competes with BphI for exogenous acetaldehyde since 

no HOPA can be detected. When acetyl-CoA is used in place of acetaldehyde, HOPA was 

synthesized and addition of ADH in the reaction resulted in only a ~20% reduction of HOPA 

produced, suggesting that the majority of acetaldehyde formed during the BphJ reductive 

deacylation reaction is not released into the bulk solvent but is channeled directly to BphI  

(~80% channeling efficiency).  Furthermore, a 16-fold greater concentration of HOPA is formed 

using acetyl-CoA than an equivalent amount of acetaldehyde added exogenously without ADH 

in the reaction mixture.  The high Km for acetaldehyde in BphI appears to be compensated by the 

direct channeling of acetaldehyde from BphJ, allowing BphI to experience a higher 

concentration of this substrate. This is similar to results obtained in the physiological direction of 

substrate channeling. 

Using an NADH oxidation assay it was also possible to confirm and quantify the reverse 

channeling efficiency.  In the absence of pyruvate, NADH oxidation rate by BphJ during the 

conversion of acetyl-CoA to acetaldehyde had a specific activity of 3.85 x 10-2 µmol⋅min-1⋅mg-1. 

This rate increased 2-fold following addition of ADH, as ADH will also oxidize NADH when 

transforming the acetaldehyde released by BphJ into ethanol (Table 5.8). However, when 
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pyruvate is present in the same assay, NADH oxidation rates only differ by 1.l6-fold, whether 

ADH was present or not, providing additional evidence that acetaldehyde is channeled from 

BphJ to BphI to form HOPA and is therefore unavailable for oxidation by ADH. Upon addition 

of EDTA, which chelates the Mn2+ cofactor and inactivates BphI, a 2-fold increase in NADH 

oxidation is again observed upon addition of ADH. Channeling efficiency was calculated to be 

84%, which is in agreement with our earlier estimate from analysis of amounts of HOPA 

produced. 

We also observed that the rate of reductive deacylation of acetyl-CoA to acetaldehyde, 

catalyzed by BphJ, increased ~4-fold upon addition of 100 mM pyruvate, but not the pyruvate 

enolate analogue, oxalate, to the BphI-BphJ complex. When BphI activity was inhibited through 

addition of EDTA, this allosteric activation was abolished. Thus, bound pyruvate or other 

intermediates in the aldol addition reaction catalyzed by BphI activates BphJ reductive 

deacylation activity.  
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Table 5.7 HOPA formation during ADH competition assay.a  
 
 

 

 

 

a Assays were performed at 25°C and contained 1 mM acetyl-CoA, 100 mM pyruvate, 1.5 mM 

NADH, 2 mM MnCl2 in the presence and absence of 20 U ADH in 100 mM HEPES buffer (pH 

8.0) in a total volume of 1 mL. Lactonized HOPA was detected and quantified using absorbance 

at 215 nm. ND denotes no detectable product. 

  

HOPA Concentration (µM) 

[Pyruvate] Reaction Time 
(min) 

Without ADH With ADH 

 
Acetyl-CoA 

7 175.4 ± 2.6  140.8 ± 0.01 

15 198.1 ± 1.0 160.6 ± 5.6 

 
Acetaldehyde 

7 13.0 ± 1.5 ND 

15 25.9 ± 0.5 ND 
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Table 5.8 Rates of NADH oxidation in an ADH competition assay to test for substrate 

channeling in BphI-BphJ complex.a  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

a Assays were performed at 25°C and contained 1 mM acetyl-CoA, 100 mM pyruvate, 1.5 mM 

NADH, 2 mM MnCl2 in the presence and absence of 20 U ADH in 100 mM HEPES buffer (pH 

8.0) in a total volume of 1 mL. R is the ratio of NADH oxidation activity in the presence and 

absence of ADH.  

NADH oxidation activity (x10-2 µmol⋅min-1⋅mg-1)  

[Pyruvate] 0 mM 100 mM 100 mM +10 mM EDTA 

No ADH 3.85 ± 0.17 16.6 ± 0.35 3.92 ± 0.13 

With ADH 7.85 ± 0.12 19.2 ± 0.67 7.83 ± 0.19 

Ratio (R) 2.03 1.16 2.00 

Channeling 
Efficiency (%) 

-3 (~0) 84 0 
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5.3 Discussion 
 

BphJ, a nonphosphorylating acylating aldehyde dehydrogenase catalyzes the acylation of 

acetaldehyde to acetyl-CoA in the presence of NAD+ and CoASH. Interestingly the enzyme 

shares no structural or sequence identity to acylating dehydrogenase, methylmalonate-

semialdehyde dehydrogenase from Bacillus subtilis (171), the only other acylating ALDH 

besides DmpF to have its structure determined by X-ray crystallography. Instead, DmpF 

structurally resembles aspartate-β-semialdehyde dehydrogenase (ASADH) and phosphorylating 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The physiological reaction catalyzed by 

ASADH is the reductive dephosphorylation of β-aspartyl phosphate to produce aspartate-β-

semialdehyde, coupled with the oxidation of NADPH while phosphorylating GAPDH catalyzes 

the reversible oxidative phosphorylation of D-glyceraldehyde-3-phosphate into 1,3-

diphosphoglycerate in the presence of inorganic phosphate and NAD(P)+. While the structure of 

DmpF closely resembles these phosphorylating ALDHs, amino acid residues that compose the 

active site of DmpF, with the exception of a conserved cysteine, are not functionally similar to 

these other enzymes. To elucidate the roles of Cys-131, Ile-171 and Ile-195, site-directed 

mutagenesis was employed. 

Biochemical analysis of Ile-171 and Ile-195 variants indicated that the alkyl moiety of the 

thioacylenzyme intermediate must extend towards Ile-195, resulting in steric clash when the 

aldehyde substrate is greater than four carbons in length. Replacement of Ile-195 with alanine 

(I195A) effectively increased the length of the active site, allowing for the accommodation of 

longer aldehydes, improving specificity constants of the variant towards longer substrates. 

However kcat/Km for acetaldehyde was compromised in this variant, possibility due to the loss of 

specific interactions between the enzyme and the shorter substrate leading to conformation 
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freedom and nonproductive binding. Conversely, incorporation of bulky aromatic residues in 

I195F and I195W variants perturbed the ability of the enzyme to bind smaller aldehydes.    

A number of crystal structures with bound thioacylenzyme intermediates have been 

reported for ASADH and GAPDH enzymes (138, 150-152). BphJ and its homologs share no 

conserved amino acid residues within the active sites with the exception of a single conserved 

cysteine bound in the same position as these other enzymes. Therefore the active site architecture 

differs and residues responsible for interacting with the substrate in BphJ were not known prior 

to this study. Superimposition of the active site of DmpF with structurally similar ASADHs and 

GAPDHs revealed that Arg-245 and Glu-220 in Streptococcus pneumoniae (PDB 2GZ3) are 

equivalent to Met-198 (Leu-197 in BphJ) and Ile-196 (Ile-195 in BphJ) (Figure 5.6). These 

residues conserved within the active sites of the aspartate-β-semialdehyde dehydrogenase 

(ASADH) family have been implicated in substrate-binding (163, 164). Kinetic studies (290) and 

structure of native enzyme complexes bound with a hemithioacetal intermediate (150, 151, 164) 

and the inactivator S-methyl-L-cysteine sulfoxide (291) have further established that this residue 

forms a bidenate interaction with the α-carboxyl group of the substrate L-aspartate-β-

semialdehyde. In addition, Arg-245 aligns with Arg-231 in glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) of Bacillus stearothermophilus (PDB 1NQA), a residue involved in 

binding the substrate phosphate group (162). Glu-220 which is highly conserved among 

ASADHs, but whose role in the catalytic cycle has not been definitively established (163), 

provides a side chain carboxyl group that interacts with the α-amino group of L-aspartate-β-

semialdehyde (151, 164).  Together these results suggest that residues located at similar positions 

in the active site are responsible for interacting with the substrate. 
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Both phosphorylating and non-phosphorylating aldehyde dehydrogenases are proposed to 

contain an oxyanion hole that stabilizes the thiohemiacetal oxyanion prior to hydride transfer 

forming the thioacylenzyme intermediate (109, 146, 147, 171). This is proposed to be composed 

of the backbone amide nitrogen from the catalytic cysteine, and the side chain amide nitrogen of 

a conserved asparagine residue (148, 149). The crystal structure of DmpF indicates that no 

asparagine residue is located in the vicinity of the catalytic thiol and the formation of the 

hemithioacetal. However, the backbone amides from Cys-131 and Gly-132 are in position to 

hydrogen bond with the hemithioacetal oxyanion, and may constitute the oxyanion hole of this 

enzyme.  
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Figure 5.6 Overlay of the non-phosphorylating acylating aldehyde dehydrogenase DmpF 

active site with those of structurally similar aldehyde dehydrogenases glyceraldehyde-3-

phosphate dehydrogenase and aspartate-semialdehyde dehydrogenase. The active sites do 

not appear to exhibit any sequence or structural similarity with the exception of the catalytic 

cysteines in other aldehyde dehydrogenases with the putative catalytic thiol in DmpF. All 

residues in the active site of DmpF are conserved in BphJ with the exception of Met-198 that is 

Leu-197. DmpF from Pseudomonas putida CF600 has carbon atoms depicted in magenta, 

glyceraldehyde-3-phosphate from B. stearothermophilus has carbon atoms depicted in yellow 

and aspartate-semialdehyde dehydrogenase from S. pneumoniae has carbon atoms depicted in 

cyan. Oxygen and nitrogen atoms are depicted in red and blue, respectively. 
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 Replacement of Cys-131 in BphJ to alanine and serine led to the abolition of BphJ activity. 

Given the same relative position of this cysteine residue in the X-ray crystal structure of the 

evolutionarily related aspartate semialdehyde dehydrogenase and glyceraldehyde-3-phosphate 

dehydrogenase, Cys-132 of DmpF (Cys-131 of BphJ) is likely to be the catalytic thiol.  

A single ionizable group is observed in both free and bound forms of the enzyme. 

However in the substrate bound form, this group is shifted lower ~0.5 pH units relative to the 

free. A similar shift has been observed in another acylating ALDH, methylmalonate-

semialdehyde dehydrogenase (139, 171). This enzyme exhibits pKa values of 8.7 and 8.0 for the 

free enzyme and the enzyme-substrate-NAD+ binary complex. These pKa values were assigned 

to the catalytic cysteine and the 0.7 pH unit decrease is attributed to binding of NAD+. More 

experiments may be required to confirm this assignment. Cofactor binding has also been 

attributed to thiol activation in non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase 

from Streptococcus mutans. A pKa value of 8.5 is observed for Cys-302 the free enzyme, and 

binding of NADP+ causes a strong increase in the reactivity of Cys-302 with the enzyme 

displaying two pKa values of 6.1 and 7.6 (146). Similarly, the pKa of the essential cysteine 

residue is lowered from ~8 to ~5.5 in glyceraldehyde-3-phosphate dehydrogenase due to the 

binding of NAD+ (292). 

It was previously proposed that Asp-209 in DmpF may activate the putative catalytic 

thiol, Cys-132, through a bound water molecule observed in the apo structure (94). BphJ and its 

homologs however lack an invariant histidine in ASADH and GAPDH that is located proximal 

to the catalytic thiol. This residue has been proposed to function as a chemical activator (150, 

157-161). The pH profile of the D208A variant did not differ from the wild-type enzyme, 

suggesting that  
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this aspartate does not play an essential role in catalysis, such as activating the nucleophilic 

cysteine. This conclusion was further supported by the fact that replacement of Asp-208 with 

alanine did not significantly affect the steady-state kinetic parameters of the enzyme.  

In the BphI-BphJ complex, transit time analysis and substrate competition assays provide 

the first evidence that substrate channeling also occurs in this enzyme complex. Aldehydes are 

reactive compounds that are toxic since they can modify cellular biomolecules. Given the high 

apparent Km values for aldehydes in BphJ and the toxicity of aldehydes, it is unlikely that 

exogenous aldehydes can accumulate to high enough concentrations to allow the enzyme to 

operate near Vmax without detrimental effects to the cell.  The demonstration that acetaldehyde 

and propionaldehyde can be directly channeled from BphI to BphJ in vitro may ensure that these 

toxic aldehydes are sequestered from cellular components in vivo. This also increases the 

effective concentration of aldehydes experienced by BphJ, allowing it to catalyze the reaction 

near its maximum catalytic rate. It is interesting to note that in tryptophan synthase, exogenous 

indole can compete effectively with channelled indole in the β reaction suggesting that 

exogenous indole may enter the β site through the same channel that links the active sites of the 

two subunits (189).  In contrast, our substrate competition assays with BphI-BphJ showed that 

exogenous aldehyde cannot compete with the channeled aldehyde in the BphJ reaction, 

indicating that it did not enter BphJ through the channel from BphI.  

Our results indicate that acetaldehyde can be efficiently channeled in the reverse direction, 

providing the first known example of bidirectional substrate channeling using the native 

substrate and demonstrating either gating through the channel does not occur, or that the 

proposed gating mechanism is reversible.  
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Enzymes that exhibit substrate channeling are often allosterically regulated (293-296), 

ensuring that reactions occurring in separate active sites are coupled. In the reverse channeling 

reaction, BphI activity was demonstrated to stimulate the activity of BphJ by ~4-fold. A similar 

relationship was previously observed in forward channeling where catalysis of BphJ stimulates 

activity of BphI ~5-fold (53, 297). This suggests that allosteric activation may be bidirectional, 

or that the presence of pyruvate leads to the rapid conversion of acetaldehyde to HOPA resulting 

in faster release of products from the BphJ active site. 
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CHAPTER 6 – Protein-protein interactions in orthologous and chimeric aldolase-
dehydrogenase complexes 

 
 
 
 
 
Data from this chapter has been published in Biochemistry as follows;  

 

Baker, P., Hillis, C., Carere, J., Seah, S.Y.K. (2011) Protein-protein interactions and substrate 

channeling in orthologous and chimeric aldolase-dehydrogenase complexes (in press 

Biochemistry 51, 1942-1952. 
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6.2 Introduction 
 

Protein-protein interactions are important in biological systems as they mediate 

fundamental cellular processes such as signal transduction, gene expression and metabolism (295, 

298, 299). For example, the formation of multi-enzyme complexes enables the coordination and 

regulation of individual enzymes, which has direct bearing on overall catalytic efficiencies and 

specificities. Several enzyme complexes that catalyze successive reactions in metabolic 

pathways can also directly transfer common intermediates from one active site to another 

without release to the bulk solvent (300). This process, known as substrate channeling, 

sequesters labile or toxic intermediates, preventing formation of unwanted products from 

competing cellular reactions and increases efficiency of the overall reaction (182, 198, 301).  

Aldolase-dehydrogenase complexes in bacterial aromatic meta-cleavage pathways are 

examples of enzyme complexes that exhibit substrate channeling. The best-characterized 

complex is BphI-BphJ from the polychlorinated biphenyls (PCBs) pollutant degradation pathway 

in Burkholderia xenovorans LB400 (36, 51). The class II pyruvate aldolase BphI uses Mn2+ as a 

cofactor to catalyze the reversible C-C bond cleavage of 4-hydroxy-2-oxoacids to form pyruvate 

and an aldehyde up to six carbons in length (53, 61, 227). 

Studies of protein-protein interactions within the aldolase-dehydrogenase have been 

hampered by the inability to separately express BphI, BphJ or other orthologues in heterologous 

hosts (53, 105, 302). To date, only SanM and SanN from Streptomyces ansochromogenes, the 

aldolase and dehydrogenase involved in nikkomycin biosynthesis (106), have been successfully 

expressed independently in Streptomyces lividans. Limited biochemical characterization, 

focusing on deciphering the functions of these enzymes in the nikkomycin biosynthetic pathway, 
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has shown that while purified dehydrogenase SanN is active, the aldolase, SanM, is not active 

unless it is in complex with SanN (104). 

 Here we describe the expression, purification and characterization of an aldolase and 

dehydrogenase known as TTHB246 and TTHB247 from the thermophilic bacterium, Thermus 

thermophilus HB8 that are homologous to BphI-BphJ and SanN-SanM.  Unlike the latter enzyme 

systems, the T. thermophilus enzymes could be expressed separately in recombinant E. coli and 

were catalytically active independent of their partner enzyme. Biochemical analysis revealed that 

TTHB246 and TTHB247 have properties distinct from the BphI-BphJ. Chimeric complexes 

composed of aldolase and dehydrogenase subunits from T. thermophilus and B. xenovorans were 

successfully constructed and characterized.  

 

6.3 Results 
 
6.3.1 Phylogenetic analysis of aldolase and dehydrogenase orthologs of BphI and BphJ 

Amino acid sequences of aldolases and dehydrogenases from different bacteria were 

obtained from Uniprot (303) and separately aligned. Phylogenetic analysis revealed that the 

respective enzymes cluster into 6 clades in a similar fashion (Figure 6.1). The genes encoding 

enzymes within clades I-IV are within operons containing other aromatic meta-cleavage pathway 

genes that are arranged in a similar order in the genome of the respective organisms (51, 54, 304-

311). Members within these clades include DmpG-DmpF, involved in phenol degradation in P. 

putidia CF600 (Clade III) whose X-ray crystal structure is available, and BphI-BphJ from the B. 

xenovorans PCBs degradation pathway (Clade IV) (Table 6.1) (49, 54, 302). The enzymes from 

T. thermophilus (TTHB246 and TTHB247) fall within a separate clade (Clade V) in the 

phylogenetic tree (48 and 52% sequence similarity to BphI and BphJ, respectively).  They are 
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encoded by an operon that contains other genes encoding enzymes of the meta-cleavage pathway, 

however the order of these genes in the operon differ from those in Clades I–IV. Clade VI 

members, on the other hand, are unique in that they consist of members (SanM-SanN and NikB-

NikA) that are part of a biosynthetic pathway of the antibiotic nikkomycin (104, 106). The 

physiological reaction catalyzed by SanM-SanN and NikB-NikA is the reverse of the 

homologous enzymes in the aromatic meta-cleavage pathways. In addition, these enzymes utilize 

2-ketobutyrate as the carbonyl donor and picolinaldehyde as the electrophilic acceptor rather 

than pyruvate and aliphatic aldehydes, respectively. The other two members in Clade VI 

(SGR_564 and Spro_3025) do not appear to be part of an antibiotic biosynthetic operon or an 

aromatic meta-cleavage pathway operon, and their physiological functions are not known. 

Further analysis revealed that the dehydrogenase genes are encoded directly upstream of 

the aldolase genes in the genome of all representative members analyzed. The dehydrogenase 

genes from Clades I-IV are preceded by a gene encoding a hydratase that catalyzes the step prior 

to the aldolase in the meta-cleavage pathway. Phylogenetic analysis of these hydratases revealed 

that some members (DmpE, XylJ and NahL) are not clustered in the same clades as the 

corresponding aldolases and dehydrogenases from the same organisms (Figure 6.2).    

 



158 

Figure 6.1. Dendrogram of best trees obtained by alignment of 24 homologous aldolase-dehydrogenase complexes. (A) 

aldolases and (B) dehydrogenases. The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT 

matrix-based model (237). The trees are drawn to scale, with branch lengths measured in the number of substitutions per site. All 

positions containing gaps and missing data were eliminated. The dendrogram was constructed using SplitsTree 4. Six distinct clades 

are present (I-VI) where clades I-V contain enzymes involved in aromatic degradation pathways and clade VI contains enzymes 

involved in biosynthetic pathways. Additional sequence information can be found in Table 6.1. 
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Table 6.1 Aldolases and dehydrogenases used in the phylogenetic analysis.  

 

Clade Aldolase Gene 
Name 

Uniprot ID % Identity 
to 

TTHB246 

Dehydrogenase 
Gene Name 

Uniprot ID % Identity 
to 

TTHB247 

Organism 

I 

DmpG P51016 50  DmpF Q52060 53 Pseudomonas sp. CF600 
CmtG Q51983 51 CmtH Q51982 52 Pseudomonas putida F1 
MhpE P51020 50 MhpF P77580 53 Escherichia coli  
XlyK P51019 48 XylQ Q52016 53 Pseudomonas putida 
TodH P51018 49 TodI Q51949 51 Pseudomonas putida F1 

II 

BphI P51015 48 BphJ Q79AF6 52 Burkholderia xenovorans LB400 
CumF P97092 48 CumG P97091 52 Pseudomonas fluorescens IP01 
NahM Q764S0 47 NahO Q764S1 53 Bacillus sp. (strain JF8) 
TesG Q83VZ3 49 TesF Q83VZ4 50 Comamonas testosteroni 
AphG Q9RHN1 47 AphF Q9RHN2 52 Comamonas testosteroni 

III 
NbaI A4IT42 57 NbaJ A4IT43 54 Geobacillus thermodenitrificans 
PheE B0VXM7 53 PheF B0VXM6 60 Bacillus stearothermophilus 

BC059799_2047 B3Z9H7 48 BC059799_2046 B3Z9H8 55 Bacillus cereus NVH0597-99 

IV 
TTHB246 Q53WI0 100 TTHB247 53WH9 100 Thermus thermophiles HB8 
Trd_1392 B9L2J0 68 Trd_1393 B9L2J1 76 Thermomicrobium roseum 
Caur_1351 A9W9U3 69 Caur_1350 A9W9U2 74 Chloroflexus aurantiacus 

V 

HsaF P71867 49 HsaG P71866 58 Mycobacterium tuberculosis 
RHA1_ro05801 Q0S4F8 51 RHA1_ro05800 Q0S4F9 58 Rhodococcus sp. (strain RHA1)  

     
NFA_4670 

 

Q5Z2N2 50      
NFA_4660 

 

Q5Z2N3 56 Nocardia farcinica 

SBI_01535 D7CDZ1 50 SBI_01534 D7CDZ0 56 Streptomyces bingchenggensis  

VI 

SanM Q8RNX2 42 SanN Q84DI0 28 Streptomyces ansochromogenes 
NikB Q9X9Q0 42 NikA Q9X9Q1 28 Streptomyces tendae 

Spro_3025 A8GG86 43 Spro_3026 A8GG87 37 Serratia proteamaculans strain 568 
SGR_564 B1VRH5 43 SGR_565 B1VRH6 34 Streptomyces griseus JCM 4626 
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Figure 6.2 Dendrogram of best tree obtained by alignment of hydratases that are encoded 

immediately upstream of the aldehyde dehydrogenase and aldolase genes in aromatic meta 

cleavage operons. The evolutionary history was inferred by using the Maximum Likelihood 

method based on the JTT matrix-based model (237). The trees are drawn to scale, with branch 

lengths measured in the number of substitutions per site. All positions containing gaps and 

missing data were eliminated. Each member was shaded according to the colors of the 

corresponding clades identified in the aldolase and dehydrogenase phylogenetic trees (Figure 

6.1).	  	  
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6.3.2 Expression and Purification of T. thermophilus enzymes and chimeric T. thermophilus, 

B. xenovorans enzyme complexes.  

The T. thermophilus enzymes were separately cloned into pET28a, expressed in soluble 

form and purified to homogeneity using Ni2+-NTA chromatography. Typical yields of each 

protein were 20 mg of purified protein per litre of bacterial culture. The molecular masses of 

TTHB246 and TTHB247, as estimated by SDS-PAGE, were 37 kDa and 33 kDa, respectively 

(Fig 6.3 A, B), which are in agreement with the predicted molecular masses calculated from their 

respective amino acid sequences. The native molecular masses of TTHB246 and TTHB247, 

estimated by gel filtration, were 74 kDa and 32 kDa, respectively, corresponding to a dimer for 

the aldolase and a monomer for the dehydrogenase (Figure 6.4A). The native molecular weight 

of the protein mixture of TTHB246 and TTHB247, was estimated to be 142 kDa, consistent with 

a heterotetramer with two aldolase and two dehydrogenase subunits per complex and similar to 

the subunit arrangements observed for the orthologous BphI-BphJ complex (53) and DmpG-

DmpF complex (94).   

Chimeric complexes of the B. xenovorans and T. thermophilus enzymes (TTHB246-BphJ 

and BphI-TTHB247) were created by co-expression of the relevant genes in E. coli using 

separate expression plasmids. Although only the dehydrogenase encodes a histidine-tag, 

association of the aldolase with the dehydrogenase in these chimeric complexes was sufficiently 

tight to allow for the co-purification of the aldolase by Ni2+-NTA chromatography (Figure 6.4B). 

Subsequent analysis by gel filtration of the purified protein suggested that the chimeras have a 

tetrameric quaternary structure similar to their native complexes.  
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Figure 6.3 Coomassie Blue-stained SDS-polyacrylamide gel of purified TTHB246 and 

TTHB247. Gel loaded with (A) TTHB246 and (B) TTHB247 following purification using Ni2+-

NTA and cleavage of the histidine tag (lane 2). The molecular masses of the proteins in the 

standard (lane 1) are indicated beside the gel. The molecular masses of TTHB246 and TTHB247 

as determined from the gel are 37 and 33 kDa, respectively. 
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Figure 6.4 Determination of molecular masses of proteins by size exclusion column 

chromatography and SDS-PAGE. (A) FPLC traces of elution profiles detected at 280 nm. 

Three distinct peaks can be resolved corresponding to the sizes of a tetramer for the TTHB246-

TTHB247 complex, a dimer for TTHB246, and a monomer for TTHB247. (B) Coomassie Blue-

stained SDS-polyacrylamide gels of purified aldolase-dehydrogenase complexes after elution 

from gel filtration and concentration using a YM10 filter. The molecular masses of the proteins 

in the standard are indicated. Size exclusion chromatography was completed on a HiLoad™ 

26/60 Superdex™ 200 column with a void volume of 113 mL. 
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6.3.3 Metal cofactor specificity of TTHB246 

Kinetic parameters of TTHB246 catalyzing the aldol cleavage of HOPA with a variety of 

divalent metal ions were determined (Table 6.2). The apoenzyme had <0.5% activity relative to 

enzyme incubated with 1 mM Co2+. TTHB246 had the highest activity in the presence of Co2+ 

followed by Ni2+ and Mn2+. This differs from BphI, in which Mn2+ was found to give the highest 

activity while Co2+enzyme exhibited a 5-fold lower activity than the Mn2+ containing enzyme 

(53). Cd2+ and Cu2+ containing enzymes exhibited no detectable aldol cleavage activity 

(<0.0001s-1).    

 

6.3.4 Thermostability 

TTHB247 had a half-life of only 1.6 hours at 50 °C. The half-life of TTHB246 at the same 

temperature was ~40 hours longer. Interestingly, when these enzymes are in complex, the half-

life of TTHB246 is reduced by approximately 30 hours while TTHB247 is increased by about 4 

hours relative to the uncomplexed enzyme (Table 6.3). In comparison, the BphI-BphJ complex 

was found to be very unstable at 50 °C, with both enzymes exhibiting a half-life of 

approximately 13 min. Partnered with a thermostable counterpart in the chimeric-complex, the 

Bph enzymes were more stable than in their native complex. TTHB246 exhibited lower stability 

in these chimeric complexes whereas stability of both enzymes in the BphI-TTHB247 complex 

improved compared to BphI in its native complex and uncomplexed TTHB247. 
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Table 6.2 Relative activities of TTHB246 with various divalent metal ions.a  
 

 
  

a Activity obtained with CoCl2 is taken as 100%. Assays were performed with 30 µg enzyme, 2 

mM 4-hydroxy-2-oxopentanoate, 0.4 mM NADH, 19.2 U LDH  and metal chloride salts varying 

between at least 0.1 Km to 10 Km, in 100 mM HEPES buffer, pH 8.0 at 25°C  in a total volume of 

1 mL.  

 

 

  

Metal Ion Km,app (µM) kcat (s-1) kcat / Km,app 
(x 104 M-1·s-1) 

Relative kcat  
(%) 

Co2+ 55 ± 4 1.0 ± 0.02 1.9 ± 0.13 100 ± 2.6 

Ni2+ 74 ± 6 0.79 ± 0.03 1.1 ± 0.10 79.4 ± 2.8 

Mn2+ 45 ± 6 0.57 ± 0.03 1.3 ± 0.20 57.0 ± 2.1 

Mg2+ 80 ± 7 0.13 ± 0.03 0.16 ± 0.04 12.5 ± 3.2 

Ca2+ 95 ± 9 0.08 ± 0.001 0.08 ± 0.008 8.2 ± 2.8 
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Table 6.3  Half-lives of aldolases and dehydrogenases at 50 °C. a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a Thermostability was tested at 50 °C in a digitally controlled water bath with an accuracy of ± 

0.1 °C using 1.5 mL microcentrifuge tubes containing a 1 mg/mL enzyme solution in 20 mM 

HEPES buffer pH 8.5. At given time points, an aliquot of the enzyme was removed and assayed 

under standard conditions with saturating substrate to obtain an initial velocity. The enzyme half-

life was determined by fitting an exponential decay equation to the data using SigmaPlot 11.0. 

 Half-life (h) 

Enzyme Aldol cleavage 
activity 

Dehydrogenase  
activity 

TTHB246 42 ± 5 - 

TTHB247 - 1.64 ± 0.05 
TTHB246-TTHB247 10.0 ± 0.7 5.9 ± 0.5 

BphI-BphJ 0.220 ± 0.002 0.21 ± 0.01 

TTHB246-BphJ 2.66 ± 0.2 1.62 ± 0.1 

BphI-TTHB247 0.54 ± 0.03 2.47 ± 0.2 
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6.3.5 Steady state kinetic analysis 

TTHB246 exhibited similar catalytic parameters for 4-hydroxy-2-oxopentanoate (HOPA) 

and 4-hydroxy-2-oxohexanoate (HOHA) (Table 6.4). TTHB247 also exhibited similar kinetic 

parameters for acetaldehyde and propionaldehyde. However, in both circumstances, the catalytic 

parameters were dependent on the oligomeric state of the enzyme (Table 6.5). For instance, the 

catalytic efficiency (kcat/Km) of TTHB246 for both 4-hydroxy-2-oxoacids was increased (~3-fold) 

when in complex with TTHB247, primarily due to decrease in Km values. Conversely, kcat/Km for 

aldehydes decreased ~6-fold in the TTHB246-TTHB247 complex compared to the uncomplexed 

TTHB247, due to increases in Km values. Using HOPA as substrate, kinetic parameters were also 

determined at 50 °C for TTHB246 alone and in complex with TTHB247. While the Km value 

was not affected by the increase in temperature, the kcat value increased by approximately 4-fold. 

Since aldehydes are volatile, dehydrogenase assays could not be reliably performed at 50 °C.    

In the chimeric complexes TTHB246-BphJ and BphI-TTHB247, Km values for HOPA in 

the aldolases were 3 to 5-fold higher relative to their native heterotetrameric complexes. The kcat 

for TTHB246 in complex with BphJ increased 4-fold compared to its native complex while the 

kcat of BphI in complex with TTHB247 decreased by 2-fold. A similar trend was observed in 

these chimeric complexes when HOHA was used as the substrate. The most significant change in 

kinetic parameters was observed in TTHB246-BphJ where the kcat for BphJ was reduced ~5-fold 

for acetaldehyde and propionaldehyde in comparison to the native BphI-BphJ complex. 
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Table 6.4 Steady state kinetic parameters of the aldolases TTHB246 and BphI.a  

 

 

 

 

 

 

a Assays were performed at 25°C and contained 0.4 mM NADH, 1 mM MnCl2 (for BphI) or CoCl2 (for TTHB246) and 19.2 U of 

LDH in 100 mM HEPES buffer, pH 8.0 in a total volume of 1 mL. 

 

  Substrate 
Enzyme In complex 

 HOPA HOHA 

  Km (µM) kcat (s-1) kcat / Km 
(×104 M-1·s-1) Km (µM) kcat (s-1) kcat / Km 

(×104 M-1·s-1) 
TTHB246 - 206 ± 17 1.0 ± 0.03 5.0 ± 0.5 210 ± 15 1.1 ± 0.03 5.2 ± 0.5 
TTHB246 TTHB247 41 ± 3 0.6 ± 0.01 14.0 ± 0.01 37 ± 3 0.5 ± 0.01 13 ± 0.01 
TTHB246 BphJ 257 ± 11 2.4 ± 0.04 9.4 ± 0.4 218 ± 11 2.2 ± 0.04 10 ± 0.05 
BphI TTHB247 295 ± 20 2.3 ± 0.03 7.8 ± 0.5 199 ± 10 2.1 ± 0.03 11 ± 0.05 
BphI BphJ 89 ± 8 4.1 ± 0.1 46 ± 4 117 ± 10 3.9 ± 0.2 33 ± 2 
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Table 6.5 Steady state kinetic parameters of the dehydrogenases TTHB247 and BphJ towards acetaldehyde and 
propionaldehyde. a  

 

 

 

 

 

 

 

 

a Assays were performed at 25°C and contained 0.4 mM NAD+, 0.1 mM coenzyme A in 100 mM HEPES buffer, pH 8.0 in a total 

volume of 1 mL. 

 

  Substrate 
Enzyme In complex 

 Acetaldehyde Propionaldehyde 

dehydrogenase aldolase Km,app 
(mM) kcat (s-1) kcat / Km,app 

(×102 M-1·s-1) Km,app (mM) kcat (s-1) kcat / Km,app 
(×102 M-1·s-1) 

TTHB247 - 5.5 ± 0.5 7.4 ± 0.04 13.5 ± 1.2 6.4 ± 0.6 8.4 ± 0.04 13.1± 1.2 
TTHB247 TTHB246 15.4 ± 1.5 3.5 ± 0.01 2.3 ± 0.3 16.1 ± 1.3 3.6 ± 0.02 2.2 ± 0.03 
TTHB247 BphI 9.4 ± 0.8 2.8 ± 0.07 3.0 ± 0.3 9.6 ± 0.8 2.6 ± 0.07 2.7 ± 0.2 
BphJ TTHB246 15.7 ± 1.3 2.2 ± 0.06 1.4 ± 0.1 16.1 ± 1.2 2.3 ± 0.05 1.4 ± 0.1 
BphJ BphI 23.6 ± 1.8 17.2 ± 0.5 7.3 ± 0.06 23.1 ± 1.7 16.3 ± 0.5 7.0 ± 0.05 
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6.3.6 Analysis of interacting residues in the aldolase-dehydrogenase complex 

Interacting residues between enzyme subunits were analyzed based on the available crystal 

structure of DmpG-DmpF (PDB 1NVM) (94), which is orthologous to BphI-BphJ and 

TTHB246-TTHB247. The aldolase is comprised of two domains, an N-terminal HMGL-like 

TIM barrel domain that is composed of residues 19-251 and a C-terminal α-helical domain, 

referred to as a communication domain, composed of residues 275-340 (94). The dehydrogenase 

is also composed of two domains; an N-terminal NAD+ binding domain spanning residues 6-119 

and a C-terminal dimerization domain from residues 127-273 (Figure 6.5 A). The average dimer 

interface area between adjacent aldolases is 1499.6 Å2 with a calculated ΔiG of -15.8 kcal/mol (p 

= 0.044). The dimer interface is primarily composed of highly conserved hydrophobic residues 

(Figure 6.5 B). The interface between the aldolase and dehydrogenase, on the other hand, has an 

average area of 1458.2 Å2, with only a ΔiG of -9.9 kcal/mol (p = 0.244). 42 amino acid residues 

of each enzyme contribute to the aldolase-dehydrogenase interface. In the aldolase, the TIM 

barrel domain contributes 27 of the 42 residues with the remainder contributed by the extreme C-

terminal end of the α-helical communication domain. On the other hand, the C-terminal 

dimerization domain of the dehydrogenase contributes all 42 interacting residues. While 

hydrophobic residues predominantly constitute the amino acids at the interface between aldolase 

and dehydrogenase, 4 salt bridges are present in the crystal structure of DmpG-DmpF (Figure 6.6 

A). The residues that form salt bridges are largely conserved among homologs with the 

exception of TTHB246-TTHB247 complexes, where Lys-304 and Asp-331 in TTHB246 are 

replaced with glutamate and arginine, respectively and their paired residues, Asp-250 and Arg-

208 in TTHB247, are replaced with glutamate and threonine, respectively (Figure 6.6 B). These 

substitutions have the potential for charge repulsion in the chimera TTHB246-BphJ due to 
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proximity of Arg-207 with Arg-330 and Arg-66 with Arg-176. No obvious charge repulsions 

between interacting side chains were identified in the BphI-TTHB246 chimera.  

In DmpF, amino acids 250-268 form a loop containing an anti-parallel β-sheet. This loop, 

which is unique to clade III, is responsible in forming hydrophobic interaction with the aldolase 

as Leu-258 and Ile-260 in the middle of the loop interact with Phe-64 of the aldolase while Pro-

261 interacts with Gly-65 and the β-methyl of Thr-68 of the aldolase. Clade V dehydrogenases, 

including TTHB247, contain a shorter loop while clade IV dehydrogenases, including BphJ, do 

not contain this motif. However, there are no significant alterations in the amino acid residues at 

the interface in the corresponding aldolases of clade II in comparison to those in clades I and III. 
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Figure 6.5 Structure of aldolase-dehydrogenase complex showing the domains in each 

enzyme and conservation of residues in the enzymes. (A) Cartoon representation of the crystal 

structure of the aldolase-dehydrogenase complex DmpG-DmpF showing four distinct domains. 

The HMGL-like domain (residues 1-250), depicted in blue, is located on the N-terminus of the 

aldolase while a five α-helical communication domain (residues 251-345), depicted in red, 

comprises the C-terminal end of the protein. Both domains contribute residues that interact with 

the dehydrogenase. The dehydrogenase is composed of a Rossmann-fold N-terminal NAD+-

binding domain (residues 1-130 and 286-312 depicted in green and a C-terminal dimerization 

domain (residues 131-285), depicted in yellow that exclusively forms protein-protein interactions 

with the aldolase. (B) Conserved residues in orthologous aldolase-dehydrogenase complexes. 

The crystal structure of DmpG-DmpF was used as a template and conserved residues were 

mapped to this structure using the previously generated sequence alignment. The aldolase (left 

panel) and dehydrogenase (right panel) are represented as molecular surface models, and 

coloured according to the conservation scores. Highly conserved residues are coloured in red 

while highly variable residues are coloured teal and intensity is directly proportional to its degree 

of conservation. The structures of partner enzymes are depicted as a grey cartoon. Phylogenetic 

mapping was completed using the Consurf server (234, 235) and structures were visualized using 

PyMOL (232). 
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Figure 6.6 Salt bridges found in the aldolase-dehydrogenase interface. (A) Salt bridges in 

DmpG-DmpF are shown where red and blue residues represent the respective charges of the 

amino acid side chains. The aldolase (blue) and dehydrogenase (green) are represented as space-

filled models. Dashes indicate salt bridge formation between residues. (B) Identification of salt 

bridges that are not conserved in TTHB246-TTHB247. The enzymes are depicted as a cartoon 

while identified residues are shown as sticks where carbon atoms are coloured according to their 

respective enzyme colors. Salt bridges were identified using the Protein Interfaces, Surfaces and 

Assemblies (PISA) server (236) and visualized using PyMOL (232).  
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6.4 Discussion 

Phylogenetic analysis revealed that the aldolases and dehydrogenases homologous to 

BphI and BphJ are clustered similarly into 6 clades based on maximum likelihood clustering of 

their amino acid sequences. The enzymes TTHB246 and TTHB247 from T. thermophilus HB8 

belong to a clade distinct from BphI and BphJ from B. xenovorans LB400, and biochemical 

characterization revealed that their properties are distinct from the Bph enzymes.  

Unlike other aldolase-dehydrogenase complexes, TTHB246 and TTHB247 can be 

separately expressed in recombinant E. coli, and both are catalytically active independent of one 

another (53, 104, 105). This contrasts with the reported inactivity of the aldolase from the 

nikkomycin biosynthetic pathway, SanM, when it is not in complex with corresponding 

dehydrogenase, SanN (104). In comparison, the α and β subunits of tryptophan synthase, another 

enzyme system that exhibits substrate channeling (190), are catalytically active when purified 

individually but their activities are 1 to 2 orders of magnitude higher when in complex (312). 

Analysis by gel filtration indicated that the aldolase TTHB246 forms a dimer, while the 

dehydrogenase is a monomer. However, these enzymes had the propensity to form a stable 

heterotetramer in vitro when both proteins were present. This indicates that formation of the 

tetrameric complex occurs via the association of the dehydrogenase to the aldolase dimer, and 

not the association of two heterodimers. Under standard assay conditions, the tetrameric complex 

was not found to dissociate following formation. Similarly, it has been reported that DmpG-

DmpF heterotetramer cannot be separated using various chromatography methods in either high- 

or low-ionic strength solutions (54).  

Interestingly, upon complex formation, the catalytic efficiency of the aldolase is 

increased while the dehydrogenase is decreased relative to the free enzymes. In the complexed 
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state, the Km value for TTHB246 is reduced 4-fold while that of TTHB247 is increased 3-fold 

relative to the unassociated enzymes. The kcat value, on the other hand, is reduced by about 2-fold 

in the complexed enzymes relative to the uncomplexed enzymes. However, thermal stability of 

the TTHB247 is enhanced in the complex, while TTHB246 is less thermostable when in 

complex with TTHB247. In contrast, it has been reported that formation of the αββα complex in 

tryptophan synthase from Thermotoga maritima resulted in a 1 to 3-fold increase in half-life at 

85 °C, and in this case both the α and β subunits benefited from complex formation (313). 

Complex formation between TTHB246 and TTHB247 is nevertheless anticipated to be 

beneficial due to increased catalytic efficiency as a result of substrate channeling.  

Detailed analysis using multiple sequence alignments and the crystal structure of DmpG-

DmpF revealed potential charge-charge repulsion in the TTHB246-BphJ chimera that may 

prevent proper alignment of enzyme subunits. However, as expected from the high conservation 

of residues at the interface between aldolase and dehydrogenase subunits, chimeric complexes of 

the T. thermophilus and B. xenovorans are stable and can be co-purified by gel filtration and 

affinity chromatography. 

Previous studies with tryptophan synthase suggests that co-evolution of enzymes within 

an enzyme complex may be required to establish stable interactions that are pre-requisites for 

efficient substrate channeling (314). The genes encoding the aldolase and dehydrogenase that we 

analyzed in this study are adjacent in the genomes of different bacteria and linkage analysis 

based on the encoded amino acid sequences showed that they cluster similarly in their 

phylogenetic trees.  However, differences in the phylogenetic tree of corresponding hydratases 

encoded within the same operon indicate that the similar phylogenetic clustering of aldolases and 

dehydrogenases cannot be entirely accounted for by random sequence drift of genes in different 
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bacterial species (315).  Similarity in the phylogenetic tree of interacting proteins have also been 

observed in other systems, such as insulin/insulin receptors (316), dockerins/cohexins (317) and 

vasopressins/vasopressin receptors (318).  

In summary, TTHB246 and TTHB247 exhibit unique biophysical properties that enable 

them to be individually expressed while maintaining catalytic activity. The complex is different 

from BphI-BphJ in that it preferentially channels acetaldehyde over propionaldehyde and 

appears to be allosterically activated to a lesser degree. Phylogenetic analysis revealed that 

residues involved in protein-protein interactions in TTHB246-TTH247 and orthologous 

complexes are highly conserved, allowing for the association of enzymes from different bacterial 

species as demonstrated from the successful construction of chimeric complexes. However, fine-

tuning of this interaction appears important to ensure efficient substrate channeling between the 

aldolase and dehydrogenase. Finally it should be noted that since the aldolase exhibits identical 

stereochemical control, and amino acid residues that compose the active site of TTHB246 are 

conserved in BphI, previous modifications to BphI could be applied to TTHB246 to create a 

more stable enzyme that is suitable for industrial synthesis of chiral 4-hydroxy-2-oxoacid 

skeletons as synthons for organic reactions (319).  
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CHAPTER 7 – Summary, Conclusions and Future Work 
 
7.1 Summary and Conclusions 
 

BphI, a pyruvate-specific class II aldolase found in the polychlorinated biphenyls (PCBs) 

degradation pathway, catalyzes the reversible C−C bond cleavage of 4(S)-hydroxy-2-oxoacids to 

form pyruvate and an aldehyde. A series of mutations were introduced into bphI to probe the 

contribution of active site residues in substrate recognition and catalysis. In contrast to the wild-

type enzyme that has similar specificities for acetaldehyde and propionaldehyde, a L87A variant 

exhibited a 40-fold preference for propionaldehyde over acetaldehyde. The specificity constant 

of the L89A variant in the aldol addition reaction using pentaldehyde is increased 50-fold, 

making it more catalytically efficient for pentaldehyde utilization compared to the wild-type 

utilization of the natural substrate, acetaldehyde. Replacement of Tyr-290 with phenylalanine or 

serine resulted in a loss of stereochemical control as the variants were able to utilize substrates 

with both R and S configurations at C4 with similar kinetic parameters. Aldol cleavage and 

pyruvate α-proton exchange activity were undetectable in the R16A variant, supporting the role 

of Arg-16 in stabilizing a pyruvate enolate intermediate. The pH dependence of the enzyme is 

consistent with a single deprotonation by a catalytic base with pKa values of approximately 7. In 

H20A and H20S variants, pH profiles indicate that the pKa is significantly perturbed. On the 

basis of these results, a catalytic mechanism for BphI is proposed in this thesis. 

Replacement of a Leu-87 residue within the active site of the enzyme with polar 

asparagine and bulky tryptophan led to enzymes with no detectable aldolase activity. These 

variants retained decarboxylase activity for the smaller oxaloacetate substrate, which is not 

inhibited by excess 4-hydroxy-2-oxopentanoate, consistent with molecular modeling that 

indicated that Leu-87 interacts with the C4-methyl of 4(S)-hydroxy-2-oxoacids. Double variants 
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L87N;Y290F and L87W;Y290F were constructed to enable the binding of 4(R)-hydroxy-2-

oxoacids by relieving the steric hindrance between the 5-methyl group of these compounds and 

the hydroxyl substituent on the phenyl ring of Tyr-290. The resultant enzymes were shown to 

exclusively utilize only 4(R)- and not 4(S)-hydroxy-2-oxopentanoate as a substrate. Polarimetric 

analysis confirmed that the double variants are able to synthesize 4-hydroxy-2-oxoacids of up to 

8 carbons in lengths, which were of the opposite stereoisomer to those produced by the wild-type 

enzyme. Overall the kcat/Km values for pyruvate and aldehydes in the aldol addition reactions 

were affected by ≤10-fold in the double variants relative to the wild-type enzyme. Thus a stereo-

complementary class II pyruvate aldolase is now available to create chiral 4-hydroxy-2-oxoacid 

skeletons as synthons for organic reactions. This skeleton can be highly functionalized 

enzymatically or chemically to synthesize organic compounds for the pharmaceutical industry. 

BphJ, a nonphosphorylating acylating aldehyde dehydrogenase catalyzes the acylation of 

acetaldehyde to acetyl-CoA in the presence of NAD+ and coenzyme A. The enzyme shares no 

sequence identity and little structural similarity to previously characterized nonphosphorylating 

acylating aldehyde dehydrogenases, but structurally resembles phosphorylating glyceraldehyde-

3-phosphate dehydrogenase. A series of mutations were introduced into bphJ to probe the 

contribution of active site residues in substrate specificity and catalysis. Cys-131 was identified 

as the catalytic thiol and pH profiles demonstrated that the reactivity of the thiol is not influenced 

by Asp-208 as previous proposed (94). In contrast to the wild-type enzyme that exhibited similar 

specificities for 2-3 carbon length aldehydes, a I195A variant was observed to have a preference 

for 4-5 carbon length aldehydes with a 20-fold higher catalytic efficiency for these aldehydes 

over the wild-type for its natural substrate. Based on these results, a model of the thioacylenzyme 

intermediate was proposed. 
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The aldolase (TTHB246) and dehydrogenase (TTHB247) from Thermus thermophilis 

were separately expressed and purified from recombinant E. coli. The aldolase is a dimer while 

the dehydrogenase is a monomer and the enzymes can form a stable tetrameric complex in vitro, 

consisting of two aldolase and two dehydrogenase subunits. Upon complex formation, the Km 

value of 4-hydroxy-2-oxopentanoate, the substrate of TTHB246 is decreased 4-fold and the Km 

of acetaldehyde, the substrate of TTHB247 increased 3-fold. The kcat values of each enzyme were 

reduced by about 2-fold when in complex. The half-life of TTHB247 at 50 °C increased by ~ 4-

fold when in complex with TTHB246. Stable and catalytically competent chimeric complexes 

could be formed between the T. thermophilus enzymes and the orthologous aldolase (BphI) and 

dehydrogenase (BphJ) from the biphenyl degradation pathway of Burkholderia xenovorans 

LB400. Structural and sequence analysis suggests that interacting residues in the aldolase and 

dehydrogenase that form the interface of the complex are highly conserved among orthologs. 

 
 
7.2 Future Work 
 

There are a number of directions to take the BphI-BphJ project, including studies of 

various homologous systems. Insights into the mechanism and specificities of BphI and BphJ 

would not have been possible without the X-ray crystal structure of DmpG-DmpF from 

Pseudomonas putdia CF600 (94). We have extensively relied on this crystal structure and 

combined molecular modeling and biochemical data, to dramatically increase the knowledge of 

structure-function relationships in this enzyme complex. Future structural studies in the presence 

of substrates would provide further insight as to how these molecules bind. For instance, 

crystalizing an ortholog of DmpG in the presence of the substrate HOPA may confirm the 

proposed location of substrate binding based on our currently modeling and determine the 
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architecture of the active site upon substrate binding. There are currently two competing 

proposals as to the rotameric configuration of Tyr-290 in the holo form of the aldolase (227, 320), 

and such experiments may be able to elucidate the correct configuration. It is also proposed that 

4-hydroxy-2-oxoacids with an alkyl chain longer than five carbons in length extend into the 

substrate channel. This proposal could be tested through the co-crystallization with longer 

substrates.  

Another experiment that should be performed in BphI is to further our understanding of 

the invariant Arg-16 residue. While experiments performed were able to demonstrate the 

essential nature of this residue, which is consistent with other pyruvate class II aldolases (56, 59), 

we can not preclude the possibility that the substrate is unable to bind in the active site correctly 

in R16A and R16K variants since these variants exhibited severely impaired aldol cleavage 

activity. Therefore, isothermal titration calorimetry experiments could be completed to determine 

the dissociation constants of pyruvate in these variants (321, 322). It was successfully 

demonstrated that Leu-89 in BphI is responsible for governing the alkyl chain length of 4-

hydroxy-2-oxoacids. However, NikB, a homologous aldolase responsible for nikkomycin 

biosynthesis contains a phenylalanine in this position. Therefore, this residue may be involved in 

π-stacking with the picolinaldehyde moiety of the substrate. In addition, NikB utilizes 2-

oxobutyrate as a carbonyl donor instead of pyruvate. Phylogenetic analysis revealed that the only 

other amino acid not conserved in the active site of NikB is Tyr-290, which is replaced with 

phenylalanine. Therefore it should be investigated whether the BphI Y290F variant is able to 

catalyze aldol addition reactions with 2-ketobutyrate as the carbonyl donor. 

 BphJ appears to be unique as it structurally resembles phosphorylating hydrolytic 

dehydrogenases instead of non-phosphorylating acylating dehydrogenases. The only other non-
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phosphorylating acylating dehydrogenase to have a solved crystal structure is methylmalonate-

semialdehyde dehydrogenase from B. subtilis (171). However, BphJ shows no sequence or 

structural similarity to this enzyme. Therefore, solving additional structures with a bound 

thioacylenzyme intermediate would be a first for this family of dehydrogenases and co-

crystallization with acyl-CoAs would better define how this Rossmann fold is uniquely able to 

bind both NAD+ and CoASH. Such a structure could provide insight as to what residues are 

responsible for binding this cofactor. It also remains unknown whether CoASH can bind in the 

absence of the thioacylenzyme intermediate. Since both cofactors bind at the same site, the 

enzyme may have a mechanism to prevent binding of CoASH prior to the formation of the 

intermediate. While pyridine-nucleotide-dependent enzymes are generally specific for either 

NAD(H) or NADP(H), BphJ only exhibited a 20-fold preference for NAD+ over NADP+. The 

phosphate on the 2’-adenine ribose hydroxyl of NADP+ is in a similar position to the phosphate 

on the 3’-adenine ribose hydroxyl of CoASH. Future work may involve using NADP+ to probe 

residues that are required for phosphate binding.  

 Finally channeling and activation need further exploration. Experiments in channel-

blocked variants suggest that the 4-fold allosteric activation of BphI by the dehydrogenase 

cofactor NADH still occurs (297). Thus, activation may not be a prerequisite for effective 

channeling as demonstrated in TTHB246-TTHB247. Finally, the recent demonstration that a 

A324G substitution in TTHB246-TTHB247 was able to increase the channeling efficiency for 

larger aldehydes has implications for other homologous complexes which also contain this 

mutation (103). For instance, NikB-NikA involved in nikkomycin synthesis utilizes the aldehyde 

picolinaldehyde. It would be interesting to determine whether this bulky aldehyde is channeled 

between the active sites of the aldolase, NikB and the dehydrogenase, NikA. 
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