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Abstract 

 

Enzyme Promiscuity: A Review on Select Tautomerase Superfamily 

Members 

 

Elyssa Milette Cherry, M.S.P.S. 

The University of Texas at Austin, 2016 

 

Supervisor:  Christian P. Whitman 

 

     Enzymes are categorized into families based on sequence similarity and conserved features. 

Superfamilies are composed of families of enzymes with common folds and conserved 

features. Enzymes with broad specificities are able to evolve into different enzymes with new 

chemistries. However, they still contain vestigial folds and conserved residues that traces their 

evolution back to that broad specificity ancestor. Three enzymes from the Tautomerase 

Superfamily will be discussed here, all related by a N-terminal catalytic proline and the use of 

the β-α-β building block. The structures, mechanisms, and promiscuous activities of 4-

oxalocrotonate tautomerase, 3-chloroacrylic dehalogenase, and malonate semialdehyde 

decarboxylase are discussed. All three are evolutionarily linked through a shared promiscuous 

hydration activity using 2-oxo-3-pentyoate and likely came from the same ancestor. 
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Introduction 

It is fascinating how nature has managed to generate a variety of enzyme 

activities with a limited number of protein folds. Enzymes are categorized into families 

based on sequence similarity and conserved features. Superfamilies are composed of 

families of enzymes with common folds and conserved features (Galperin & Koonin, 

2012). The advent of protein structure and genome databases has allowed the assignment 

of enzymes to superfamilies with only sequence or structural data available. As a result, 

functions can be hypothesized and experimentally verified. Large database surveys and 

studies of superfamily members have shown that critical characteristics for catalysis are 

usually conserved in evolutionarily related proteins, even if the overall reaction they 

catalyze is different (Glasner, Gerlt, & Babbitt, 2006).This validates the hypothesis that 

enzymes in a superfamily likely evolved from a common ancestor. 

   How do enzymes evolve new activities? Maynard Smith addressed this question 

in 1970: “If evolution by natural selection is to occur, functional proteins must form a 

continuous network which can be traversed by unit mutational steps without passing 

through non-functional intermediates” (Smith, 1970). Essentially, enzymes that evolve 

and expand their functions must do so by the stepwise accumulation of adaptive 

mutations, which form a path or network of sequence divergences within a superfamily. 

It was later observed by Jensen that enzymes can in fact have a secondary, low level 

activity, which can begin the evolutionary process. The existence of broad specificity, 

allowing the enzyme to react with a wide spectrum of related substrates, provides an 
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opportunity for an ancestral enzyme to gain a new function and survive in limited 

substrate resource environments. (Jensen, 1976). L-Fucose isomerase is one such an 

enzyme with broad specificity. It is a part of the pathways for fructose and mannose 

metabolism, catalyzing the interconversion of L-fucose to L-fuculose. L-Fucose is the 

natural substrate, but the enzyme is also responsible for the isomerization of D-arabinose 

to D-ribulose and L-xylose to L-xylulose (Camyre & Mortlock, 1965). This broad 

substrate specificity proves fortuitous in that a single mutation turns on the constitutive 

activity of the enzyme. A second mutation involving regulation is all it took for the 

isomerase to gain the capability to isomerize D-mannose, a typical substrate metabolized 

by mannose phosphate isomerase. These enzymes likely share a common ancestor due to 

their similar sequence and structure (Mortlock, 2013). 

  In recent years, it has been demonstrated that enzymes have promiscuous 

activities, meaning they can distinguish and bind substrates that are similar to their 

biological substrate and process them by the same chemistry. This phenomenon is called 

substrate promiscuity. Other enzymes are capable of catalyzing distinctly different 

reactions from their biological activities. This is known as catalytic promiscuity. Enzyme 

promiscuity can be seen as evidence of superfamily connections, such that native activity 

of one enzyme is seen in a related homologue as a promiscuous activity (van Loo, Jonas, 

& Babtie, 2010). There are many enzymes that can catalyze other reactions that are not 

related to their superfamily, giving more starting points for the evolution of new 

functions. Aside from point mutations, the overexpression of enzymes with promiscuous 

activities can provide alternatives for enzymes that lost important catalytic amino acid 
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residues in critical metabolic enzymes by either replacing the lost enzyme or changing 

the route of the pathway (Kim, Kershner, Novikov, Shoemaker, & Copley, 2010). 

  The exact mechanisms for the evolution of function can be summarized as 

stepwise adaptive mutations with substitutions, insertions, deletions, elongations, and 

truncations. There are cases where recombination, gene duplication, genetic drift or gene 

fusion can alter sequences and ultimately function.  At some point, gene duplication 

occurs and each copy may undergo divergence and specialization, which will result in a 

new enzyme superfamily member (Soskine & Tawfik, 2010). It is also possible for an 

enzyme to undergo genetic drift, meaning it can acquire activities that were not present at 

all in its realm of possible developing functionalities. This would lead to new starting 

points for further functional divergence (Smith, 1970). 

  Understanding enzyme evolution by looking at enzyme relationships in 

superfamilies combines three different studies: enzymology, bioinformatics, and ancestral 

reconstruction techniques. This combination approach leads to enzyme annotation for 

example; preventing incorrect annotation of gene and gene function by allowing 

assignment of functions from rigorous evidence-based criteria. Second, proper annotation 

of proteins at various hierarchical levels allows identification of proteins with unknown 

functions and narrow down their plausible catalytic ranges using genomic context, 

substrate docking, and experimental characterization. Last, characterizing the various 

mechanisms in a superfamily can lead to development of laboratory protein design that 

follows closely natural protein evolution (Glasner, Gerlt, & Babbitt, 2006).  
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  This review will survey some related enzymes of the Tautomerase Superfamily 

and their relationships between their mechanisms and structures. 
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4-Oxalocrotonate tautomerase (4-OT) 

 

4-OT is an enzyme found in the meta-fission pathway, which is responsible for 

the bacterial degradation of aromatic hydrocarbons such as benzene, toluene, and alkyl-

substituted derivatives. Specifically, 4-OT converts 2-hydroxymuconate (Figure 1, 1) to 

the α,β-unsaturated ketone, 2-oxo-3-hexenedioate (Figure 1, 2).  

 

 Figure 1 4-OT catalyzed reaction (Huddleston, Burks, & Whitman, 2014). 

 

 Bacteria that participate in this pathway are capable of using aromatic 

hydrocarbons as sole carbon sources, producing pyruvate and acetyl CoA. These 

compounds funnel into the Krebs cycle.  

  This enzyme is the founding member of the Tautomerase Superfamily (TSF). 

TSF members have a N-terminal catalytic proline residue and use the β-α-β fold as the 

common building block for the family. 
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 Figure 2 4-OT structure inactivated by 2-Oxo-3-pentyoate. PDB: 1BJP (Taylor, 

Czerwinski, Johnson Jr., Whitman, & Hackert, 1998). 

 

 4-OT is a homohexamer, that catalyzes the keto-enol tautomerisation reaction 

without coenzymes and metal ions. The critical amino acids in the three monomers are

 

 Figure 3 (Left): 4-OT active site with 2-Oxo-3-pentyoate (red), Pro-1 (blue), and Arg-39 

(green). (Right): 4-OT active with 2-Oxo-3-pentyoate (red), Arg-11 (blue), and Phe-50 

(lime green). PDB: 1BJP (Taylor, Czerwinski, Johnson Jr., Whitman, & Hackert, 1998). 

 

Pro-1, Arg-11/39, and Phe-50 (Figure 3). The p𝐾𝑎 of Pro-1 was found to be 

around 6.4 from the pH-dependent inactivation by 3-bromopyruvate (3-BP), an active site 

irreversible inhibitor, and 𝑁15  NMR titration of uniformly labeled 𝑁15 -4OT. The 



 7 

chemical shift of the prolyl nitrogen was followed as a function of pH (Stivers, et al., 

1996). Pro-1 functions as a general base that transfers a proton from the 2-hydroxy group 

to the C5 of substrate in a highly stereoselective manner as determined by carrying out 

the reaction in D2O. Arg-11 binds the C6 carboxylate group, and draws the electron 

density to the C5 in order to facilitate its protonation. Arg-39 interacts with the 2-hydroxy 

group and the C1 carboxylate oxygen. The positively charged guandinium moiety 

stabilizes the developing carbanionic character of the 2-hydroxy group.  Phe-50 is 

responsible for the hydrophobic pocket located near the prolyl nitrogen of the catalytic  

Pro-1, which has low dielectric constant of 14.7. This is responsible for lowering the p𝐾𝑎. 

   

This proposed mechanism was supported by mutagenesis, kinetic, NMR, 

inhibition, and crystallography studies (Taylor, Czerwinski, Johnson Jr., Whitman, & 

 Figure 4 4-OT catalytic mechanism with key residues (Huddleston, Burks, & 

Whitman, 2014). 
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Hackert, 1998). Phe-50 was mutated to a tyrosine, alanine, valine, and isoleucine. The 

tyrosine mutant was intact kinetically and structurally, so that it was able to serve as a 

probe for the dielectric constant around Pro-1. Both valine and isoleucine mutants were 

unstable and showed little catalytic activity, but gave indications that there’s a preference 

for an aromatic residue to provide structural stabilization. The alanine mutant was 

somewhat impaired, but had sufficient structural stability to give kinetic and structural 

evidence for increased accessibility to solvent. This was due to the destabilization of the 

β-hairpin loop that covers the active site. This resulted in an increase of the dielectric 

constant to 21.6 near Pro-1, with a resulting increase in p𝐾𝑎 (Czerwinski, Harris, 

Massiah, Mildvan, & Whitman, 2001). 

 

 Table 1 Summary of pH dependence of kinetic parameters and p𝐾𝑎 values determined by 

direct 𝑁15  NMR titration for 4-OT and Phe-50 mutants at 23°C. Substrate 2 is 2-

hydroxymuconate, 5 is 2-hydroxy-2,4-pentadienoate (Czerwinski, Harris, Massiah, 

Mildvan, & Whitman, 2001). 

 

 Phe-50 provides structural integrity and maintains the hydrophobicity of the 

active site so that the p𝐾𝑎 of Pro-1 is lowered due to a low dielectric constant.  

  2-Oxo-3-pentyoate (2-OP) is an irreversible inhibitor of 4-OT that covalently 

modifies the nitrogen of Pro-1, likely due to a Michael addition by a nucleophilic attack 
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by the prolyl nitrogen to the C4 of 2-OP. This inhibitor is useful for probing the 

ionization state of Pro-1 and subsequently the role of the catalytic Pro-1 in TSF members. 

If it forms a covalent bond to the prolyl nitrogen, Pro-1 likely has a low p𝐾𝑎 value. If 2-

OP is processed as a substrate to acetopyruvate, the p𝐾𝑎 is physiological or higher. 

  

 Figure 5 (Left): 2-OP (Right):  Inactivation of 4-OT with 2-OP. The position of the double 

bond is determined by where it is protonated (Taylor, Czerwinski, Johnson Jr., Whitman, & 

Hackert, 1998). 

  

  4-OT has a low level trans-3-chloroacrylic acid dehalogenase (CaaD) activity, 

which was confirmed using 3E-haloacrylates. This observation links the evolution of 

CaaD (discussed later) with 4-OT (Wang, Person, Johnson Jr, & Whitman, 2003).The 

CaaD activity of 4-OT is significant when compared to the non-enzymatic rate of 

dehalogenation.  

 

  

 Table 2 The follow table are the kinetics for CaaD, 4-OT, and a mutant of 4-OT. (Wang, 

Person, Johnson Jr, & Whitman, 2003) 



 10 

 

  As seen in Table 1, 4-OT enhances dehalogenation of 3-chloroacrylic acid by 

108-fold, whereas CaaD affords a 1012-fold rate enhancement. Differences in the 

catalytic efficiency are discussed in more detail in the CaaD section. 
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1,3-Dichloropropene Degradation Pathway 

 

 

 Figure 6 1,3-dichloropropene degradation pathway (Pegan, Serrano, Whitman, & Mesecar, 

2008). 

 

   DCP is a mixed isomer fumigant, that is used to kill parasitic nematodes. The 

DCP degradation pathway allows soil bacteria to use DCP as a carbon source. There is 

industrial interest in understanding these types of pathways and their enzymes, which so 

that they can be optimized to prevent accumulation of pollutants. Two enzymes, 

discussed later in this review are both part of this pathway, 3-chloroacrylic acid 

dehalogenase and malonate semialdehyde decarboxylase. 
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Dehalogenases 

 

A dehalogenation reaction is simply the cleavage of a carbon-halogen bond. 

Dehalogenases can use a variety of mechanisms to cleave a carbon-halogen bond. 

Haloacid dehalogenases, 4-chlorobenzoate-coenzyme A dehalogenase, and haloalkane 

dehalogenases have been shown to use substitution mechanisms after the formation of a 

covalent aspartyl ester intermediates (De Jong & Dijkstra, 2003).  

  A haloalkane dehalogenase cleaves the carbon-halogen bond that is part of a 

halogenated aliphatic hydrocarbon chain. The first crystallized dehalogenase came from 

Xanothobacter autotrophicus GHJ10 (Ridder I. S., Rozeboom, Kalk, & Dijkstra, 1999) 

which has 2 domains, a main domain and a capping domain. 

  

 Figure 7 (Left): Haloalkane dehalogenase crystal. (Right): Asp-124 (blue) and 

dichloroethane (orange)  (Verschueren, Seljee, Rozeboom, Kalk, & Dijkstra, 1993). 

  

The capping domain is α-helical in nature. The main domain is a parallel eight-

stranded β-sheet, with only one anti-parallel β-strand, connected by α-helices on both 
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sides. These structural motifs are common to the α/β hydrolase family, which include the 

haloalkane dehalogenases, lipases, esterases, carboxypeptidases, and 

acetylcholinesterase.  

  The nucleophile is Asp-124 (Figure 7) (Verschueren, Seljee, Rozeboom, Kalk, & 

Dijkstra, 1993), which attacks the halogen bearing 𝑠𝑝3 hybridized carbon (Figure 8). This 

leads to a covalent ester intermediate, that is easily hydrolyzed by a water (activated by 

His-289) on the 𝐶𝛾 of aspartate.   

 

 Figure 8 Mechanism of both haloalkane dehalogenase and haloacid dehalogenase 

(De Jong & Dijkstra, 2003). 

 

  The enzyme has a halide binding site to help facilitate the dehalogenation 

reaction by stabilization of the departing halide. The first chloride ion interacts with the 

nitrogen containing rings of Trp-125 and Trp-175 residues in the halide binding pocket. 

Two carbons of the substrate have van der Waals interactions with Phe-128, Trp-175, and 
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His-289. The second chloride ion is in plane with Phe-172 and likely stabilized by 

hydrogen bonding (Verschueren, Seljee, Rozeboom, Kalk, & Dijkstra, 1993). 

  Haloacid dehalogenases hydrolyze α-halogenated carboxylic acids. They are part 

of the haloacid dehalogenase superfamily and have dimers with two to three domains per 

subunit. There is a core domain that has a Rossmann-fold-like six-stranded parallel β 

 

 Figure 9  (Left): First crystalized dehalogenase. (Right): Asp-176 (blue) and bound 

haloalkane substrate (red). PDB: 1QQ6 (Ridder I. S., Rozeboom, Kalk, & Dijkstra, 

1999). 

 

sheet with five α helices flanking. This fold differs from the α/β hydrolase superfamily. 

The enzyme is a member of haloacid dehalogenase superfamily. However, the 

mechanism is very similar to haloalkane dehalogenase and uses a covalent aspartyl ester 

intermediate (Figure 8) (De Jong & Dijkstra, 2003),  although there is not a histidine 

residue to activate the water. How the water is activated is currently unknown. Also, the 

halide binding site is different and is composed of Arg-39, Asn-115, and Phe-175 (Ridder 

I. S., Rozeboom, Kalk, & Dijkstra, 1999). 
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  4-Chlorobenzoyl-CoA dehalogenase is a homotrimer where each subunit folds 

into two domains. There is a ten stranded β sheet, flanked by α helices for the N-terminal 

domain. The C-terminal domain has three amphiphilic α helices that are involved in the 

trimerization. The enzyme catalyzes the displacement of a halogen from the aromatic ring 

of the substrate, 4-chlorobenzoate-CoA. The mechanism follows the same theme as the 

two enzymes before, using Asp-145 residue as nucleophile. The 4-chlorobenzoate first is 

ligated to a CoA by 4-chlorobenzoate-CoA ligase, which is then the substrate for the 

dehalogenase. The enolate anion on the thioester link of the substrate is stabilized by two 

amides found on part of the backbone. A positive partial charge forms on the carbon with 

the halogen, making it electrophilic enough for nucleophilic attack by Asp -145 (Luo, et 

al., 2001). This substitution, 𝑆𝑁2-Ar, ends with the halogen being expelled when 

aromaticity is restored. The enzyme intermediate is hydrolyzed by water (activated by a 

histidine) attacking the 𝐶𝛾 of Asp-145, yielding 4-hydroxybenzoyl-CoA (De Jong & 

Dijkstra, 2003).  
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 Figure 10 A. The structure of 4-Chlorobenzoate CoA dehalogenase. B. The 

aspartyl dehalogenase mechanism of 4-Chlorobenzoate CoA dehalogenase (De 

Jong & Dijkstra, 2003). 

 

  The next section will discuss 3-chloroacrylic acid dehalogenase, its mechanism, 

and how it differs from the three previously described enzymes. 
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3-Chloroacyrlic Acid Dehalogenase 

 

CaaD is a cofactor and metal independent dehalogenase that is responsible for the 

cleavage of a vinylic halogen-carbon bond (Poelarends, Saunier, & Janssen, 2001). CaaD 

is a part of the 1,3-dichloropropene degradation pathway and consists of an α and a β 

chain. The α-chain shares a 25% sequence identity with 4-OT and the β-chain shares 25% 

as well (De Jong, Brugman, Poelarends, & Whitman, 2004). An x-ray crystal structure 

showed a trimer of αβ-hetero dimers, similar to the characteristic 4-OT fold. 

   As a member of TSF, CaaD has a N-terminal proline on each of its α and β 

chains, but only the βPro-1 is required for catalysis. This may be due to the different 

environments surrounding each proline. αPro-1 is inactive, surrounded by apolar residues 

such as βAla-8, αLeu-11, and βIle-52, making it isolated from solvent. βPro-1 is tucked 

away in a hydrophilic active site, near a buried glutamate. This impacts the p𝐾𝑎 of βPro-

1, keeping it around a p𝐾𝑎 of 9.2, protonated, and making it a general acid. βPro-1 is 

interfaced between αβ-dimers, surrounded by several charged residues: αArg-8 and αArg-

11. αGlu-52’s carboxylic group interacts with the amino group of the amide side chain of 

βAsn-39. αPhe-39 forms part of the active site (Pegan, Serrano, Whitman, & Mesecar, 

2008).  

   Confirmation for βPro-1 and αArg-11 as critical residues in CaaD activity came 

from sequence analysis and site-directed mutagenesis studies. Crystallographic data 

suggested that αGlu-52 and αArg-8 are important residues (De Jong, Brugman, 

Poelarends, & Whitman, 2004). Three mutants, αE52A, αE52D, and αR8A, were 
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examined for activity by their reaction with trans-3-chloroacrylate and trans-3-

bromoacrylate at 224nm. After 24-hour incubation with mutant and substrate, only 

αE52D and αR8A retained small amounts of activity.  

  3-Bromopropriolate (3-BP) is a mechanism based inhibitor of CaaD. Inactivation 

is due to the covalent modification of Pro-1 by a malonyl adduct. A 3-BP inactivated 

CaaD crystal structure (Figure 11) (2.3 Å resolution) shows the trimer of αβ-

heterodimers. The structure supports the role of βPro-1 as a catalytic residue through the 

mechanism of inactivation (De Jong, Brugman, Poelarends, & Whitman, 2004).   

 

 Figure 11 (Left): Crystal structure of CaaD. (Right): Inactivated active side of 

CaaD. 3-BP (red), βPro-1 (orange), αArg-8 (blue), αArg-11 (light blue), αGlu-52 

(yellow), αPhe-39 (pink), and βAsn-39 (green) PDB: 2DHC (De Jong, Brugman, 

Poelarends, & Whitman, 2004). 

 

  The mechanism for inactivation of CaaD via 3-bromopropiolate (Figure 12) is 

characterized as a specific interaction of the covalent malonyl adduct with 2 arginines, 

suggesting a favored binding orientation in the active site. The bromide atom may be 

buried in the active site and interacting with αPhe-50 in the active site wall. The C2 atom 

is in close proximity to the prolyl nitrogen of βPro-1. C3 is close to a water molecule, 
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which is hydrogen bonded to αGlu-52 and βPro-1. This water mediated interaction 

suggests βPro-1 is protonated at physiological pH at this site. The αGlu-52 side chain 

interacts with the amino group of βAsn-39, which bridges the water and a second surface 

bound water. This suggests that αGlu-52’s side chain carboxylate group is likely 

stabilized when in the anionic form and functions as a general base that activates water 

for nucleophilic attack of C3. The nucleophilic susceptibility of C3 is likely enhanced by 

αArg-8 and αArg-11, which favor a partial positive charge. 

  The acyl bromide is reactive with nucleophiles. A deprotonated βPro-1 from the 

hydration step, can now serve as a nucleophile and attacks the acyl bromide. It forms the 

covalent adduct and bromide ion leaves. The structural evidence strongly supports this 

mechanism because while the active site is able to carry out a hydration with a protonated 

βPro-1. This residue does not have a high enough nucleophilic character to carry out a 

hydration via Michael addition. A proline acting as a general acid would lose a proton in 

the initial hydration and become nucleophilic and then be susceptible to acylation by an 

acyl halide (De Jong, Brugman, Poelarends, & Whitman, 2004).  
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 Figure 12 Mechanism of CaaD inactivation with 3-bromopropiolate (De Jong, 

Brugman, Poelarends, & Whitman, 2004). 

  

    The conjugation near the carboxylate group of 3-bromopropiolate enabled a 

dehalogenase to perform a hydration through conjugate addition and resulting in 

spontaneous dehalogenation to the product. This is a new strategy for cleaving a carbon-

halogen bond.  

    Given the mechanism of inactivation and the mutagenesis work it is possible to 

propose the mechanism for the CaaD-catalyzed conversion of trans-3-chloroacrylate to 

malonate semialdehyde (Figure 13).  
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 Figure 13 CaaD mechanism (Pegan, Serrano, Whitman, & Mesecar, 2008). 

 

 αGlu-52 and βPro-1 are able to catalyze a Michael addition of water to the 

substrate’s double bond, as seen by their position in the structure of the inactivated 

enzyme. It is likely that αArg-8 and αArg-11 are responsible for polarizing the 

carboxylate group and stabilizing the partial charge on C3 to make it more susceptible to 

attack. αGlu-52 activates a water, which attacks C3. A proton transfer occurs from βPro-1 

to C2 atom.  

 The addition of H2O results in an unstable intermediate, 3-chloro-

hydroxypropanoate, which decomposes to malonate semialdehyde and HCl. This set-up 

allows the carbon-chlorine bond in the chlorohydrin to be favorably cleaved, not needing 

specific halide binding residues in the enzyme, as seen in other dehalogenases. There is a 

possibility that the catalytic proline assists the collapse of the chlorohydrin by 

deprotonating the intermediate. This step would regenerate βPro-1 in its charged form.  



 22 

    4-OT and a homologue, YwhB from Bacillus subtilis, show a low level of 

trans-3-chloroacrylic acid dehalogenase activity. Both enzymes are capable of acting on 

3E-haloacrylates (Wang, Johnson, & Whitman, 2003). As discussed earlier, the 

dehalogenase activity is low compared to that of CaaD. 

  The low level dehalogenase activity in 4-OT may due to the Arg-11 interaction 

with the C1 carboxylate group of the substrate that creates a partial positive on the C3 

atom, which would facilitate a Michael addition of water to trans-3-chloroacrylate. The 

catalytic general base proline may assist in catalysis by activating a water for 

nucleophilic attack. This step could be impacted however, by the presence of active site 

water. This would raise the p𝐾𝑎 of the proline, lessening the residue’s effectiveness as a 

base since 4-OT’s hydrophobic pocket is responsible for lowering the p𝐾𝑎 of proline. 

  This type of similar catalytic promiscuity is not novel to TSF. It has been seen in 

other superfamilies and is capable of playing a role in evolution of new enzymatic 

activities. For example, in the alkaline phosphatase superfamily, alkaline phosphatase and 

arylsulfatase A share activities. The alkaline phosphatase has a low level sulfatase 

activity. This activity could be involved in the divergence of these two enzymes from a 

common ancestor. Both enzymes have a low level phosphodiesterase activity, 

strengthening their evolutionary connection within the superfamily. Nature could select 

for either sulfatase of phosphodiester activity, leading to the contemporary members of 

the alkaline phosphatase superfamily (O'Brien & Herschlag, 1999). Considering this is 

not the first time this phenomenon has been seen in nature, it is also likely that at some 

point nature selected for dehalogenase activity, giving contemporary CaaD and 4-OT. 
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Decarboxylases 

A decarboxylation reaction is the loss of a carboxylate group from a compound, 

resulting in the product and carbon dioxide. The carbon dioxide found in fermentation 

and respiration is from the decarboxylation of organic acids. Decarboxylase enzymes 

facilitate this reaction and are found in many catabolic and anabolic pathways involving α 

and β-keto acids, amino acid conversions, and carbohydrate synthesis, to name a few. 

There are two potential driving forces for the overall enzymatic reaction: the formation of 

carbon dioxide (entropic) and the successful stabilization of the carbanion transition state 

(Silverman, 2002). Three represented mechanisms for decarboxylation are a Schiff base, 

metal ion dependent, and pyridoxal 5’-phosphate dependent. 

  A β-keto acid is capable of rearranging to undergo enolization, where the β 

carbonyl is an electron sink. Protonation of the β-carbonyl would make a good electron 

sink, but the the p𝐾𝑎 of the β-carbonyl is around 7, meaning only a strong acid would be 

able to protonate it. This raises activation energy of the reaction. (Silverman, 2000).  In 

this first mechanism, the formation of a Schiff base is the best way to stabilize the 

carbanion formation and lower the energy so the reaction goes to completion. The imine 

is much more basic than the carbonyl and can be protonated and become a cationic imine. 
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 Figure 14 Acetoacetate Decarboxylase mechanism using a Schiff base 
(Highbarger & Gerlt, 1996). 

 

The positive charge is a good electron sink and stabilizes the carbanion, so the reaction 

can continue and cleave the C-C bond and release carbon dioxide (Walsh, 1979).  

    The second mechanism is metal-dependent decarboxylase. Divalent ions can 

orient substrates and act as electron donors and acceptors. They can also stabilize 

transition states or act as Lewis acids. They are coordinated in enzyme active sites by 

nitrogen, sulfur, or oxygen groups on amino acids. 

  The role of Zn2+ is seen in Figure 15 as the enzyme catalyzes the 

decarboxylation from acetolactate to acetoin. The substrate binds through three O-Zn 

coordinated bonds. Zn2+ directs the decarboxylation, forming an enolate intermediate and 

Glu-253 is a base, abstracting a proton from the intermediate (Marlow, Rea, Najmudin, 

Wills, & Fulop, 2013).  
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 Figure 15 Hypothesized mechanism for zinc dependent α-acetolacate 

decarboxylase (Marlow, Rea, Najmudin, Wills, & Fulop, 2013). 

    

  Pyridoxal 5’-phosphate (PLP) is a cofactor in enzymes that is routinely involved 

in the metabolism of nitrogen-containing compounds. They assist in catalysis on the 

𝐶𝛼,𝐶𝛽, and 𝐶𝛾 of amine and amino acid substrates in various organisms. The 

decarboxylation of these substrates are key steps in the biosynthesis of amino 

neurotransmitters and other biological compounds. While the enzyme is in a resting state, 

PLP has formed an internal aldimine with the ε-amino group of a catalytic lysine residue.  

    The first step in the mechanism (Figure 16) is the formation of a Schiff base 

intermediate, called an external aldimine, between PLP’s aldehyde and the substrate’s 

amino group. PLP is responsible for stabilizing the carbanion formation next to the Schiff 

base in that aldimine intermediate by delocalization of the forming negative charge 

through the 𝜋-bond system (pyridine ring). PLP is an electron sink, the stabilization it 

provides to the carbanion leads to the loss of carbon dioxide. Carbon-carbon cleavage is 

assisted by the hydrophobic and/or negatively charged environment via destabilization of 

the charged carboxylate to favor the neutral transition state. A general acid then 
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protonates the 𝐶𝛼, forming an imine. The imine undergoes a transaldimination and the 

amine product is released (Li, Huo, Pulley, & Liu, 2012). 

 

 Figure 16 Mechanism of a PLP-dependent decarboxylase. (Li, Huo, Pulley, & Liu, 

2012). 

 

   However, MSAD, as discussed in the next section, is a decarboxylase that is cofactor 

and metal independent. 
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Malonate Semialdehyde Decarboxylase (MSAD) 

 

The first MSAD identified in the TSF was found in Pseudomonas pavonaceae 

(PpMSAD). MSAD is part of the 1,3-dichloropropene degradation pathway. The 

decarboxylation of malonate semialdehyde is metal ion independent and produces 

acetaldehyde and carbon dioxide. It also has a hydration activity using 2-OP 

(𝑘𝑐𝑎𝑡/𝐾𝑚~600-1130𝑀−1𝑠−1) (Huddleston, Burks, & Whitman, 2014).  

 

 Figure 15 Crystal of Pp MSAD. PDB: 2AAL (Almrud, et al., 2005). 

 

  Crystallographic and mutagenesis studies deduced the key residues for both 

activities. The residues are Pro-1, Asp-37, Arg-73/75, Phe-116, Phe-123, and Leu-128 

(Almrud, et al., 2005).  
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 Figure 16 (Left) PpMSAD active site. 3-chloropriolate (red), Pro-1 (blue), Asp-37 

(light blue), Arg-73 (green),  and Arg-75 (orange). (Right): 3-chloropriolate (red),  

Phe-116 (blue), Phe-123 (green), and Leu-128 (orange). PDB: 2AAL (Almrud, et 

al., 2005). 

 

The roles of the residues were assigned based on their position relative to the 

covalent adduct formed from the hydration of 3-chloropropiolate, as shown in Figure 16. 

 

 Figure 17 Mechanism of inactivation by 3-chloropropiolate (15) to form enzyme 

adduct (18) (Huddleston, Burks, & Whitman, 2014). 

   

During the hydration reaction, a cationic Pro-1 (p𝐾𝑎 around 9.2) could potentially 

be the proton donor. The Pro-1 p𝐾𝑎 was determined through two experiments: direct 𝑁15  
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NMR titration and testing whether MSAD was inactivated by 2-OP. Due to the lack of 

inactivation and that it proceeded to acetopyruvate, Pro-1 of MSAD was deemed cationic 

and not a nucleophile (Poelarends, Serrano, Johnson Jr., Hoffman, & Whitman, 2004).  

  The proposed decarboxylation mechanism catalyzed by MSAD is as shown in 

Figure 19: Pro-1, cationic, polarizes the C3 carbonyl group. Asp-37 is a part of a  

 

hydrogen bond network (seen in the crystal structure) and potentially could be 

coordinating the prolyl nitrogen, meaning it is likely responsible for perturbing the p𝐾𝑎 

of Pro-1. The role of Asp-37 was confirmed by a D37N mutant that has 0.5% specific 

activity with respect to the wild type.   

    Arg-73 and Arg-75 have two proposed roles: stabilization of the forming enolate, 

positioning the carboxylate group so that C1 and C2 are parallel to the C3 carbonyl’s p 

 Figure 18 Proposed mechanism of decarboxylation by Pp MSAD (Huddleston, 

Burks, & Whitman, 2014). 
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orbitals. They might also position the carboxylate group in front of the hydrophobic wall. 

The hydrophobic wall facilitates decarboxylation by destabilization of the negative 

charge on the carboxylate group, favoring the reaction (Almrud, et al., 2005). More 

specific roles could not be assigned because the 𝐾𝑀 and 𝑘𝑐𝑎𝑡 cannot be measured, due to 

the inability to saturate the enzyme. 

  The proposed mechanism for hydration with 2-OP (Figure 19) involves the same 

residues, but different chemistry. Asp-37 activates a water to attack the C4 of the 

substrate to begin a Michael addition. The two arginines, Arg-73 and Arg-75, polarize the 

C2 carbonyl and assist binding of the C1 carboxylate group. The cationic Pro-1 is the 

proton donor at C3, completing the addition. Ketonization of the enol to product may be 

enzyme catalyzed or non-enzymatic. 

 

 Figure 19 Mechanism for 2-OP hydration (Huddleston, Burks, & Whitman, 2014). 

 

  PpMSAD is an interesting enzyme for two reasons: it does not show saturation 

kinetics, which might be related to the fact that its substrate is generated in situ by trans-

3-chloroacrylic acid dehalogenase. As a result, significant amounts of the dehalogenase 
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product are the hydrate and it is likely the hydrate competitively inhibits MSAD. The 

second reason PpMSAD is interesting is the promiscuous hydratase activity. The active 

site is the same as that used for the decarboxylase activity, which was confirmed by 

mutations of Pro-1 and Arg-75. The mutants had no hydration activity. The presence of 

hydratase activity and the similar p𝐾𝑎 values of Pro-1 in MSAD and CaaD are indicative 

that both evolved from a common ancestor. An MSAD crystal, inactivated by 3-

halopropiolate, provides more evidence. The catalytic Pro-1 was modified by a 3-

oxoacetate moiety, instead of being acylated. which is consistent with a cationic residue, 

not an anionic residue (Almrud, et al., 2005).  

   An MSAD from Coryneform bacterium, known as FG41, is also found in a 1,3-

dichloropropene pathway. It shares a 38% sequence identity and 65% sequence similarity 

with Pp MSAD. However, FG41 does not have the arginine pairs. Arg-73 is replaced 

with Gln-73 and Arg-75 is shifted by a glycine insertion in FG41. The hydrophobic wall 

residues of PpMSAD are conserved, although Phe-123 is replaced with a Tyr-127. 

Decarboxylase activity is comparable to PpMSAD, but the hydratase is negligible with a 

𝑘𝑐𝑎𝑡/𝐾𝑀 value of 20 𝑀−1𝑠−1, which is just above background level.   
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 Figure 20 Crystal of FG41 MSAD. PDB: 4HLO (Guo, et al., 2013). 

 

  Crystallographic and mutagenesis analysis (Figure 21) highlights the difference 

of FG41 MSAD (Guo, et al., 2013). Pro-1, Asp-37, and Arg-76 are the essential residues 

for decarboxylation and hydration activity. It was shown with a mutant, Q73A, that Gln-

73 is important, but not essential, where the specific activity compared to wild type was 

8.4%. In the inactivated crystal (Figure 20), one oxygen of the carboxylate group 

interacts with Gln-73 amide side chain, while the other carboxylate oxygen interacts with 

the amide of the Gln-73 backbone and the hydroxyl of Tyr-123 (Guo, et al., 2013).  

  The inactivated crystal structure shown that Thr-72 and Tyr-123 interact with the 

carboxylate of the adduct, which was confirmed with Y123F and T72S mutants. Y123F 

mutant had 6% specific activity of the wild type, but showed an enhancement of 

hydratase activity. T72S had a five-fold less 𝑘𝑐𝑎𝑡/𝐾𝑀 value compared to the wild type. 

The hydratase activity was negligible with a 𝑘𝑐𝑎𝑡/𝐾𝑀 value of 7 𝑀−1𝑠−1. 



 33 

  

 Figure 21 (Left): Active site of FG41 MSAD. 3-bromopropiolate (red), Thr-72 

(blue), Gln-73 (light blue), and Tyr-123 (green). (Right): Arg-76 (blue) is too far 

from bound substrate (green). PDB: 4LHO (Guo, et al., 2013). 

 

  Unlike PpMSAD, Arg-76 in the FG41 MSAD crystal structure was shown to be 

too far away (7.1 Å) to interact with the adduct. However, when Arg-76 was changed to 

an alanine, the R76A mutant was devoid of decarboxylase activity. This could be due to 

structural defect or loss of a positive charge introduced by the mutation (Figure 21). 

  The important arginine residue pair from PpMSAD is replaced in FG41 MSAD 

with Thr-72, Gln-73, and Tyr-123.  This results in a change in the residues involved in 

the mechanism (Figure 22, 1). The Asp-37 and Pro-1 polarize the C3 carbonyl, while  

 Figure 22 Mechanisms of Decarboxylation and Hydration 

by FG41 MSAD (Huddleston, Burks, & Whitman, 2014). 
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Thr-72, Gln-73, and Tyr-123 place the C1 carboxylate in a favorable position for 

decarboxylation. The position involved orienting the C1-C2 bond parallel to the C3 

carbonyl p orbitals and placing the group in front of the hydrophobic wall.  

  For the hydration mechanism of FG41 (Figure 22, 2), Asp-37 is responsible for 

the activation of a water molecule to be used to attack at C4. Thr-72, Gln-73, and Tyr-

123 are present to bind and polarize the molecule, making it more favorable for 

nucleophilic attack by the water.  

  The differences between the mechanism strategies of decarboxylation and 

hydration between PpMSAD and FG41 MSAD could be indicative of a new MSAD 

subfamily. However, it would be a mistake to conclude it is evolutionary optimization, 

because the decarboxylase activity is already comparable to PpMSAD. 
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Conclusion 

 

Enzymes can be classified into superfamilies, which have common traits that link 

them to a likely ancestral enzyme from which they diverged. They are related by a 

common fold and conserved features.  Some TSF members have secondary activities that 

link them together evolutionarily, making it likely they share a common ancestral 

enzyme. The conserved catalytic residues, amino acid residues, and vestigial secondary 

reactions they can catalyze are indicative of this. The enzymes discussed here are 

members of the tautomerase superfamily, which have the catalytic N-terminal proline and 

a β-α-β building block. 

  The utilization of enzymology, bioinformatics, and reconstruction techniques 

have enabled clearer pictures of the enzymes family member’s evolutionary 

connectedness. It also encourages better annotation of genomes and making use of 

sequence data to predict structure, function, and to generate hypotheses in regards to 

enzyme evolution. 
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