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Aim and outline of this thesis 
 
Unraveling the underlying principles that govern the evolution of enzymatic activities in 
nature has evoked great scientific interest during the last few decades. The concept has 
been postulated that catalytic promiscuity might play a central role in the divergent 
evolution of enzyme function. Identification and characterization of shared 
promiscuous activities of enzymes belonging to the same superfamily may provide 
insight into this hypothesis. 
 Catalytic promiscuity, i.e. the ability of an enzyme to catalyze different chemical 
transformations, is a property found in most members of the tautomerase superfamily 
that have currently been studied. Tautomerase superfamily members are characterized 
by a catalytic amino-terminal proline and a structural β-α-β-fold. The identification of 
new superfamily members that are closely or more distantly related to well-studied 
members based on sequence similarity, and characterization of the structural and 
catalytic properties displayed by these newly identified homologues, may provide 
valuable insights into the possible role that catalytic promiscuity plays in the divergent 
evolution of enzymatic activities within the tautomerase superfamily.  

The aim of the work described in this thesis was to explore the catalytic diversity 
within the tautomerase superfamily. Characterization of the catalytic abilities of both 
known and newly identified superfamily members, and detailed analysis of the 
structural features of these enzymes and the mechanistic aspects of their catalytic 
activities, has provided insights into the chemical versatility displayed by members of 
the tautomerase superfamily, as well as the important role of catalytic promiscuity in 
the divergent evolution of function within this superfamily. 

Recently identified examples of catalytic promiscuity in the tautomerase superfamily 
are reviewed in Chapter 1. The role which catalytic promiscuity might play in the 
divergent evolution of enzyme function is discussed, centered on the notion that a 
catalytically promiscuous enzyme might serve as a starting template for both natural 
and laboratory evolution of new enzymatic functions.  

The enigmatic existence of dehalogenases (CaaD and cis-CaaD, respectively) acting 
on trans- and cis-3-chloroacrylic acid, the persistent products of a man-made 
nematocide introduced into the environment in 1946, raises the intriguing question 
how nature has evolved these enzymes in a short timeframe. The low-level 
promiscuous phenylenolpyruvate tautomerase (PPT) activity of cis-CaaD, which may be 
a vestige of the function of its progenitor, prompted us to clone and characterize the 
more distantly related homologue MsCCH2 (annotated as a putative tautomerase) from 
Mycobacterium smegmatis strain MC2 155, which is described in Chapter 2. MsCCH2 
was found to be a robust PPT that displays low-level promiscuous cis-CaaD as well as 
CaaD activity. Based on its properties, MsCCH2 could be characteristic of an 
evolutionary intermediate along the past route for the divergence of cis-CaaD from an 
unknown superfamily tautomerase. A likely scenario for the evolution of cis-CaaD is 
postulated in which catalytic promiscuity plays a central role. Hence, it is likely that a 
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tautomerase enzyme with promiscuous low-level cis-CaaD activity has been recruited as 
a starting template for the evolution of a full-fletched cis-CaaD enzyme. 

A fascinating example of catalytic promiscuity was discovered in mouse 
macrophage migration inhibitory factor (MIF), which is described in Chapter 3. MIF is a 
member of the tautomerase superfamily and functions as a cytokine. Interestingly, this 
mammalian cytokine also displays PPT activity. Reasoning that the bacterial 
dehalogenases CaaD and cis-CaaD display promiscuous PPT activity, we investigated 
whether mouse MIF exhibits promiscuous dehalogenase activity. Indeed, MIF was 
found to act as a dehalogenase towards trans-3-chloroacrylic acid. Intriguingly, the low-
level dehalogenase activity of the wild type enzyme could be enhanced 200-fold by 
introducing just two mutations (I64V/V106L) in the active site pocket. This clearly 
demonstrates that the evolution of dehalogenase activity towards a xenobiotic 
compound can be surprisingly facile, which supports the notion that catalytic 
promiscuity might play a central role in the divergent evolution of function within the 
tautomerase superfamily.  

A striking example of the chemical versatility of the β-α-β-fold is described in 
Chapter 4. The enzyme RhCC from Rhodococcus jostii RHA1, which belongs to the cis-
CaaD family of the tautomerase superfamily, was found to catalyze a direct reaction 
between molecular oxygen (dioxygen, O2) and 4-hydroxyphenylenolpyruvate without 
the use of a redox-cofactor. Hence, RhCC was identified as a rare example of a cofactor-
independent oxygenase. The cofactor-independent activation of molecular oxygen has 
attracted much scientific interest in recent years; however, the mechanistic details are 
still under investigation. The identification of RhCC provides an opportunity to study 
this intriguing process within the unusual context of the tautomerase superfamily. 

The study of catalytic promiscuity has provided a wealth of mechanistic insights into 
the catalytic abilities of various members of the tautomerase superfamily. A key issue 
being the different catalytic roles which an active site residue can fulfill. These insights 
gathered for 4-oxalocrotonate tautomerase (4-OT) has allowed us to predict a new 
promiscuous activity of this enzyme based on the properties of its active site residues. 
In Chapter 5, the identification by mechanistic reasoning of a promiscuous aldolase 
activity of 4-OT (the aldol-condensation of acetaldehyde and benzaldehyde yielding 
cinnamaldehyde, in which Pro-1 functions as a nucleophile rather than a base), and the 
characterization thereof are described. 

The role of Pro-1 as a key catalytic residue in 4-OT has previously been investigated 
by the characterization of a limited number of Pro-1 variants of 4-OT, such as P1A and 
P1G. The post-translational removal of the translation-initiating methionine is a 
prerequisite in the study of Pro-1 variants of 4-OT. In E. coli, the enzyme methionine 
aminopeptidase (MetAP) is responsible for this crucial step; however, it only accepts 
peptide substrates of which the residue following the N-terminal methionine is small 
and uncharged. Hence, 4-OT variants with proline or alanine at the penultimate 
position (the first position after the initiating methionine) are accepted as substrates by 
MetAP, but variants of 4-OT with a bulky or charged residue at the penultimate position 
will not be processed, resulting in proteins with an N-terminal methionine instead of 
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the desired N-terminal residue. Therefore, the possibility to produce demethionylated 
Pro-1 variants of 4-OT (P1S, P1H and P1Q) by co-expression with an engineered 
methionine aminopeptidase (MetAP-*TG) with an expanded substrate scope was 
investigated, which is described in Chapter 6. The degree of demethionylation was 
established for these variants, and their activity towards 2-hydroxymuconate, the 
natural substrate of 4-OT, was determined. In addition, the promiscuous oxaloacetate 
decarboxylase activity of the P1S variant was characterized.  

Finally, in Chapter 7 a summary of the work described in this thesis is provided, as 
well as suggestions for future research. 
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Abstract.  
Exploiting enzyme promiscuity: Many enzymes exhibit catalytic promiscuity, which is the 
ability of an enzyme to catalyze an alternative reaction (or reactions) in addition to its 
biologically relevant one. These promiscuous activities may serve as starting points for 
both natural and laboratory evolution of new enzymatic functions. Recent advances in 
the study of enzyme promiscuity in the tautomerase superfamily, a group of 
homologous proteins with a characteristic β-α-β structural fold and a conserved 
catalytic amino-terminal proline, are discussed in this Minireview. 
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Introduction 
The concept of enzymes being highly specific catalysts towards a single chemical 
transformation, for which nature has invented them, is nowadays seen as a somewhat 
restricted view.[1] During the past few decades enzymes and the families and 
superfamilies they are part of have been intensively studied and characterized.[2] The 
results of these studies show that enzymes often do not accept just a single substrate, 
but instead accept a range of substrates. In addition, in a growing number of enzymes a 
feature termed catalytic promiscuity has been identified, which can be defined as the 
capability of an enzyme to catalyze a chemically, and often mechanistically, distinct 
transformation (or transformations) in addition to its biologically relevant one.[3] The 
study of catalytic promiscuity of enzymes provides various insights, which can be 
divided into three topics. 
 First, the investigation of catalytic promiscuity of enzymes extends our 
comprehension of the evolution of enzymes in nature.[3c, 4, 5] Enzymes that cluster 
together in families and superfamilies tend to share activities, the native activity of one 
member being a catalytically promiscuous one for the other.[5] In such a case, catalytic 
promiscuity could be viewed as a vestigial feature of that enzyme’s evolutionary 
progenitor (or ancestor). Therefore, catalytic promiscuity is thought to play a role in the 
divergent evolution of enzyme function. Already in the 1970s, it was postulated that if a 
catalytically promiscuous activity could provide a selective advantage for the host 
organism, such a promiscuous activity could be the starting point for the evolution of a 
new enzyme.[6] A low-level promiscuous activity can be amplified by accumulation of 
mutations, preceded or followed by gene duplication. The promiscuous activity of the 
parent enzyme then becomes the primary activity of the newly evolved enzyme. This 
concept is nowadays widely accepted and worked out in more detail by a number of key 
studies on enzyme promiscuity.[1a, 3c, 7]  

Second, the characterization of catalytically promiscuous activities of enzymes can 
aid in the identification of active site residues as catalytically important.[8] Moreover, 
insight can be gained into the mechanistic roles of active site residues. Often it is found 
that the same set of catalytic residues is involved in both the enzyme’s native and 
promiscuous activity, but that these residues fulfill a different mechanistic role.[9]  
 Third, the presence of catalytic promiscuity shows the chemical versatility of an 
enzyme’s active site.[1a] In fact, catalytic promiscuity might even be predicted based on 
knowledge of the chemical and mechanistic properties of active site residues.[3,10] Here 
lie formidable challenges and possibilities: the use of mechanistic reasoning to discover 
new promiscuous activities in existing enzymes, which could be exploited to generate 
novel biocatalysts.  
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Figure 1. A ribbon diagram showing the β-α-β building block (highlighted in red) and the N-terminal 
proline residues (in ball/stick representation), that are characteristic features of members of the 
tautomerase superfamily, here represented by 4-oxalocrotonate tautomerase (4-OT).  
 
 These three topics will be addressed in this review based on recent results obtained 
from studies on the enzymes of the tautomerase superfamily. The enzymes belonging 
to this superfamily share two defining features: all members exhibit a β-α-β-fold as the 
basic structural motif and possess an amino-terminal proline as a key catalytic residue 
(Figure 1).[5b,11] The known members of the tautomerase superfamily can be divided into 
five families, the first studied member being the title enzyme of each family: the 4-
oxalocrotonate tautomerase (4-OT), cis-3-chloroacrylic acid dehalogenase (cis-CaaD), 
malonate semialdehyde decarboxylase (MSAD), 5-(carboxymethyl)-2-hydroxymuconate 
isomerase (CHMI), and the macrophage migration inhibitory factor (MIF) family.[12] 
Catalytic promiscuity is a feature found in all five families. In addition, the chemical 
nature of the reactions catalyzed by these superfamily enzymes is diverse, involving the 
formation or breakage of carbon-hydrogen, carbon-carbon, carbon-oxygen and carbon-
halogen bonds.[5b] The tautomerase superfamily is therefore an excellent group of 
enzymes to study the different facettes of catalytic promiscuity. In the remaining part of 
this review, recent advances in the study of catalytic promiscuity in the tautomerase 
superfamily and the implications derived thereof are reviewed. 
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Catalytic promiscuity and divergent evolution in the tautomerase superfamily 
A fascinating example of catalytic promiscuity is the hydrolytic dehalogenation of 3E-
haloacrylates by various members of the tautomerase superfamily. Two enzymes from 
this superfamily, trans-3-chloroacrylic acid dehalogenase (CaaD) and cis-CaaD, utilize the 
trans- and cis-isomer of 3-chloroacrylate (trans-3-CAA and cis-3-CAA), respectively, as 
their primary substrate (Table 1).[13,14] Both dehalogenases are found in soil-dwelling 
bacteria, where they are part of a catabolic pathway for 1,3-dichloropropene (Scheme 
1), a xenobiotic nematocide introduced into the environment in the 1950s.[15] CaaD and 
cis-CaaD catalyze the hydrolytic dehalogenation of trans-3-CAA and cis-3-CAA, 
respectively, to yield malonate semialdehyde, one of the intermediary steps in the 
degradation of this nematocide. The end product of the pathway is acetaldehyde, which 
is utilized by the host organism as a source of carbon and energy.[15b,16] The crystal 
structures of both enzymes show a β-α-β-fold, and mutagenesis studies have implicated 
Pro-1 as essential for catalytic activity.[17,18] CaaD and cis-CaaD are highly proficient 
enzymes, which both afford approximately a 2 × 1012-fold rate enhancement when 
compared to the rate of spontaneous uncatalyzed hydrolysis of 3-CAA.[19] It is quite 
surprising that two enzymes with high catalytic proficiency towards a man-made 
compound seemingly have evolved within just a few decades. Hence, CaaD and cis-
CaaD appear to be the products of rapid divergent evolution and catalytic promiscuity 
might have played an important role in this process. Intriguingly, both CaaD and cis-
CaaD promiscuously catalyze the tautomerization of phenylenolpyruvate to 
phenylpyruvate (Table 1, Scheme 2).[13] The presence of phenylpyruvate tautomerase 
(PPT) activity in these dehalogenases establishes a functional link with the known 
tautomerases in the superfamily. Although it is possible that new promiscuous activities 
might arise during divergence from an ancestor, the promiscuous PPT activity of CaaD 
and cis-CaaD is likely a vestige of the function of an evolutionary ancestor of these 
(presumably) recently evolved dehalogenases.  
 
 

 
 
Scheme 1. The dehalogenation of trans- and cis-3-CAA by CaaD and cis-CaaD, respectively, as part 
of a degradation pathway for the nematocide 1,3-dichloropropene. 
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Table 1. Kinetic parameters of the activities of tautomerase superfamily members. 
Enzyme Substrate pH kcat (s-1) Km (μM) kcat/Km (M-1 s-1) 

CaaD[13] trans-3-CAA 9.0 2.4 ± 0.1 34 ± 2 7.1 × 104 

CaaD[13] phenylpyruvate 9.0 1.4 ± 0.3 61 ± 23 2.3 × 104 

CaaD[33] 2-OP 9.0 0.7 ± 0.02 110 ± 4 6.4 × 103 

cis-CaaD[14] cis-3-CAA 8.0 4.7 ± 0.2 210 ± 10 (2.2 ± 0.1) × 104 

cis-CaaD[13] phenylpyruvate 9.0 0.20 ± 0.03 110 ± 30 1.8 × 103 

cis-CaaD[14] 2,3-butadienoate 8.0 6.0 ± 0.1 690 ± 30 (8.7 ± 0.4) × 103 

cis-CaaD[12b] 2-OP 9.0 (7 ± 0.5) × 10-3 620 ± 60 0.011 × 103 

4-OT[25] 
2-hydroxy-
muconate 

7.3 (3.5 ± 0.5) × 103 180 ± 30 1.9 × 107 

4-OT[25] trans-3-CAA 8.2 (1.0 ± 0.2) × 10-3 (91 ± 34) × 103 1.1 × 10-2 

4-OT L8R[25] trans-3-CAA 8.2 (8.8 ± 0.3) × 10-3 (16 ± 1) × 103 5.5 × 10-1 

YwhB[21] trans-3-CAA 7.8 - - (4.4 ± 1.0) × 10-2 

Cg10062[27] 2-OP 9.0 0.33 ± 0.03 (6.20 ± 0.75) × 103 50 

Cg10062[27] trans-3-CAA 9.0 0.06 ± 0.01 (78 ± 36) × 103 8.0 × 10-1 

Cg10062[27] cis-3-CAA 9.0 3.5 ± 1.1 (19 ± 1) × 103 184 

MsCCH2[28] phenylpyruvate 7.3 34 ± 4 (3.5 ± 0.3) × 103 9.8 × 103 

MsCCH2[28] 
4-hydroxy-
phenylpyruvate 

7.3 3.2 ± 0.3 890 ± 90 3.5 × 103 

MsCCH2[28] trans-3-CAA 8.0 (4.0 ± 0.1) × 10-4 (96 ± 6) × 103 4.0 × 10-3 

MsCCH2[28] cis-3-CAA 8.0 - - 1.6 × 10-3 

MIF[30] phenylpyruvate 7.5 114 ± 13 500 ± 120 2.3 × 105 

MIF[30] trans-3-CAA 6.5 3.0 × 10-5 (5.8 ± 1.2) × 103 5.0 × 10-3 

MIF I64V V106L[30] trans-3-CAA 6.5 6.0 × 10-3 (18.2 ± 4) × 103 3.3 × 10-1 

 
Enzyme abbreviations: CaaD, trans-3-chloroacrylic acid dehalogenase from 
Pseudomonas pavonaceae 170; cis-CaaD, cis-3-chloroacrylic acid dehalogenase from 
Coryneform bacterium strain FG41, 4-OT, 4-oxalocrotonate tautomerase from 
Pseudomonas putida mt-2, YwhB, a 4-OT homologue from Bacillus subtilis, Cg10062, a cis-
CaaD homologue from Corynebacterium glutamicum, MsCCH2, a cis-CaaD family 
member from Mycobacterium smegmatis, MIF, macrophage migration inhibitory factor 
from Mus musculus. 
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Scheme 2. The tautomerization of (4-hydroxy)phenylenolpyruvate to (4-hydroxy)phenylpyruvate.  
 

 
 
Scheme 3. The 4-OT-catalyzed tautomerization of 2-hydroxymuconate (i.e., 2-hydroxyhexa-2,4-
dienedioate) to 2-oxo-3-hexenedioate. 

 
Thus, the characterization of related tautomerase family members of CaaD and cis-
CaaD might shed light on the evolutionary origin of these dehalogenating enzymes and 
on the evolutionary route by which they have emerged. 
 CaaD is a member of the 4-OT family of enzymes, and both CaaD and 4-OT are well-
studied members of the tautomerase superfamily.[20] The conversion of trans-3-CAA as 
a case of catalytic promiscuity was first identified in 4-OT.[21] 4-OT, from Pseudomonas 
putida mt-2, is part of a catabolic pathway for aromatic hydrocarbons like toluene and 
benzene.[22] The enzyme catalyzes the 1,5-enol-keto tautomerization of  
2-hydroxymuconate to 2-oxohex-3-enedioate (Table 1, Scheme 3) where Pro-1 acts as a 
general base facilitating the transfer of the hydroxyl proton to the C-5 position. In 
addition to its primary function as a tautomerase, 4-OT exhibits low-level CaaD activity 
(Table 1). Although the catalytic efficiency of 4-OT is about seven orders of magnitude 
lower than the reported catalytic efficiency of CaaD, this example of catalytic 
promiscuity of 4-OT is still remarkable, since the hydrolytic dehalogenation of trans-3-
CAA is accelerated 109-fold when compared to the rate of spontaneous hydrolysis of 
this substrate.[19]  

In-depth characterization of CaaD and 4-OT has resulted in detailed insight into their 
structure and catalytic mechanism. In addition to similarities such as a β-α-β structural 
fold and a catalytic Pro-1 residue, which is present in an active site pocket, clear 
differences were observed in terms of their overall catalytic machinery and the role of 
Pro-1. The pKa value of Pro-1 was determined for both enzymes and it reflects the 
different role this residue plays in the catalytic mechanism. For Pro-1 in CaaD, a pKa 
value of 9.3 was found, which enables Pro-1 to function as a general acid at neutral 
pH.[23] In contrast, Pro-1 of 4-OT exhibits a pKa of ~6.4, allowing it to function as a 
general base at cellular pH.[24] With regard to the other catalytic residues, two major 
differences were observed. In CaaD, αGlu-52 activates a water molecule for the addition 
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to C-3 of trans-3-CAA. The resulting enediolate intermediate is stabilized by a pair of 
arginine residues, αArg-8 and αArg-11.[13] Both αGlu-52 and αArg-8 in CaaD are lacking 
at the corresponding positions in 4-OT. Introduction of these residues in 4-OT yielded 
interesting results.[25] Two mutants, 4-OT L8R and 4-OT L8R I52E, exhibit an increase in 
catalytic efficiency mainly due to a kcat or a Km effect, respectively. For the best mutant, 
4-OT L8R, a 50-fold increase in kcat/Km was found (Table 1). These results indicate that 
the CaaD activity of 4-OT, which belongs to the same family as CaaD, can be increased 
relatively easily, requiring only a single amino acid substitution.  
 The ability to catalyze the hydrolytic dehalogenation of trans-3-CAA in the 4-OT 
family is not limited to 4-OT and CaaD. The tautomerase YwhB, a 4-OT homologue from 
Bacillus subtilis, was found to be a promiscuous dehalogenase as well.[21,26] YwhB shares 
36% pairwise sequence identity with 4-OT. Both Pro-1 and Arg-11 are conserved and are 
key catalytic residues for the observed tautomerase and dehalogenase activities of 
YwhB, as was shown by mutagenesis studies. YwhB is an example of the catalytic ability 
of 4-OT-like enzymes to function as a promiscuous dehalogenase towards trans-3-CAA 
(Table 1). Although the direct progenitor of CaaD is unknown, it is thus likely that CaaD 
has evolved by divergent evolution from a 4-OT-like ancestor which displayed 
promiscuous dehalogenase activity.  

Until recently, the evolutionary origins of cis-CaaD were little understood. cis-CaaD 
belongs to a different family of the tautomerase superfamily as CaaD, and it is therefore 
unlikely that both enzymes share the same ancestral lineage. CaaD and cis-CaaD are 
very alike in terms of their overall structure and catalytic machinery, however, there are 
a number of major differences.[17,18] The most obvious difference is the distinct 
oligomeric structure of the two enzymes. CaaD is a heterohexamer, which can be 
viewed as a trimer of dimers, where each dimer is built from an α- and a β-subunit. 
Each subunit is characterized by a β-α-β structural motif and an amino-terminal proline, 
with βPro-1 being the catalytically important Pro-1. cis-CaaD, however, is a homotrimer 
in which each monomer has a catalytically important Pro-1 residue; each trimer is made 
up of two consecutive β-α-β-fold motifs that apparently became fused. Whether this 
fusion event has taken place during the evolution of cis-CaaD, or of its progenitor, 
remains open to debate. Another difference was observed from the crystal structures 
of both enzymes, which revealed a different active site geometry. The active site of 
CaaD has an elongated shape, which can readily accommodate trans-3-CAA. In cis-CaaD 
however, a u-shaped active site pocket was found, analogous to the bent shape of the 
cis-isomer that it converts. This difference in active site geometry likely is the origin of 
the isomer specificity of the two enzymes.[5b] 
 Some insight into the evolutionary process that gave rise to cis-CaaD and into its 
progenitor enzyme was gained from the study of two members from the cis-CaaD 
family, Cg10062 and MsCCH2.[27,28] The gene encoding Cg10062 was identified in the 
genome of Corynebacterium glutamicum based on sequence homology with the gene 
encoding cis-CaaD. Despite only 34% sequence identity, six key catalytic residues of cis-
CaaD are conserved in Cg10062. Similar to cis-CaaD, Cg10062 was found to be a 
promiscuous hydratase, converting 2-oxo-3-pentynoate (2-OP) to acetopyruvate  
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(Table 1, Scheme 4). In addition, Cg10062 was found to catalyze the hydrolytic 
dehalogenation of cis-3-CAA at a low level, the kcat/Km being ~120-fold lower compared 
to that of cis-CaaD (Table 1). Of the six conserved residues of the catalytic machinery of 
cis-CaaD, four (Pro-1, Arg-70, Arg-73 and Glu-114) were found to be crucial for the 
dehalogenase activity of Cg10062, since mutagenesis of these residues results in 
complete loss of activity. Surprisingly, the enzyme was found to accept trans-3-CAA as a 
substrate as well. Although the catalytic efficiency towards the trans-isomer is over 200-
fold lower compared to the value determined for the cis-isomer, it shows that Cg10062 
is not isomer-specific. The low-level cis-CaaD activity combined with a lack of isomer 
specificity shows that Cg10062 is not a fully functional dehalogenase. This finding shows 
that the presence of the core set of catalytic residues of cis-CaaD is not the sole 
prerequisite for an enzyme being an efficient and specific dehalogenase. Discrimination 
between isomers and a high catalytic efficiency likely originate from optimized 
positioning of all residues that line the active site pocket. The absence of a clear 
genomic context of the cg10062 gene prevented the researchers from identifying the 
native activity of Cg10062 in its host organism. Although the strain of C. glutamicum was 
isolated from a soil sample after the introduction of 1,3-dichloropropene into the 
environment, the absence of genes associated with a catabolic pathway for this 
compound in the organism’s genome indicated that Cg10062 is unlikely to function as a 
cis-3-CAA dehalogenase in this strain.[29]  
 The study on Cg10062 shows that within the proteome of the bacterial kingdom cis-
CaaD-like enzymes do exist, which may represent an intermediary stage in the 
evolution towards a fully functional dehalogenase. Without a primary activity that can 
be firmly linked to other members of the tautomerase superfamily, the low-level 
promiscuous hydratase and dehalogenase activities of Cg10062 offer few clues about 
the ancestral enzyme from which cis-CaaD may have evolved. To gain further insight 
into this matter, another member of the cis-CaaD family, termed MsCCH2, was cloned 
and characterized.[28] The gene encoding MsCCH2 was identified already some years 
ago in the genome of Mycobacterium smegmatis MC2 155.[12b] A pairwise sequence 
alignment showed 28% identity and 39% similarity to cis-CaaD and revealed that four 
key catalytic residues of cis-CaaD are conserved in MsCCH2 as Pro-1, His-28, Arg-68 and 
Glu-112.  
The relatively low sequence identity to cis-CaaD and the incomplete catalytic machinery 
indicate that MsCCH2 is a more distant family member of cis-CaaD as Cg10062.  
 
 

 
 
Scheme 4. The hydration of 2-oxo-3-pentynoate (2-OP) to acetopyruvate. 
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The genomic context of the mscch2 gene does not reveal any clear information about 
the physiological activity of MsCCH2 in its host organism. Characterization of MsCCH2 
using likely substrates for a tautomerase superfamily member, revealed that MsCCH2 is 
a robust tautomerase, catalyzing the conversion of phenylenolpyruvate to 
phenylpyruvate [Table 1, Scheme 2 (R = H)]. Additionally, the enzyme also catalyzes the 
tautomerization of 4-hydroxyphenylenolpyruvate to 4-hydroxyphenylpyruvate [Table 1, 
Scheme 2 (R = OH)], albeit with lower efficiency. 
 Two promiscuous activities were identified in MsCCH2.[28] The enzyme acts as a 
hydratase converting 2-OP to acetopyruvate and as a dehalogenase using both cis- and 
trans-3-CAA (Table 1). The identification of MsCCH2 as a robust tautomerase with low-
level promiscuous dehalogenase and hydratase activities established a functional link 
between the recently diverged cis-CaaD and a tautomerase of the same family. MsCCH2 
could therefore resemble the progenitor of cis-CaaD, using its promiscuous 
dehalogenase activity as an essential starting point. Accumulation of beneficial 
mutations could then increase the promiscuous dehalogenase activity and yield an 
enzyme that is somewhere in between a specialist tautomerase and a specialist 
dehalogenase. An enzyme like Cg10062 might resemble such an intermediate on the 
evolutionary route from a specialist tautomerase toward a fully functional and isomer-
specific dehalogenase.[28] Indeed, the low-level promiscuous tautomerase activity of cis-
CaaD may be the vestige of the function of its progenitor. 
 The recurring ability of a tautomerase superfamily member to catalyze both the 
keto-enol tautomerization of phenylpyruvate and the hydrolytic dehalogenation of  
3-CAA is an interesting observation in the study of the role of catalytic promiscuity in 
the evolution of CaaD and cis-CaaD (Table 1). This observation prompted Wasiel et al. to 
investigate whether the mammalian cytokine MIF acts as a dehalogenase towards cis- or 
trans-3-CAA.[30] MIF is a member of the tautomerase superfamily and in addition to its 
cytokine function, it is also known as the enzyme phenylpyruvate tautomerase.[31] MIF is 
the most efficient phenylpyruvate tautomerase characterized to this date (Table 1).[30] 
Intriguingly, MIF was found to act as a promiscuous dehalogenase towards trans-3-CAA 
(Table 1). To probe the evolvability of MIF towards this activity, a number of mutant 
libraries were screened, targeting residues in the active site pocket of MIF. This strategy 
yielded a double mutant of MIF (I64V/V106L), which exhibits a 200-fold improvement in 
kcat (Table 1). Although the kcat (6.0 × 10-3 s-1) is rather low, this MIF mutant affords a  
109-fold rate enhancement when compared to the rate of spontaneous hydrolysis of 
the substrate.[19] Such a rate enhancement lies in the order of magnitude usually 
observed for more convential enzymes acting on their natural substrates. These 
findings clearly demonstrate that MIF is a promiscuous dehalogenase towards trans-3-
CAA, and that this activity can be significantly enhanced by only a few mutations.  
 The results reviewed here strengthen the notion that there is an evolutionary and 
functional link between the tautomerases and the dehalogenases in the tautomerase 
superfamily. The presence of low-level promiscuous tautomerase activity in the 
dehalogenases, and, vice versa, a low-level promiscuous dehalogenase activity in the 
tautomerases within the superfamily supports the hypothesis that a tautomerase likely 
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has been the progenitor of the enzymes CaaD and cis-CaaD. The recurrence of the PPT 
activity may indicate that these ancestral enzymes also featured this activity and that a 
tautomerase active site capable of catalyzing a keto-enol tautomerization of 
phenylpyruvate, is also equipped to catalyze the hydrolytic dehalogenation of 3-CAA. 
The mechanistic relationship between these two activities may lie in a shared reaction 
intermediate, which is formed in both reactions. As was already postulated in the study 
of the PPT activity of CaaD, trans-3-CAA and phenylenolpyruvate (i.e. 2-hydroxy-3-
phenylacrylate) both possess an acrylate functionality.[13] The ability to bind and 
polarize this functional group might make an enzyme well-suited to function as a 
tautomerase and act as a template for evolution towards a dehalogenase that acts on 
3-CAA. The results from in-depth studies on CaaD and cis-CaaD, combined with the 
recent insights gained from the study of closely related enzymes (4-OT and YwhB as 
members of the same family as CaaD, and the cis-CaaD family members Cg10062 and 
MsCCH2), and a more distantly related enzyme (MIF), highlight the possible role of 
catalytic promiscuity in the divergent evolution of enzymatic activities. 
 
Mechanistic insight from the analysis of promiscuous enzymatic activities 
The study of catalytic promiscuity often leads to a more refined insight in the catalytic 
mechanism of the reactions catalyzed by enzymes.[11] For example, the occurrence of a 
specific intermediate in the mechanism of a promiscuous activity may suggest that a 
similar intermediate is involved in the mechanism of the native reaction catalyzed by 
that enzyme.[14] Alternatively, the mechanism of promiscuous activities might be totally 
different from that of the native activity and in such a case promiscuity demonstrates 
the versatile chemical nature of an enzyme’s active site.[25] In many cases, the same 
active site residues are implicated in both the promiscuous and native reactions, but 
they play very different mechanistic roles.  
  

 
 
Scheme 5. Two proposed mechanistic routes for the CaaD-catalyzed dehalogenation of trans-3-
CAA to malonate semialdehyde.  
 

One example of a shared intermediate in the native and promiscuous reaction is 
highlighted by the analysis of the promiscuous PPT activity of CaaD.[13] The precise 
mechanistic route by which CaaD catalyzes the dehalogenation of trans-3-CAA has not 
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been clearly established, however, two likely mechanisms have been postulated 
(Scheme 5).[13,23] Both mechanisms involve the same initial step, which is the Michael-
type addition of water to the double bond of trans-3-CAA, yielding a presumed 
enediolate intermediate stabilized by two active site arginines. This proposed 
intermediate can then undergo two possible fates. The enediolate intermediate can 
undergo ketonization accompanied by protonation at the C-2 carbon atom by Pro-1, 
yielding an unstable halohydrin species. Expulsion of the chlorine atom, either 
chemically or enzymatically, yields the final product malonate semialdehyde (Scheme 5, 
A). In an alternative mechanism, direct elimination of chlorine from the enediolate 
yields the enol-tautomer of the final product, which undergoes ketonization to yield 
malonate semialdehyde (Scheme 5, B). Distinguishing between these two different fates 
of the enediolate intermediate is an experimental challenge; however, a clue about 
which of the two routes is more likely is offered by the promiscuous PPT activity of 
CaaD. In this reaction, the enol form of phenylpyruvate is accepted as a substrate for 
enol-keto tautomerization. It was concluded that the active site of CaaD is equipped to 
ketonize enol compounds which makes the occurrence of an enol-intermediate in the 
dehalogenase mechanism more likely. Considering both mechanistic routes for the 
dehalogenation of trans-3-CAA (Scheme 5), route B thus appears to be more likely in 
view of the enol-intermediate that is generated by α,β-elimination of HCl from the initial 
enediolate. This enediolate in itself can also be viewed as an enol-type functionality, 
making it a plausible initial intermediate in view of the mechanistic similarities between 
the native dehalogenase and the promiscuous PPT activity of CaaD.  
 The origin of catalytic promiscuity can often be found in the diverse chemical nature 
of the residues that make up the active site. In the tautomerase superfamily, Pro-1 is 
implicated as a key catalytic residue for all superfamily members characterized to this 
date.[5b] Indeed, Pro-1 is implicated in both the native and promiscuous activities found 
among superfamily members and in many cases, Pro-1 plays a different mechanistic 
role. This residue may act as a general acid, a general base, or as a nucleophile. The 
diverse chemical nature of the reactions catalyzed by the tautomerase superfamily 
stems, in part, from these three distinct chemical roles that the secondary amine 
functionality of the amino-terminal proline has to offer. A few examples will be 
reviewed here. 
 The enzyme MsCCH2 was discussed in the previous section due to its relevance in 
unraveling the evolutionary origins of cis-CaaD. However, during the characterization of 
MsCCH2 an interesting phenomenon was observed in the reactivity of the enzyme 
towards the acetylene compound 2-OP.[28] Previous studies on 4-OT and CaaD (and cis-
CaaD) have shown that 2-OP can be used as a probe to determine the protonation state 
of Pro-1. In the case of 4-OT, 2-OP forms a covalent adduct with Pro-1 at neutral pH. The 
low pKa of Pro-1 (~6.4) renders it mainly deprotonated at neutral pH, whereby Pro-1 can 
act as a nucleophile towards 2-OP leading to covalent modification. Subsequent 
reduction by NaBH4 irreversibly traps the covalent adduct (Scheme 6).[32] The pKa of the 
amino-terminal Pro-1 residue of CaaD was determined to be ~9.3 and as a result the 
enzyme is not covalently modified by 2-OP but instead catalyzes a hydration reaction  
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Scheme 6. Modification of Pro-1 by 2-oxo-3-pentynoate yielding a covalent enamine-adduct. 
Subsequent reduction by NaBH4 irreversibly traps the adduct. 
 
converting 2-OP to acetopyruvate (Scheme 4).[33] At neutral pH, Pro-1 of CaaD is largely 
cationic and is likely involved in the hydration mechanism as a general acid. For 
MsCCH2, the pKa of the Pro-1 residue has not been determined, and, hence, the exact 
mechanistic role of Pro-1 at neutral pH is unknown. However, interesting results were 
obtained when incubating the enzyme with 2-OP at different pH values.[28] At pH 8.5,  
2-OP inactivates MsCCH2 via covalent modification of Pro-1, suggesting that Pro-1 
functions as a nucleophile at pH 8.5 and attacks 2-OP in a Michael-type reaction (similar 
to 4-OT). At pH 6.5, however, MsCCH2 exhibits hydratase activity, analogous to CaaD, 
and converts 2-OP to acetopyruvate, which implies that Pro-1 is cationic at pH 6.5 
(similar to CaaD). At the intermediate pH of 7.5, the hydratase and inactivation reactions 
occur simultaneously. The reactivity of MsCCH2 towards 2-OP therefore reflects the 
protonation state of Pro-1 in this pH range. Hence, the pKa of the amino-terminal 
proline of the enzyme can be estimated to be about 7.5 as reflected by the dual fate of 
2-OP at this pH. These results illustrate that the mechanistic role of Pro-1 is dependent 
on its pKa and that by altering the pH of the experimental conditions, one mechanism 
may be favored over the other.  
 

 
 
Scheme 7. The proposed mechanism of the cis-CaaD-catalyzed conversion of 2,3-butadienoate to 
acetoacetate via water addition (A) or via a covalent enamine intermediate (B). 
 

Recently Schroeder et al. identified a previously unknown promiscuous activity of cis-
CaaD.[14] In an attempt to gain insight into the mechanistic details of the native 
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dehalogenase activity of cis-CaaD through the study of substrate analogues, it was 
found that cis-CaaD catalyzes the conversion of 2,3-butadienoate to acetoacetate (Table 
1, Scheme 7). It was anticipated that the enzyme would add water to the electrophilic C-
3 carbon atom of the substrate (Scheme 7A), analogous to the initial step in the 
hydration of cis-3-CAA.[18] In an attempt to study the stereochemistry of this presumed 
reaction, it was carried out in D2O followed by reduction using NaBH4. Surprisingly, this 
reduction step inactivated the enzyme. ESI-MS and MALDI-MS analysis of the inactivated 
enzyme revealed that the amino-terminal Pro-1 residue was covalently modified by a 
species with a mass consistent with that of the decarboxylated imine of 2,3-
butadienoate. This finding, combined with the analysis of pre-steady state kinetics, is 
consistent with a mechanism involving covalent catalysis (Scheme 7B) that is favored 
over a mechanism involving the conjugate addition of water (Scheme 7A). The question 
was raised whether the dehalogenation of cis-3-CAA catalyzed by cis-CaaD could also 
proceed through a covalent intermediate in an addition-elimination type mechanism 
(Scheme 8).  

 

 
 
Scheme 8. A proposed alternative mechanism of the cis-CaaD-catalyzed dehalogenation of cis-3-
CAA involving a covalent intermediate.  

 
Preliminary results from the analysis of pre-steady state kinetics revealed a branched 
pathway for the cis-CaaD-catalyzed dehalogenation of cis-3-CAA.[14] This leads to the 
possibility that covalent catalysis and direct hydration of the substrate might take place 
simultaneously. However, the formation of a covalent intermediate in the cis-CaaD-
catalyzed dehalogenation of cis-3-CAA has not yet been demonstrated by labeling 
studies. These findings show how the study of a promiscuous activity may yield new 
insights into the mechanism of the primary activity of an enzyme. Additionally, it 
emphasizes the need of studying the mechanism of the native reaction more closely, 
which may ultimately yield a more refined image of the actual mechanistic capabilities 
of cis-CaaD. 
 
Systematic screening for catalytic promiscuity 
The majority of catalytically promiscuous activities known to this date has been 
discovered either by chance or by looking for a specific reaction catalyzed by a closely 
related enzyme.[7,9] This will undoubtedly continue in the future, and add to our 
understanding of evolutionary relationships between enzymes as well as yield insight 
into their mechanistic properties. The study of catalytic promiscuity has also shown that 
in many cases the same catalytic residues are involved in the primary and promiscuous 
activity of an enzyme but that these residues play different roles in the catalytic 
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mechanism of each activity. In other words, the various chemical properties of a set of 
active site residues are a determining feature in the chemical versatility of an enzyme’s 
active site.[1a] This suggests another method of discovering catalytic promiscuity: 
catalytic promiscuity might be predicted based on the known chemical properties of 
active site residues. Recently, Poelarends and coworkers have predicted and identified a 
number of new promiscuous activities in 4-OT based on the chemical properties of the 
catalytic Pro-1 residue of this enzyme.  
 

 
 
Scheme 9. Nucleophilic addition of the amino-terminal proline of 4-OT to acetaldehyde resulting in 
the formation of a covalent imine intermediate, which undergoes deprotonation to yield an 
enamine. Various other carbonyl compounds, e.g. various linear aliphatic aldehydes, can form a 
covalent enamine intermediate via the same mechanism.  
 

The catalytic role of Pro-1 in the natural activity of 4-OT is that of a general 
acid/base.[11] In this tautomerase activity, Pro-1 abstracts the 2-hydroxyl proton of the 
substrate 2-hydroxymuconate and gives it back to the C-5 position (Scheme 3). This 
catalytic role of Pro-1 is possible because of its low pKa of ~6.4 allowing it to function as 
a catalytic base at physiological pH. However, under these conditions, where it is 
deprotonated, Pro-1 might also be able to function as a nucleophile. This realization 
suggests possibilities in the area of nucleophilic catalysis and has led Poelarends and 
coworkers to hypothesize that 4-OT with its amino-terminal proline residue might have 
the ability to form enamines with carbonyl compounds (Scheme 9).[34] These enamine 
intermediates are nucleophilic species, which could subsequently react with a range of 
different electrophiles. As a final step, hydrolysis of the addition product from Pro-1 
would regenerate the enzyme and yield the product. Hence, 4-OT might be able to act 
as a catalyst for carbon-carbon bond-forming reactions via this proposed mechanism. 
The feasibility of this concept is strengthened by the large amount of results in the field 
of aminocatalysis, in which the free amino acid proline and derivatives thereof are used 
as organocatalysts in carbon-carbon bond-forming reactions, which proceed via such 
enamine intermediates.[35] To investigate whether 4-OT indeed has this ability to react 
with carbonyl compounds, the enzyme was first screened with a number of carbonyl 
compounds for the formation of enamine intermediates.[34] Upon incubation (in 
separate reactions) with a set of small aldehydes and ketones as enamine donors, 4-OT 
was found to be inactivated in the presence of NaCNBH3, which reduces the imine 
tautomer, leading to irreversible covalent modification of the enzyme. The covalently 
modified 4-OT was then analyzed by ESI-MS, which confirmed that the observed mass 
of the adduct was consistent with that of the reduced imine adduct of the starting 
carbonyl compound. Nano-LC-MS/MS analysis confirmed single-site modification of  
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Pro-1. These findings are consistent with the enamine-mechanism shown in Scheme 9. 
In order to test whether 4-OT is capable of catalyzing carbon-carbon bond-forming 
reactions, the chemical potential of the smallest enamine (that derived from 
acetaldehyde) was examined by screening 4-OT in the presence of acetaldehyde and 
various electrophiles. Intriguingly, 4-OT was found to catalyze two different types of 
carbon-carbon bond-forming reactions, which will be discussed below. 

This systematic screening approach revealed that 4-OT can catalyze the aldol 
condensation of acetaldehyde with benzaldehyde yielding cinnamaldehyde (Scheme 10, 
Table 2).[34] By monitoring various control reactions by 1H NMR spectroscopy and using 
synthetically prepared 4-OT, it was shown that the observed activity is indeed 4-OT-
catalyzed. Further mechanistic insight into this promiscuous activity of 4-OT was gained 
by mutagenesis experiments. The native tautomerase activity of 4-OT is essentially 
based on three catalytic residues, being Pro-1, Arg-11 and Arg-39.[36] By mutating these 
residues to an alanine, Pro-1 and Arg-11 were shown to be crucial for the observed 
aldolase activity, whereas Arg-39 was found not to be essential. Analogous to the study 
of the dehalogenase activity of 4-OT, the 4-OT L8R variant was also tested to see if this 
active site mutation has an effect on the aldolase activity. Indeed, the 4-OT L8R variant 
has a 16-fold increased catalytic efficiency (Table 2). A possible explanation for this 
beneficial effect could be that the additional arginine residue exerts a stabilizing action 
on the negative charge that develops on the carbonyl oxygen of benzaldehyde during 
the course of the aldol coupling reaction. Furthermore, kinetic and labeling studies 
revealed that the reaction mechanism is sequential ordered. These results provide a 
basis for a mechanism in which Pro-1 reacts with acetaldehyde to form an enamine, 
 

 

 
 
Scheme 10. Proposed mechanism of the 4-OT-catalyzed aldol condensation reaction of 
acetaldehyde with benzaldehyde yielding cinnamaldehyde as the final product.  
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which then attacks the electrophilic carbonyl carbon atom of benzaldehyde to form a 
carbon-carbon bond resulting in the aldol product as a covalent adduct to Pro-1 
(Scheme 10). Subsequent dehydration of the aldol product and hydrolysis from Pro-1 
yields cinnamaldehyde as the end product. 

Due to the low catalytic rate of wild type 4-OT and the 4-OT L8R mutant, the next 
challenge was to further enhance the aldolase activity by mutagenesis. Zandvoort et al. 
postulated that the final hydrolysis step that releases the product from Pro-1 is likely to 
be the rate limiting step in the overall mechanism, based on the poor water accessibility 
of the active site of 4-OT.[37] Previously, Whitman and coworkers have analyzed the 4-OT 
F50A variant and have found that this mutation makes the active site more accessible to 
water, a feature that is also reflected by the slightly increased pKa of Pro-1 (pKa ~7.3) in 
rate limiting step in the overall mechanism, based on the poor water accessibility of the 
active site of 4-OT.[37] Previously, Whitman and coworkers have analyzed the 4-OT F50A 
 
Table 2. Apparent kinetic parameters for the aldol, dehydration, retro-aldol and Michael-type 
addition reactions catalyzed by 4-OT, 4-OT L8R and 4-OT F50A.  
 
Enzyme Reaction kcat (s-1) Km (mM) kcat/Km (M-1 s-1) 

4-OT[34]  

 

- - 8.5 × 10-4 

4-OT L8R[34]  

 

- - 1.4 × 10-2 

4-OT F50A[37]  

 

2.2 × 10-3 4.3 0.5  

4-OT F50A[37]  

 

2.0 × 10-2 2.8 7.2 

4-OT F50A[37]  

 

6.7 × 10-3 1.7 3.9 

4-OT[39]  

 

1.7 × 10-2 0.25 68 

4-OT[39]  

 

5.9 × 10-2 1.6 37 

 
Enzyme abbreviation: 4-OT, 4-oxalocrotonate tautomerase from Pseudomonas putida mt-2. 
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variant and have found that this mutation makes the active site more accessible to 
water, a feature that is also reflected by the slightly increased pKa of Pro-1 (pKa ~7.3) in 
this mutant.[38] Because of these observations, Zandvoort et al. tested whether the F50A 
mutation has a beneficial effect on the aldolase activity of 4-OT, reasoning that better 
water accessibility of the active site could enhance the rate of hydrolysis of the product 
from Pro-1 while retaining a pKa of Pro-1 suitable for nucleophilic addition reactions. 
Indeed, the F50A mutant was found to have a profound effect on the aldolase activity, 
resulting in a 600-fold increase in kcat/Km relative to that of wild type 4-OT (Table 2).  

During the course of analyzing the 4-OT-catalyzed aldol condensation reaction, both 
UV/VIS- and NMR spectroscopic analyses revealed cinnamaldehyde as the final product 
of the reaction. The presumed initial product of the aldol coupling reaction, i.e.  
3-hydroxy-3-phenylpropanal, was not detected.[34,37] This raised the question whether 
the dehydration of this aldol product to form cinnamaldehyde is 4-OT catalyzed or not. 
Thus, 3-hydroxy-3-phenylpropanal was chemically synthesized.[37] When dissolved in the 
assay buffer in the absence of 4-OT, 3-hydroxy-3-phenylpropanal was found to slowly 
dehydrate and form cinnamaldehyde. In the presence of 4-OT, however, the rate of 
dehydration was significantly enhanced. Another interesting observation was the 
formation of acetaldehyde and benzaldehyde in addition to cinnamaldehyde when  
3-hydroxy-3-phenylpropanal was incubated with 4-OT. This indicates that 4-OT catalyzes 
a retro-aldol reaction in addition to a dehydration reaction using 3-hydroxy-3-
phenylpropanal as a substrate (Table 2). Analysis of the 4-OT P1A/F50A mutant showed 
greatly reduced activities for both reactions, indicating that both reactions are 4-OT-
catalyzed and that Pro-1 is an important catalytic residue. This dual fate of 3-hydroxy-3-
phenylpropanal in the presence of 4-OT is further proof that this product is a true 
intermediate in the 4-OT-catalyzed aldol condensation of acetaldehyde and 
benzaldehyde, even though it was not directly observed as a product of the aldol 
coupling reaction. 

The second promiscuous 4-OT-catalyzed carbon-carbon bond-forming reaction 
which was discovered is the asymmetric Michael-type addition of acetaldehyde to trans-
nitrostyrene or p-hydroxy-trans-nitrostyrene (Scheme 11).[39] The rationale behind 
selecting these particular substrates is based on the known reactivity of 4-OT towards 
acetaldehyde and the structural similarity of the Michael acceptors trans-nitrostyrene 
and p-hydroxy-trans-nitrostyrene to phenylpyruvate and p-hydroxyphenylpyruvate as 
known substrates of 4-OT. In addition, the product of the reaction between 
acetaldehyde and trans-nitrostyrene (4-nitro-3-phenylbutanal) is a precursor for the 
synthesis of the antidepressant phenibut. 4-OT was found to have pronounced activity 
towards these two Michael-type addition reactions (Table 2). The enzyme is highly 
stereoselective in the reaction of acetaldehyde and trans-nitrostyrene (S-enantiomer, 
89% ee) and moderately stereoselective in the reaction of acetaldehyde and p-hydroxy-
trans-nitrostyrene (S-enantiomer, 51% ee). In order to gain insight into the catalytic 
mechanism of this promiscuous Michael-type addition activity, the mutant enzymes  
4-OT P1A, 4-OT R11A and 4-OT R39A were analyzed. These three variants showed 
complete (P1A) or nearly complete (R39A) loss of activity, or greatly diminished activity  
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Scheme 11. The 4-OT-catalyzed Michael-type addition of acetaldehyde to β-nitrostyrenes yielding 
the corresponding γ-nitroaldehydes. 
 
(R11A), implicating all three residues as catalytically important in the overall 
mechanism. These results support a proposed mechanism in which Pro-1 reacts with 
acetaldehyde to form an enamine intermediate, which then undergoes a nucleophilic 
Michael-type addition to the C2-carbon atom of trans-nitrostyrene. Both arginine 
residues assist in catalysis either by positioning the substrate via its nitro functionality 
(Arg-11) or by delivering a proton to the C1-carbon atom of trans-nitrostyrene (Arg-39). 
Hydrolysis of the adduct from Pro-1 releases the nitroaldehyde product and 
regenerates the enzyme. This mechanism is analogous to that proposed for the 4-OT-
catalyzed aldol condensation reaction, and supports the notion that enamine formation 
by the amino-terminal proline of 4-OT is the mechanistic basis of the promiscuous 
carbon-carbon bond-forming reactions catalyzed by 4-OT.  

The discovery of these two types of carbon-carbon bond-forming activities of 4-OT is 
an interesting contribution to the field of catalytic promiscuity. Systematic screening for 
activities based on the chemical potential of active site residues has proven to be a 
powerful tool in the discovery of new promiscuous activities in enzymes.[34] In the 
specific case of 4-OT, the chemical properties of the unique amino-terminal proline can 
now be further exploited. It can be envisioned that the enzyme might catalyze yet other 
types of carbon-carbon bond-forming reactions (e.g. alkylation or Mannich reactions) in 
addition to those already discovered. The next step is to screen 4-OT towards a larger 
set of carbonyl compounds to explore the scope of enamine-intermediates that can be 
formed in the 4-OT active site. These intermediates can then be screened for reactivity 
towards a wide variety of electrophiles, which can lead to the discovery of new 
promiscuous reactions catalyzed by 4-OT. This approach is not limited to 4-OT alone, as 
the diversity of enzymes in the tautomerase superfamily could be a source of 
promiscuous catalysts for a variety of carbon-carbon bond-forming reactions. Initial 
discovery of useful promiscuous reactions will then be followed by mutational studies 
in order to improve the catalytic efficiency to a level that is required for application in 
industrial biocatalysis. 
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Concluding remarks 
The tautomerase superfamily comprises a remarkable set of homologous proteins with 
diverse catalytic and biological functions in various physiological contexts. The most 
salient structural landmark for this superfamily of predominantly bacterial enzymes is a 
catalytically important amino-terminal proline embedded within the confines of a β-α-β 
structural fold. The essential Pro-1 residue can function as either a catalytic base or an 
acid, depending on the pKa value, which is governed partly by the active site 
environment. Recent mechanistic and biochemical studies have revealed a diverse and 
partially overlapping pattern of promiscuous activities in the different superfamily 
members. The observation of shared promiscuous activities in these enzymes provides 
evidence for their divergent evolution from a common ancestor, gives hints regarding 
mechanistic relationships, and suggests that the emergence of new enzymes within the 
tautomerase superfamily was facilitated by catalytic promiscuity. 

Most promiscuous activities of enzymes of the tautomerase superfamily have been 
discovered by looking for a specific reaction based on a family member. Identifying 
completely new promiscuous activities in these proline-based enzymes remains a 
challenge that requires a deep understanding of their reaction mechanisms as well as 
the chemical versatility of key catalytic residues. Recent systematic screening of 4-OT for 
promiscuous catalysis of carbonyl transformations, based on the mechanistic reasoning 
that its Pro-1 residue has the correct protonation state to function as a nucleophile at 
neutral pH, has led to the discovery of synthetically useful aldol and Michael-type 
addition activities in this enzyme. Further systematic screening of 4-OT and related 
superfamily members may prove to be a rewarding approach to discover new carbonyl 
transformation activities that could be exploited to develop efficient proline-based 
biocatalysts for carbon-carbon bond formation. 
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Abstract  
The enzyme cis-3-chloroacrylic acid dehalogenase (cis-CaaD) is found in a bacterial 
pathway that degrades a synthetic nematocide, cis-1,3-dichloropropene, introduced in 
the 20th century. The previously determined crystal structure of cis-CaaD and its 
promiscuous phenylpyruvate tautomerase (PPT) activity link this dehalogenase to the 
tautomerase superfamily, a group of homologous proteins that are characterized by a 
catalytic amino-terminal proline and a β-α-β structural fold. The low-level PPT activity of 
cis-CaaD, which may be a vestige of the function of its progenitor, prompted us to 
search the databases for a homologue of cis-CaaD that was annotated as a putative 
tautomerase and test both its PPT and cis-CaaD activity. We identified a mycobacterial 
cis-CaaD homologue (designated MsCCH2) that shares key sequence and active site 
features with cis-CaaD. Kinetic and 1H NMR spectroscopic studies show that MsCCH2 
functions as an efficient PPT and exhibits low-level promiscuous dehalogenase activity, 
processing both cis- and trans-3-chloroacrylic acid. To further probe the active site of 
MsCCH2, the enzyme was incubated with 2-oxo-3-pentynoate (2-OP). At pH 8.5, MsCCH2 
is inactivated by 2-OP due to the covalent modification of Pro-1, suggesting that Pro-1 
functions as a nucleophile at pH 8.5 and attacks 2-OP in a Michael-type reaction. At pH 
6.5, however, MsCCH2 exhibits hydratase activity and converts 2-OP to acetopyruvate, 
which implies that Pro-1 is cationic at pH 6.5 and not functioning as a nucleophile. At pH 
7.5, the hydratase and inactivation reactions occur simultaneously. From these results, 
it can be inferred that Pro-1 of MsCCH2 has a pKa value that lies in between that of a 
typical tautomerase (pKa of Pro-1 ~6) and that of cis-CaaD (pKa of Pro-1 ~9). The shared 
activities and structural features, coupled with the intermediate pKa of Pro-1, suggest 
that MsCCH2 could be characteristic of an evolutionary intermediate along the past 
route for the divergence of cis-CaaD from an unknown superfamily tautomerase. This 
makes MsCCH2 an ideal candidate for laboratory evolution of its promiscuous 
dehalogenase activity, which could identify additional features necessary for a fully 
active cis-CaaD. Such results will provide insight into pathways that could lead to the 
rapid divergent evolution of an efficient cis-CaaD enzyme. 
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Introduction 
The bacterial enzymes trans-3-chloroacrylic acid dehalogenase (CaaD)1 and cis-3-
chloroacrylic acid dehalogenase (cis-CaaD) catalyze the hydrolytic dehalogenation of the 
trans- and cis-isomers of 3-chloroacrylate (2 and 3, respectively) to yield malonate 
semialdehyde (4) and HCl (Scheme 1) (1-3). These reactions represent key steps in the 
degradation of the synthetic nematocide 1,3-dichloropropene (1), which was introduced 
into the environment in the 20th century (4,5). Both dehalogenases belong to the 
tautomerase superfamily and as such share a β-α-β structural fold and a catalytic 
amino-terminal proline (6-8). However, they are not members of the same family and 
likely have evolved independently from respective family progenitors (3,8). This is quite 
surprising given the fact that CaaD and cis-CaaD use similar catalytic mechanisms to 
process the different isomers of 3-chloroacrylate (9-14). Despite their most recent 
emergence, the evolutionary origins of CaaD and cis-CaaD remain elusive. 
 

 
Scheme 1.  
 

CaaD is a heterohexamer consisting of three α-subunits (75 amino acid residues 
each) and three β-subunits (70 amino acid residues each) (1). Similarities in sequence 
and tertiary and quaternary structures connect CaaD to members of the  
4-oxalocrotonate tautomerase (4-OT) family within the tautomerase superfamily 
(1,9,15). 4-OT is part of a bacterial degradation pathway for aromatic hydrocarbons such 
as toluene (5) and converts 2-hydroxy-2,4-hexadienedioate (6) to 2-oxo-3-hexenedioate 
(7) (Scheme 2) (15-19). The evolutionary link between CaaD and members of the 4-OT 
family is strengthened by the observations that 4-OT from Pseudomonas putida mt-2 
and YwhB, a 4-OT homologue from Bacillus subtilis, show low-level CaaD activity (20). 
This suggests that a 4-OT-like enzyme could have been recruited to serve as a CaaD 
because it fortuitously had a low but useful level of dehalogenase activity (7,20). Indeed, 
CaaD exhibits vestigial tautomerase activity and, like 4-OT and YwhB, converts 
phenylenolpyruvate (8) to phenylpyruvate (9) (Scheme 3) (21). 

cis-CaaD, a trimer composed of three identical monomers (149 amino acid residues 
each), is the title enzyme of a separate family within the tautomerase superfamily (3). 
This dehalogenase also exhibits vestigial tautomerase activity, albeit at a low-level, 
converting 8 to 9 (21). Its closest family member described to date, Cg10062 from 
Corynebacterium glutamicum, is considerably homologous in sequence (34% identical 
and 53% similar) to cis-CaaD, and a pairwise alignment suggests that all key catalytic 
residues of cis-CaaD are conserved in Cg10062 (22). As expected, Cg10062 possesses 
dehalogenase activity, converting both 2 and 3 with a strong preference for 3 (22). 
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However, the enzyme exhibits no significant tautomerase activity using 8.2 Hence, a 
functional link of shared promiscuous activities between cis-CaaD and a tautomerase 
from the same family has not yet been identified. 

 
 

 
Scheme 2.  
 
 

 
 
Scheme 3.  

 
 

 
Scheme 4. 
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As promiscuous activities could provide important clues regarding the progenitor of 
a newly diverged family member (7,23,24), we searched the sequence databases for a 
homologue of cis-CaaD that was tentatively annotated as a putative tautomerase and 
tested both its phenylenolpyruvate tautomerase (PPT) and cis-CaaD activity. Herein, we 
present the characterization of a cis-CaaD homologue (designated MsCCH2) from 
Mycobacterium smegmatis strain MC2 155 that functions as an efficient tautomerase, 
having a kcat/Km value of 9.8 x 103 M-1 s-1 for 8, and has low-level promiscuous cis-CaaD 
and CaaD activity. Hydratase assays and labeling studies using 2-oxo-3-pentynoate (12, 
Scheme 4) indicate that Pro-1 of MsCCH2 has a pKa value that lies in between that of a 
typical tautomerase (pKa of Pro-1 ~6) and that of cis-CaaD (pKa of Pro-1 ~9). These 
results suggest that MsCCH2 could be characteristic of an evolutionary intermediate 
along the past route for the divergence of cis-CaaD from an unknown homotrimeric 
tautomerase. 

 
Results 
Identification of cis-CaaD Homologues. A sequence similarity search in the NCBI microbial 
database was performed with the BLASTP program using the cis-CaaD amino acid 
sequence as the query. This search yielded several bacterial proteins that shared 
significant sequence identity with cis-CaaD. The top hits included two sequences from 
M. smegmatis strain MC2 155, designated MsCCH1 and MsCCH2, as well as the 
previously characterized Cg10062 protein from C. glutamicum (Figure 1) (22). The 
mycobacterial protein MsCCH2 is annotated as a putative tautomerase and was 
selected for further study. 

 
cis-CaaD   PVYMVYVSQDRLTPSAKHAVAKAITDAHRGLTGTQHFLAQVNFQEQPAGNVFLGGVQQGG  60 
Cg10062    PTYTCWSQRIRISREAKQRIAEAITDAHHELAHAPKYLVQVIFNEVEPDSYFIAAQSASE  60 
MsCCH2     PVYTVTMSRGTLNGETKAALAAEITTIHSAVNHVPSTYVNVLFNELAPSNVYTDGKP--A  58 
MsCCH1     PLYQIDTVKGRLTPSVKAEIANKVTDIHCQLTGAPDTFVNVVFREYTEGDCFVARKP--E  58 
           *                          *             
 
cis-CaaD   DTIFVHGLHREGRSADLKGQLAQRIVDDVSVAAEIDRKHIWVYFGEMPAQQMVEYGRFLP 120 
Cg10062    NHIWVQATIRSGRTEKQKEELLLRLTQEIALILGIPNEEVWVYITEIPGSNMTEYGRLLM 120 
MsCCH2     HPLIINGWVRTGHSDEQTTALVTQVADAATRITGIPAERVLVIIGNSPARFAIEGGRILP 118 
MsCCH1     GRSFLGGQIRHGRSVETRQAMLKALRDMWVQTTGQSEAELIVGISEVDPRMVLEAGFFMP 118 
                    *  *                             *          *  
 
cis-CaaD   QPGHEGEWFDNLSSDERAFMETNVDVSRT 149 
Cg10062    EPGEEEKWFNSLPEGLRERLTELEGSSE- 148 
MsCCH2     DPGQELAWLAATTEQSSGSR--------- 138 
MsCCH1     EPGQEKAWFEEHHARLAELGVQAG----- 142 

Figure 1. Amino acid sequence alignment of cis-CaaD from coryneform bacterium strain FG41 (3) 
and three selected cis-CaaD homologues. The NCBI reference sequences for the selected proteins 
are as follows: Cg10062 from Corynebacterium glutamicum: NP_599314.1; MsCCH1 from 
Mycobacterium smegmatis strain MC2 155: YP_887666.1; MsCCH2 from Mycobacterium smegmatis 
strain MC2 155: YP_885986.1. Identical residues are shaded in black. The six active site residues of 
cis-CaaD that have been implicated as critical residues for its activity (3,12) are indicated by an 
asterisk. 
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The mature MsCCH2 protein is predicted to be 138 amino acids in length, assuming 
excision of the initiating methionine residue. The genomic context of the gene encoding 
MsCCH2 does not provide any clues about the biological function of this protein in M. 
smegmatis. The sequence of MsCCH2 is 28% identical and 39% similar to that of cis-
CaaD. Despite the low sequence identity, four of the six active site residues that have 
been implicated as critical residues for cis-CaaD activity (Pro-1, His-28, Arg-70 and Glu-
114) are conserved in MsCCH2 (Pro-1, His-28, Arg-68 and Glu-112) (Figure 1) (3,12). The 
other two residues, Arg-73 and Tyr-103, are not conserved and replaced by His-71 and 
Ile-101 in MsCCH2. To obtain insight into the functional properties of this cis-CaaD 
homologue, MsCCH2 was overproduced, purified and subjected to kinetic and 
mechanistic characterization (as decribed below). 

Expression and Purification of MsCCH2. The gene coding for MsCCH2 was amplified 
from genomic DNA of M. smegmatis strain MC2 155 and cloned into the expression 
vector pET20b(+), resulting in the construct pMsCCH2. The MsCCH2 encoding gene in 
pMsCCH2 is under transcriptional control of the T7 promoter, and the enzyme was 
produced constitutively in E. coli BL21(DE3) as a C-terminal hexahistidine fusion protein. 
The recombinant enzyme was purified by a one-step Ni-Sepharose chromatography 
protocol, which typically provides ~15 mg of homogeneous enzyme per liter of culture. 
The purified MsCCH2 was analyzed by electrospray ionization mass spectrometry (ESI-
MS) and gel filtration chromatography. Analysis of MsCCH2 by ESI-MS showed one 
major peak corresponding to a mass of 16093 ± 1 Da. A comparison of this value to the 
calculated subunit mass (16223 Da) indicates that the initiating methionine is removed 
during posttranslational processing, which results in a protein with an N-terminal 
proline. The native molecular mass of MsCCH2 was estimated by gel filtration 
chromatography to be ~48 kDa, which suggests that the native enzyme is a 
homotrimeric protein. 

Tautomerase Activity of MsCCH2. It has previously been determined that cis-CaaD 
exhibits promiscuous low-level tautomerase activity, converting phenylenolpyruvate (8) 
to phenylpyruvate (9) (Scheme 3) (21), which may be a vestige of the function of its 
progenitor. This observation prompted us to examine whether MsCCH2 catalyzes the 
tautomerization of 8. The results show that MsCCH2 converts 8 to 9 and that the activity 
(in terms of kcat) is 170-fold higher than that observed for cis-CaaD (Table 1). A 
comparison of the kinetic parameters further shows that the Km value for MsCCH2 is 
significantly higher (32-fold) than that measured for cis-CaaD. Together, this results in a 
5.4-fold higher kcat/Km. Additionally, MsCCH2 also catalyzes the conversion of  
p-hydroxyphenylenolpyruvate (10) to p-hydroxyphenylpyruvate (11) (Scheme 3) with a 
kcat =  3.2 s-1 and a Km of 0.89 mM, resulting in a kcat/Km of 3.5 × 103 M-1 s-1 (Table 1). The 
formation of 11 in the reaction of MsCCH2 with 10 was confirmed by 1H NMR 
spectroscopy (see Supporting Information). 
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Table 1. Kinetic Parameters for cis-CaaD, MsCCH2, and MsCCH2-P1A using Phenylenolpyruvate 
(8) and (p-Hydroxyphenyl)enolpyruvate (10). 
 

 
Enzyme Substrate kcat (s-1) Km (µM) 

kcat/Km 
 (M-1 s-1) 

MsCCH2a 8 34 ± 4 3500 ± 300 9.8 × 103 

MsCCH2 a 10 3.2 ± 0.3 890 ± 90 3.5 × 103 

P1A-MsCCH2 a  8 0.8 ± 0.02 250 ± 30 3.3 × 103 

P1A-MsCCH2 a  10 0.2 ± 0.02 790 ± 150 2.5 × 102  

cis-CaaDb 8 0.2 ± 0.03 110 ± 30 1.8 × 103 
a These steady-state kinetic parameters were measured in 10 mM Na2HPO4 buffer (pH 7.3) at 
22 oC. b These kinetic data were obtained from Poelarends et al. (21). Errors are standard 
deviations.   

 
Dehalogenase Activity of MsCCH2. Having established that MsCCH2 exhibits high-level 

tautomerase activity, we next investigated whether the enzyme exhibits promiscuous 
dehalogenase activity. Accordingly, MsCCH2 was incubated with cis-3-chloroacrylic acid 
(3) and trans-3-chloroacrylic acid (2) (Scheme 1), and the reactions were monitored by 
1H NMR spectroscopy. After incubation of 3 with MsCCH2 in 100 mM phosphate buffer 
(pH 9.2) for 14 days at 22 °C, the intensity of the two signals corresponding to 3 (6.25 
and 6.17 ppm) decreased and four new signals appeared. Two signals (9.53 and 2.10 
ppm) correspond to acetaldehyde, whereas the other two signals (5.11 and 1.18 ppm) 
correspond to its hydrate. Integration of the signals indicates that ~10% of 3 has been 
converted to acetaldehyde (and its hydrate). In contrast to cis-CaaD, MsCCH2 also 
processes 2: ~13% of 2 has been converted to acetaldehyde (and its hydrate) after 14 
days at 22 °C. 

The MsCCH2-catalyzed conversions of 2 and 3 were also followed in 100 mM 
phosphate buffer at pH 6.5. Integration of the signals indicates that ~6% of 2 and ~3% 
of 3 has been converted to acetaldehyde (and its hydrate) after 2 weeks at 22 °C. No 
product formation was detected for control reactions without enzyme (2 or 3 incubated 
in 100 mM phosphate buffer, either pH 6.5 or pH 9.2, for 14 days at 22 °C), ruling out a 
nonenzymatic dehalogenation. 

A previously described colorimetric assay, which monitors halide release, was used 
to measure kinetic parameters (Table 2) (1,29). MsCCH2 catalyzes the dehalogenation of 
2 with a kcat =  4 × 10-4 s-1 and a Km of 96 mM, resulting in a kcat/Km of ~4 × 10-3 M-1 s-1. 
Saturation with 3 was not achieved for MsCCH2 and therefore only the kcat/Km value was 
determined. A comparison of this value to that measured for the dehalogenation of 2 
shows that MsCCH2 is ~2.5-fold more efficient in catalyzing the dehalogenation of 2 
than 3. In comparison to the cis-CaaD-catalyzed dehalogenation of 3, MsCCH2 shows a 
7.5 × 106-fold lower kcat/Km. Hence, MsCCH2 exhibits low-level dehalogenase activity, 
accepting both isomers of 3-chloroacrylate as substrates with a slight preference for the 
trans-isomer. 
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Reaction of MsCCH2 with 2-Oxo-3-Pentynoate. Previous work has shown that the 
tautomerase 4-OT is irreversibly inactivated by 2-oxo-3-pentynoate (12) due to the 
covalent modification of Pro-1 (30), whereas the dehalogenases CaaD and cis-CaaD 
convert 12 to acetopyruvate (13) (Scheme 4) (2,3). These dissimilar reactions reflect 
differences in the ionization state and reactivity of Pro-1 in the tautomerase versus 
dehalogenase active sites. In order to probe the active site of MsCCH2, the reaction of 
this enzyme with 12 was examined and compared to the well-characterized 4-OT and 
CaaD reactions with 12. 

 
Table 2. Kinetic Parameters for cis-CaaD, Cg10062, and MsCCH2 Using cis-3-chloroacrylate (3) 
and trans-3-chloroacrylate (2). 
 

 
Enzyme Substrate kcat (s-1) Km (mM) 

kcat/Km 
 (M-1 s-1) 

MsCCH2a 3 NDb ND 1.6 × 10-3 

MsCCH2a 2 (4.0 ± 0.1) x 10-4 96 ± 6 4.0 × 10-3 

Cg10062c 3 1.6 ± 0.3 156 ± 42 10 

Cg10062c 2 (2.0 ± 1) x 10-3 54 ± 40 4.0 × 10-2 

cis-CaaDc 3 4.6 ± 0.3 0.152 ± 0.02 3.0 × 104 
a The steady-state kinetic parameters were measured in 50 mM Tris-SO4 buffer (pH 8.0) at  
22 oC. b Not determined. c These kinetic data were obtained from Poelarends et al. (22). Errors 
are standard deviations. 
 

As expected, incubation of 12 with CaaD (at pH 7.3) resulted in a decrease in the 
absorbance at 234 nm, corresponding to 12, accompanied by the appearance of one 
new absorbance peak at 294 nm, which corresponds to 13 (Figure 2A) (2). Incubation of 
12 with 4-OT (at pH 7.3) resulted in the rapid inactivation of 4-OT and the appearance of 
one new absorbance peak at 340 nm, which likely corresponds to the enamine species 
14 (Scheme 4) (Figure 2B) (30). Surprisingly, the conversion of 12 by MsCCH2 (at pH 7.3) 
resulted in the appearance of two new absorbance peaks, one at 294 nm and the other 
at 324 nm (Figure 2C). From comparison to the product absorbance peaks formed in 
the reactions of CaaD and 4-OT with 12, it can be inferred that the peak observed at 294 
nm corresponds to acetopyruvate (13), whereas the peak observed at 324 nm likely 
corresponds to an enamine species (14), which could result from the reaction between 
12 and Pro-1 of MsCCH2. Importantly, the formation of 13 and covalently modified 
MsCCH2 (presumably 14) in the reaction of 12 with MsCCH2 was confirmed by ESI-MS 
and MS/MS analyses (see Supporting Information). 

Identification of the Modified Active Site Residue by Mass Spectrometry. In order to 
identify the site of modification, MsCCH2 was treated with 12 at pH 7.3, reduced with 
NaBH4,3 and analyzed by ESI-MS. The reconstruct of the ESI mass spectrum revealed two 
major peaks, one corresponding to the mass of unmodified MsCCH2 (16094 Da) and the 
other to the mass expected for the enzyme modified by a single molecule of 12 and 
reduced by NaBH4 (16209 Da). This MsCCH2 sample was then digested with 
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endoproteinase Glu-C (31), and the resulting peptide mixture was analyzed by MALDI-
TOF-MS. A comparison of the peaks of the modified MsCCH2 component to those of the 
unmodified MsCCH2 component in the peptide mixture revealed a single modification 
by a species having a mass of 116 Da on the fragments Pro-1 to Glu-15 and Pro-1 to 
Glu-23 (Table 3). Analysis of the remaining peaks showed no modification of other 
fragments. These data indicate that a single site on the enzyme has been modified and 
that the site of modification is localized within the amino-terminal fragment Pro-1 to 
Glu-15. 

 
A.               B.  

 

           
 
C.  
 

 
 
Figure 2. UV spectra monitoring the dissimilar reactions of CaaD, 4-OT and MsCCH2 with 2-oxo-3-
pentynoate (12, 400 µM) in 10 mM phosphate buffer at pH 7.3. (A) UV spectra monitoring the 
CaaD-catalyzed conversion of 12 (λmax = 234 nm) to acetopyruvate (13, λmax = 294 nm) (2). Spectra 
were recorded every 2 minutes. (B) UV spectrum of 4-OT inactivated by 12. The absorbance at 234 
nm corresponds to unreacted 12, while the absorbance peak at 340 nm likely corresponds to 
enamine 14 (Scheme 4), which results from the reaction between 12 and Pro-1 of 4-OT (30). (C) UV 
spectra monitoring the MsCCH2-catalyzed conversion of 12 (λmax = 234 nm). The product peak at 
294 nm corresponds to 13, whereas the peak observed at 324 nm likely corresponds to enamine 
14, which results from the reaction between 12 and Pro-1 of MsCCH2. Spectra were recorded every 
40 minutes. 
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 To determine the actual site of the single modification, the unmodified and modified 
Pro-1 to Glu-15 and Pro-1 to Glu-23 peptides were subjected to MALDI-TOF/TOF-MS 
analysis. Because the two Pro-1 to Glu-23 peptides gave a more complete 
fragmentation pattern than the two Pro-1 to Glu-15 peptides, the masses of the 
fragment ions observed in the TOF/TOF spectra of the modified and unmodified Pro-1 
to Glu-23 peptides were further analyzed. The spectrum of the precursor ion 
corresponding to the unmodified Pro-1 to Glu-23 peptide displayed characteristic b-ions 
resulting from the peptide fragments PVYTVTMSRGTLN and PV. MALDI-TOF/TOF-MS 
analysis of the precursor ion corresponding to the modified Pro-1 to Glu-23 peptide 
revealed an increase in mass of 116 Da for these b-ions (Table 3). Because one of these 
fragment ions is generated by the dipeptide Pro-1 to Val-2, we conclude that the active 
site Pro-1 residue is the sole site of modification by 12. 
 
Table 3. Identification of Pro-1 as the sole site of labeling by 12 using Glu-C digestion and 
MALDI-TOF-MS and MALDI-TOF/TOF-MS analyses. 
 
Peptide fragment Calculated mass (Da) a Observed mass   (Da) 

PVYTVTMSRGTLNGE 1624.8 1625.5  

C5H8O3-PVYTVTMSRGTLNGE 1740.8  1741.6  

PVYTVTMSRGTLNGETKAALAAE 2380.2  2381.8 b 

PVYTVTMSRGTLN 1420.7 1421.9 c 

PV  197.1  197.1 c 

C5H8O3-PVYTVTMSRGTLNGETKAALAAE 2496.2  2497.8 b 

C5H8O3-PVYTVTMSRGTLN  1536.7  1537.9 c 

C5H8O3-PV  313.1  313.2 c 

a These values are calculated using the average molecular mass. b This value corresponds to 
the total mass of the parent ion. c The reported mass corresponds to the b-ion. 
 
 
 Effect of pH on Product Formation in Incubations of MsCCH2 with 2-Oxo-3-Pentynoate. 
To probe the ionization state of Pro-1, the reaction of MsCCH2 with 12 was examined at 
three different pH values (Figures 3 and 4). Incubation of MsCCH2 with 12 at pH 6.5 
resulted in the formation of 13, but no absorbance peak at 324 nm (indicative of 
covalently modified MsCCH2; that is, the presumed enamine species 14) was observed 
(Figure 3A). Indeed, analysis of this incubation mixture by ESI-MS showed one major 
peak corresponding to the mass (16093) of unmodified MsCCH2 (Figure 4A). These 
observations suggest that MsCCH2 exhibits hydratase activity at pH 6.5, converting 12 
to 13, which implies that Pro-1 is cationic at pH 6.5 and not functioning as nucleophile. 
However, incubation of 12 with MsCCH2 at pH 8.5 did not result in formation of 13, but 
only resulted in the formation of covalently modified MsCCH2, as indicated by the 
absorbance peak at 324 nm (Figure 3C). As expected, analysis of this incubation mixture 
by ESI-MS showed one major peak corresponding to the mass (16206) of modified 
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MsCCH2 (Figure 4C). This suggests that at pH 8.5, Pro-1 has the correct protonation 
state to be able to act as a nucleophile and attacks 12 to form a covalently modified 
enzyme (14). Consistent with the preceding experiment at pH 7.3, incubation of 12 with 
MsCCH2 at pH 7.5 resulted in the formation of both 13 and covalently modified enzyme 
(Figures 3B and 4B). Assuming a pKa of Pro-1 of about 7.5, ~50% of the enzyme would 
be in the correct protonation state to react with 12 to give 13, and ~50% of the enzyme 
would be in the correct protonation state to attack 12 to give 14. 
 
            A.                     B.    
  

           
 
            C. 
 

 
 
Figure 3. UV spectra monitoring the reaction of MsCCH2 with 2-oxo-3-pentynoate (12, 400 µM) in 
10 mM phosphate buffer at three different pH values. (A) Spectra monitoring the reaction at pH 
6.5. Spectra were recorded every 40 minutes. (B) Spectra monitoring the reaction at pH 7.5. 
Spectra were recorded every 40 minutes. (C) Spectra monitoring the reaction at pH 8.5. Spectra 
were recorded every 5 minutes. The decrease in absorbance at 234 nm corresponds to the loss of 
12, whereas the increases in absorbance at 294 nm and 324 nm correspond to the formation of 13 
and 14, respectively. 
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            A.                     B.      

 

         
 

            C. 
 

 
 
Figure 4. ESI-MS analysis of the MsCCH2 protein in the three incubation mixtures described in 
Figure 3. (A) ESI-MS analysis of MsCCH2 after incubation with 12 at pH 6.5; see Figure 3A. (B) ESI-MS 
analysis of MsCCH2 after incubation with 12 at pH 7.5; see Figure 3B. (C) ESI-MS analysis of 
MsCCH2 after incubation with 12 at pH 8.5; see Figure 3C. The major peaks in the spectra 
correspond to either unmodified MsCCH2 (16093 Da) or MsCCH2 modified by a single molecule of 
12 (16206 Da). The additional minor peaks at the right of each major peak result from (one or two) 
sodium adducts. 
 

Kinetic Properties of the P1A Mutant of MsCCH2. The results above show that 
incubation of MsCCH2 with 12 (at pH 8.5) leads to the modification of Pro-1 and the 
concomitant loss of hydratase activity. To further assess the importance of Pro-1 for the 
activities of MsCCH2, the P1A mutant was constructed, overproduced in E. coli 
BL21(DE3) as a C-terminal hexahistidine fusion protein, and purified to homogeneity 
using the metal affinity chromatography protocol developed for wild-type MsCCH2. ESI-
MS analysis revealed a mass of 16067 Da (calc. 16066 Da for the enzyme without the 
initiating methionine) for the P1A mutant, indicating that the initiating methionine is 
removed during posttranslational processing. The kinetic properties of the P1A mutant 
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were analyzed using 2, 3, 8, 10, and 12 as substrates, and compared to those measured 
for the wild-type enzyme. 

For 8, the P1A mutant showed a 41-fold decrease in kcat and a 14-fold decrease in Km, 
resulting in a ~3-fold decrease in kcat/Km (Table 1). For 10, the P1A mutant showed a 16-
fold decrease in kcat, whereas the Km was not significantly affected. Hence, this resulted 
in a 16-fold decrease in kcat/Km. The P1A mutant had no detectable dehalogenase 
activity towards 2 and 3 using the colorimetric assay, and no detectable activity towards 
12 (at pH 7.3) using the UV spectroscopic assay (i.e., the reaction mixture showed no 
product absorbance peaks). The CaaD and cis-CaaD activities of the P1A mutant were 
also assessed by 1H NMR spectroscopy after a lengthy incubation period (14 days at 22 
°C) in 100 mM phosphate buffer (pH 9.2). However, the reaction mixtures showed no 
product. These findings are not surprising in view of the low-level dehalogenase 
activities of the wild-type enzyme. Taken together, the results suggest that Pro-1 is 
critical for the tautomerase, dehalogenase, and hydratase activities of MsCCH2. 
 
Discussion 
The mycobacterial enzyme (MsCCH2) characterized in this study proficiently 
tautomerizes phenylenolpyruvate (8) to phenylpyruvate (9) and  
p-hydroxyphenylenolpyruvate (10) to p-hydroxyphenylpyruvate (11) (Scheme 3). 
MsCCH2 catalyzes the conversion of 8 to 9 with a kcat/Km of 9.8 x 103 M-1 s-1, which is 
somewhat lower (~40-fold) than the values measured for the same conversion 
catalyzed by the tautomerases 4-OT (kcat/Km = 3.7 x 105 M-1 s-1) (32) and YwhB (kcat/Km = 
4.2 x 105 M-1 s-1) (19). The lower catalytic efficiency of the MsCCH2-catalyzed reaction 
results mainly from a higher Km value, which suggests suboptimal binding of 8 in the 
active site of MsCCH2. A comparison of the kinetic parameters for the MsCCH2 (kcat = 
3.2 ± 0.3 s-1, Km = 890 ± 90 µM) and YwhB (kcat = 4.1 ± 0.4 s-1, Km = 160 ± 22 µM) (19) 
catalyzed conversion of 10 to 11 shows similar catalytic efficiencies for both enzymes. It 
is important to emphasize that we have also tested compound 6, the native substrate of 
4-OT (Scheme 2) (18,19), as potential substrate for MsCCH2, but no detectable 1,5-keto-
enol tautomerase activity was observed. These results indicate that MsCCH2 functions 
as an effective 1,3-keto-enol tautomerase, converting 8 to 9 and 10 to 11, given that the 
physiological substrate for this tautomerase has yet to be identified. 
 Similarities in sequence and quaternary structure firmly link MsCCH2 to the cis-CaaD 
family, which is one of the five known families in the tautomerase superfamily (3,12). 
With the previously studied family members being cis-CaaD (3) and Cg10062 (22), 
MsCCH2 is the first known family member that exhibits a pronounced tautomerase 
activity. All known tautomerase superfamily members are characterized by a catalytic 
amino-terminal proline (6,7). The importance of the conserved Pro-1 in MsCCH2 for its 
tautomerase activity was demonstrated by mutating this residue to an alanine. For both 
substrates (8 and 10), the major effect of this mutation is observed in kcat (Table 1). 
Hence, the function of Pro-1 is predominantly catalytic. In the well-studied 
tautomerases 4-OT and YwhB, the catalytic Pro-1 functions as the general base and is 
responsible for proton transfer (19,33-35). It is therefore reasonable to suggest that  
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Pro-1 in MsCCH2 also functions as the general base and may abstract the C-2 enol 
proton (of 8 or 10) for delivery to the C-3 position (yielding 9 or 11). 
 MsCCH2 also exhibits dehalogenase activity using trans-3-chloroacrylate (2) and cis-
3-chloroacrylate (3) as substrates (Scheme 1), but this activity is much lower (106-fold) 
compared to its tautomerase activity (as assessed by kcat/Km values). Hence, the 
tautomerase activity is the primary activity of MsCCH2. A comparison of the kinetic 
parameters for the conversion of 3 to 4 shows that the catalytic efficiency (kcat/Km) of 
MsCCH2 is 104- and 107-fold lower than that of Cg10062 and cis-CaaD (Table 2) (22). 
Unlike cis-CaaD, MsCCH2 also catalyzes the conversion of 2 to 4 but with a catalytic 
efficiency that is 10-fold lower than that measured for Cg10062 (Table 2). Replacement 
of Pro-1 by an alanine completely abolished the dehalogenase activity of MsCCH2, 
indicating that dehalogenation, like tautomerization, is an active site process that 
involves Pro-1. 
 Although MsCCH2 has a low-level dehalogenase activity, the rates of dehalogenation 
are still significant in comparison with the reported nonenzymatic rate of ~2.2 x 10-12 s-1 
at 25 °C and pH 7 (36). Using this value for the spontaneous, uncatalyzed 
dehalogenation of 2 and the kcat value for the MsCCH2-catalyzed dehalogenation of 2 
(Table 2), it can be estimated that MsCCH2 affords a ~2 x 108-fold rate enhancement. 
Although the individual kcat value for the MsCCH2-catalyzed dehalogenation of 3 could 
not be determined, a similar 108-fold rate enhancement can be assumed. For 
comparison, cis-CaaD, which is thought to have evolved for the purpose of degrading 3 
(3,6), affords a ~2 x 1012-fold rate enhancement for the conversion of 3 to 4. 
 On the basis of experimental studies (3,11-13), a mechanism for the cis-CaaD-
catalyzed conversion of 3 to 4 was proposed (Scheme 5). The first step in catalysis is the 
nucleophilic attack of an activated water molecule on C-3 of 3 to form an enediolate 
intermediate. The enzyme presumably uses the side chains of two residues, Glu-114 
and Tyr-103, to activate the nucleophilic water molecule. The side chains of His-28, Arg-
70, and Arg-73 interact with the C-1 carboxylate group of 3. These interactions position 
and polarize the substrate to facilitate the attack of water and stabilize the resulting 
enediolate species. Tautomerization of the enediolate intermediate may be assisted by 
Pro-1, which is thought to place a proton at the C-2 atom, and generates an unstable 
chlorohydrin intermediate (Scheme 5a). Collapse of the proposed chlorohydrin to afford 
4 and HCl could be an enzymatic or a nonenzymatic process. Alternatively, the 
enediolate species can undergo an elimination reaction to release the chlorine as 
chloride ion, followed by tautomerization of the enol intermediate and protonation at C-
2 by Pro-1, yielding 4 (Scheme 5b). 
 In the context of this proposed cis-CaaD mechanism, the much lower dehalogenase 
activity of MsCCH2 (compared to cis-CaaD) could potentially be explained by active site 
differences. Sequence comparisons suggested that four of the six active site residues 
that have been implicated as critical residues for cis-CaaD activity (Pro-1, His-28, Arg-70 
and Glu-114) are conserved in MsCCH2 (Pro-1, His-28, Arg-68 and Glu-112) (Figure 1) 
(3,12). However, two active site residues, Arg-73 and Tyr-103, are replaced by His-71 and 
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Scheme 5. 
 
Ile-101 in MsCCH2. The replacement of Arg-73 in cis-CaaD by His-71 in MsCCH2 may 
result in less efficient binding and polarization of 3, thereby affecting water addition. 
The replacement of Tyr-103 in cis-CaaD by Ile-101 in MsCCH2 may even be more 
significant because it eliminates one of the presumed water-activating residues. These 
active site differences may reflect the different reaction specificities of MsCCH2 and cis-
CaaD, and suggest that MsCCH2 could be only a few mutations away from being a 
highly specific and efficient cis-CaaD. Hence, mutation of His-71 to an arginine 
accompanied by the replacement of Ile-101 with a tyrosine might increase the 
dehalogenase activity and decrease the tautomerase activity of MsCCH2. The 
consequences of these mutations are currently being examined. 
 Another potential explanation for the lower dehalogenase activity and increased 
tautomerase activity of MsCCH2 could be a lowered pKa of its Pro-1 residue when 
compared to the pKa of Pro-1 (~9.3) in cis-CaaD (11).4 Support for this view comes from 
studies with 2-oxo-3-pentynoate (12, Scheme 4). Previous work has shown that the 
reactions of 4-OT and CaaD, the best characterized members of the 4-OT family in the 
tautomerase superfamily, with 12 reflect both the ionization state of Pro-1 (neutral 
versus cationic) and the environment of the active site (2,30). Whereas 4-OT is 
irreversibly inactivated by 12 due to the covalent modification of Pro-1, CaaD converts 
12 to acetopyruvate (13) (Scheme 4). These dissimilar reactions reflect differences 
between the two active sites. Pro-1 of 4-OT has a pKa of ~6.4, enabling it to function as a 
general base catalyst in its physiological tautomerase activity (conversion of 6 to 7, 
Scheme 2) (33,34). Hence, at neutral pH, Pro-1 functions as a nucleophile and attacks C-
4 of 12 in a Michael-type reaction, presumably yielding 14 (Scheme 4) (30). In contrast, 
the pKa of Pro-1 in CaaD is ~9.2, enabling it to function as a general acid catalyst in its 
physiological dehalogenase activity (conversion of 2 to 4, Scheme 1) (10). Thus, a 
Michael-type reaction between the amino group of proline and 12 is not favored, and in 
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the active site of CaaD, which has evolved to carry out water addition, 12 is processed to 
13 (2). Like CaaD, cis-CaaD and Cg10062 process 12 to 13, instead of being inactivated 
by 12, which implies that their Pro-1 residues have a pKa comparable to that determined 
for Pro-1 of CaaD (3,22). 
 In view of these observations, the reaction of MsCCH2 with 12 was examined at 
different pH values. At pH 8.5, MsCCH2 is inactivated by 12 due to the covalent 
modification of Pro-1. This suggests that Pro-1 is neutral at pH 8.5 and functions as a 
nucleophile, attacking C-4 of 12 in a Michael-type reaction. The identification of 15 by 
mass spectrometry experiments, coupled with the observed λmax of 324 nm for the 
reaction product, strongly suggests that the reaction results in the formation of 14. 
Indeed, reduction with NaBH4 results in the complete loss of the absorbance at 324 nm, 
consistent with the rearrangement of 14 into the corresponding imine, which is reduced 
by NaBH4 to give 15. At pH 6.5, however, MsCCH2 exhibits hydratase activity and 
converts 12 to 13. This implies that Pro-1 is cationic at pH 6.5 and not functioning as a 
nucleophile. At pH 7.3-7.5, MsCCH2 converts 12 to both 13 and 14, indicating that the 
hydratase and inactivation reactions occur simultaneously. These observations, coupled 
with the results of control reactions using 12 and 4-OT or CaaD at pH 7.3, suggest that 
Pro-1 of MsCCH2 has a pKa value that lies in between that of a typical tautomerase like 
4-OT (pKa of Pro-1 ~6.4) and that of the dehalogenases CaaD and cis-CaaD (pKa of Pro-1 
~9.2). This makes MsCCH2 the first known tautomerase superfamily member with such 
an intermediate pKa value for its catalytic Pro-1 residue. This intermediate pKa value, 
estimated to be ~7.5, may enable Pro-1 to serve (at cellular pH) as a general base 
catalyst in its primary tautomerase activity and as a general acid catalyst in its 
promiscuous dehalogenase activity. 
 Given that Pro-1 in CaaD and cis-CaaD has a pKa of ~9.2 (10,11), enabling it to 
function as a general acid catalyst in the physiological dehalogenase activity, an 
interesting route for the laboratory evolution of MsCCH2 into a more efficient 
dehalogenase can be proposed. The introduction of one or more hydrophilic residues 
could make the active site of MsCCH2 less hydrophobic, thereby making the active site 
more amenable for water addition as well as raising the pKa of Pro-1. This would 
increase the concentration of enzyme with Pro-1 in the correct protonation state to 
function as a general acid catalyst. The appropriate experiments to investigate this 
intriguing possibility are underway. 

In conclusion, the identification of MsCCH2 as tautomerase with promiscuous 
dehalogenase and hydratase activities now establishes a functional link between the 
recently diverged cis-CaaD and a tautomerase of the same family. Hence, the major 
phenylpyruvate tautomerase activity of MsCCH2 comprises the promiscuous activity of 
cis-CaaD, and the primary dehalogenase activity of cis-CaaD comprises the promiscuous 
activity of MsCCH2. In addition, both enzymes possess significant hydratase activity. A 
reasonable route for the divergence of cis-CaaD from an unknown tautomerase is 
presented in Figure 5. The ancestral tautomerase may have been a specialist 
tautomerase with a low pKa value for its catalytic Pro-1 residue. Mutations in the  
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Figure 5. Proposed evolutionary pathway for the divergence of an ancestral tautomerase, which 
may have been a specialist, to cis-CaaD, a specialist dehalogenase that is selective for the cis-
isomer of 3-chloroacrylate (3). The family members MsCCH2 (this study) and Cg10062 (22) could be 
characteristic of evolutionary intermediates 1 and 2, respectively. In the course of divergence, the 
pKa of the essential Pro-1 residue likely increased from ~6 (in the ancestral tautomerase) to ~7.5 (in 
the generalist intermediate 1) to ~9 (in the specialist dehalogenase), allowing this residue to 
efficiently serve as a general acid in the newly evolved dehalogenase activity. For clarity, and 
because the three-dimensional structures of MsCCH2 and Cg10062 are not reported yet, the β-α-β 
building block carrying the N-terminal proline is shown. 
 
specialist may have raised the pKa of its Pro-1 residue to about 7.5. This may have 
introduced a low-level promiscuous dehalogenase activity in the enzyme, without 
significantly decreasing the original tautomerase activity. This thus yielded, in effect, a 
generalist intermediate (intermediate 1 in Figure 5) exhibiting both tautomerase and 
dehalogenase activity. MsCCH2 could be characteristic of this generalist intermediate, 
and may therefore resemble the progenitor of cis-CaaD, using its promiscuous 
dehalogenase activity as an essential starting point. Further mutation and selection for 
an increase of the promiscuous dehalogenase activity may have resulted in 
intermediate 2, and finally in the specialist dehalogenase, cis-CaaD. Cg10062, which has 
pronounced dehalogenase activity, but lacks isomer specificity (22), could be 
characteristic of intermediate 2. In the course of divergence, the pKa of the essential 
Pro-1 residue likely increased from ~6 (in the ancestral tautomerase) to ~7.5 (in the 
generalist intermediate 1) to ~9 (in intermediate 2 and the specialist dehalogenase), 
allowing this residue to efficiently serve as a general acid in the newly evolved 
dehalogenase activity. Although this route is highly speculative, laboratory evolution of 
the promiscuous dehalogenase activity of MsCCH2 could provide important insight into 
pathways that could lead to the rapid divergent evolution of an efficient cis-CaaD 
enzyme. 
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Materials and methods 
Materials. The sources of the chemicals, biochemicals, components of buffers and 
media, PCR purification, gel extraction, and Miniprep kits, Ni-NTA sepharose, pre-
packed PD-10 Sephadex G-25 columns, and the oligonucleotides, enzymes and reagents 
used in the molecular biology procedures are reported elsewhere (25). Phenylpyruvate, 
(p-hydroxyphenyl)-pyruvate, trans-3-chloroacrylic acid, and cis-3-chloroacrylic acid were 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). 2-Oxo-3-pentynoate was a 
kind gift of Professor C.P. Whitman (University of Texas at Austin, TX). 

General Methods. BLASTP searches of the National Center for Biotechnology 
Information (NCBI) databases were performed using the cis-CaaD amino acid sequence 
(GenBank: AAR00932.1) as the query sequence. Amino acid sequences were aligned 
using a version of the CLUSTALW multiple-sequence alignment routines available in the 
computational tools at the EMBL-EBI Website. Techniques for restriction enzyme 
digestions, ligation, transformation, and other standard molecular biology 
manipulations were based on methods described elsewhere (26) or as suggested by the 
manufacturer. The PCR was carried out in a DNA thermal cycler (model GS-1) obtained 
from Biolegio (Nijmegen, The Netherlands). DNA sequencing was performed by 
ServiceXS (Leiden, The Netherlands) or Macrogen (Seoul, Korea). Protein was analyzed 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on gels 
containing 10% polyacrylamide. The gels were stained with Coomassie brilliant blue. 
Protein concentrations were determined by the method of Waddell (27). Kinetic data 
were obtained on a V-650 or V-660 spectrophotometer from Jasco (IJsselstein, The 
Netherlands). The kinetic data were fitted by nonlinear regression data analysis using 
the Grafit program (Erithacus, Software Ltd., Horley, U.K.) obtained from Sigma 
Chemical Co. 1H NMR spectra were recorded on a Varian Inova 500 (500 MHz) 
spectrometer using a pulse sequence for selective presaturation of the water signal. 
Chemical shifts for protons are reported in parts per million scale (δ scale) downfield 
from tetramethylsilane and are referenced to protium (H2O: δ = 4.67). The native 
molecular mass of purified MsCCH2 was determined by Superdex 75 gel filtration using 
a fast protein liquid chromatography system according to the instructions provided with 
the HiLoad 16/60 Superdex 75 prep grade column (Pharmacia). The standard molecular 
mass markers were albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) 
and ribonuclease A (13.7 kDa). ESI-MS and MS/MS spectra were recorded using an LCQ 
electrospray mass spectrometer (Applied Biosystems, Foster City, CA). MALDI-TOF and 
TOF/TOF mass spectra were recorded using a 4700 Proteomics Analyzer (Applied 
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Biosystems). The enzymes CaaD and 4-OT were purified according to a previously 
published procedure (28). 

Construction of Expression Vectors for MsCCH2 and the MsCCH2-P1A Mutant, and 
Expression and Purification of the two His-Tagged Proteins. The experimental procedures 
used for the construction of expression vectors for MsCCH2 wild-type and the MsCCH2-
P1A mutant, and the overproduction and purification of these two proteins are 
provided in the Supporting Information. 

Enzyme Assays. The tautomerization activities of MsCCH2 and the P1A mutant were 
measured by monitoring the ketonization of 8 to 9 and 10 to 11 in 10 mM Na2HPO4 

buffer (pH 7.3) at 22 oC. Stock solutions of 8 and 10 were generated by dissolving the 
appropriate amount of phenylpyruvic acid or (p-hydroxyphenyl)pyruvic acid in absolute 
ethanol. The crystalline free acid of phenylpyruvic acid or (p-hydroxyphenyl)pyruvic acid 
is exclusively the enol form. The ketonization of 8 to 9 was monitored by following the 
decrease in absorbance at either 310 nm (ε = 1400 M-1 cm-1) or 315 nm (ε = 300 M-1 cm-1) 
using substrate concentrations ranging from 0.05 to 8 mM. The ketonization of 10 to 11 
was monitored by following the decrease in absorbance at 325 nm (ε = 1800 M-1 cm-1) 
using substrate concentrations ranging from 0.1 to 1.8 mM. An appropriate quantity of 
enzyme (from a 5 mg/mL stock solution in 10 mM Na2HPO4 buffer, pH 7.3) was diluted 
into the sodium phosphate buffer (1 mL in a cuvette), and the assay was initiated by the 
addition of a small aliquot (5-20 µL) of substrate (either 8 or 10) from a stock solution. 
At all substrate concentrations, the nonenzymatic rate was subtracted from the 
enzymatic rate of ketonization. 

The dehalogenation activities of MsCCH2 and the P1A mutant were measured by 
following the dechlorination of 2 and 3 at 22 oC in 50 mM Tris-SO4 buffer (pH 8.0) using 
a colorimetric assay (1,29). An appropriate amount of enzyme (1 mg) was incubated 
with the desired concentration of 2 or 3 in 3 mL of the Tris-SO4 buffer.  

The concentrations of substrate in the assay ranged from 20 to 350 mM. Stock 
solutions (400 mM) of 2 and 3 were made up in 50 mM Tris-SO4 buffer. The pH of the 
stock solution was adjusted to 8.0. Chloride concentrations were measured 
colorimetrically at different time intervals. 

1H NMR Spectroscopic Analysis of the Reaction of MsCCH2 with 2, 3 or 10. 1H NMR 
spectra monitoring the MsCCH2-catalyzed conversion of trans-3-chloroacrylate (2), cis-3-
chloroacrylate (3), or (p-hydroxyphenyl)enolpyruvate (10) were recorded according to 
protocols reported elsewhere (2,3,25). The modifications to these protocols are 
provided in the Supporting Information. 

UV Spectroscopic Analysis of the Reactions of CaaD, 4-OT, and MsCCH2 with 2-Oxo-3-
Pentynoate (12). UV spectra monitoring the CaaD, 4-OT, and MsCCH2 reactions with 12 
were recorded as follows. An appropriate amount of enzyme (45 µg of CaaD, 0.5 mg of 
4-OT or 0.5 mg of MsCCH2) was incubated with 12 (400 µM) in 1 mL of 10 mM Na2HPO4 

buffer at 22 °C, with the final pH of the incubation mixture ranging from 6.5 to 8.5. A 
fresh stock solution of 12 (40 mM) was made up in 10 mM Na2HPO4 buffer, and the pH 
was adjusted to 7.3. The hydration of 12 (λmax = 234 nm) was monitored by following the 
formation of 13 at 294 nm (2). The covalent modification of 4-OT or MsCCH2 by 12 was 
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monitored by following the formation of 14 (for 4-OT, λmax = 340 nm; for MsCCH2, λmax = 
324 nm). 

To determine the mass of (unmodified and modified) MsCCH2 after its incubation 
with 12 in 10 mM Na2HPO4 buffer at pH 6.5, 7.3, 7.5, or 8.5, a sample was withdrawn 
from the incubation mixture, diluted 10-fold in 5 mM NH4HCO3 buffer (pH 7.3), and 
directly analyzed by ESI-MS. 

Mass Spectral Analysis of the Product of the MsCCH2-Catalyzed Hydration of 2-Oxo-3-
Pentynoate (12). The experimental procedure used for the identification of 13 as the 
product of the MsCCH2-catalyzed hydration of 12 is provided in the Supporting 
Information. 

Mass Spectral Analysis of Modified MsCCH2 and Peptide Mapping. The MsCCH2 sample 
was made up as follows. The enzyme (1 mg) was incubated with 12 (400 μM) in 1 mL of 
10 mM NaH2PO4 buffer (pH 7.3) for 3 h at 22 °C. The formation of the covalent adduct 
(14) was monitored spectrophotometrically at 324 nm. An aliquot of a 500 mM stock 
solution of NaBH4 in water was added to the sample to give a final NaBH4 concentration 
of 25 mM, after which the mixture was incubated overnight at 22 °C. This protocol was 
repeated (3 times) until the absorbance at 324 nm was completely lost. Subsequently, 
the buffer was exchanged against 5 mM NH4HCO3 buffer (pH 7.3) using a pre-packed 
PD-10 Sephadex G-25 gelfiltration column. An aliquot of this protein sample was 
directly analyzed by ESI-MS. 

For the peptide mapping studies, a quantity (50 μg) of the MsCCH2 sample was 
vacuum-dried. The protein pellet was dissolved in 10 μL of 10 M guanidine-HCl and 
incubated for 2 h at 37 oC. Subsequently, the sample was diluted 10-fold by the addition 
of 90 μL of 100 mM NH4HCO3 buffer (pH 8.0) and incubated for 48 h at 37 oC with 
protease Glu-C (0.5 μL from a 10 mg/mL stock solution in water). The sample was 
analyzed by MALDI-TOF MS without further purification. Selected ions of modified and 
umodified peptide fragments were subjected to TOF/TOF MS analysis. 
 
Footnotes 
1Abbreviations: CaaD, trans-3-chloroacrylic acid dehalogenase; cis-CaaD, cis-3-
chloroacrylic acid dehalogenase; EBI, European Bioinformatics Institute; EMBL, 
European Molecular Biology Laboratory; ESI-MS, electrospray ionization mass 
spectrometry; MALDI-TOF, matrix assisted laser desorption/ionization time-of-flight; 
MsCCH, Mycobacterium smegmatis cis-CaaD homologue; NCBI, National Center for 
Biotechnology Information; NMR, nuclear magnetic resonance; 4-OT, 4-oxalocrotonate 
tautomerase; PCR, polymerase chain reaction; PPT, phenyl(enol)pyruvate tautomerase; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
 
2G. J. Poelarends and C. P. Whitman, unpublished results. 
 

3Without this reduction step, the bound species is lost under the conditions of the 
MALDI-TOF MS experiments. Reduction with NaBH4 results in the complete loss of the 
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absorbance at 324 nm, consistent with the rearrangement of the presumed enamine 
species (14, Scheme 4) into the corresponding imine, which is reduced by NaBH4. 
 
4The pKa of the catalytic Pro-1 in CaaD has been determined to be 9.2 by direct titration 
using 15N NMR spectroscopy (10). A direct titration of Pro-1 in cis-CaaD has not been 
conducted, but a pH-rate profile of the cis-CaaD reaction implicated an acid catalyst with 
a pKa of ~9.3 (11). It is assumed that this pKa value corresponds to that of Pro-1 on the 
basis of the expected mechanistic parallels with CaaD. 
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Supplementary information  
The experimental procedures used for the construction, expression, overproduction, 
and purification of His-tagged MsCCH2 wild-type and MsCCH2-P1A mutant, and the 1H 
NMR spectroscopic analysis of the reaction of MsCCH2 with trans-3-chloroacrylate (2) 
and cis-3-chloroacrylate (3) are provided below. In addition, the experimental 
procedures used for and results of the 1H NMR spectroscopic analysis of the reaction of 
MsCCH2 with (p-hydroxyphenyl)enolpyruvate (10) and the mass spectral analysis of the 
products of the MsCCH2-catalyzed reaction with 2-oxo-3-pentynoate (12) are provided 
below. 

 
Supplementary methods 
Construction of the MsCCH2 Expression Vector. The gene coding for MsCCH2 was 
amplified using two synthetic primers, genomic DNA of M. smegmatis strain MC2 155, 
and the PCR reagents supplied in the Phusion DNA Polymerase system. The genomic 
DNA of strain MC2 155 (GenBank sequence: CP000480) was kindly provided by 
Professor William R. Jacobs, Jr. (Howard Hughes Medical Institute, Chevy Chase, MD). 
The forward primer 5’-A TAG CAG GTA CAT ATG CCC GTC TAC ACC GTC AC-3’ contains 
an NdeI restriction site (in bold) followed by 17 bases corresponding to the coding 
sequence of the gene. To clone the gene for MsCCH2 in frame with the sequence that 
codes for the polyhistidine region of the expression vector pET20b(+), the reverse 
primer 5’-G TGA TGT TAT AAG CTT CCG AGA ACC TGA GCT CT-3’ (primer R), which 
contains a HindIII restriction site (in bold), was used. The amplification mixture was 
made up in Phusion High-Fidelity buffer and contained 250 μM of each dNTP, 150 ng of 
each primer, 250 ng of total genomic DNA, and 1 U of Phusion DNA polymerase. The 
cycling parameters were 95 oC for 5 min followed by 35 cylces of 98 oC for 30 s, 45 oC for 
30 s and 72 oC for 20 s, with a final elongation step of 72 oC for 10 min. The resulting 
PCR product and the pET-20b(+) vector (Novagen) were digested with NdeI and HindIII 
restriction enzymes, after which the vector was dephosphorylated with alkaline 
phosphatase. Following purification, the PCR product and vector were ligated using T4 
DNA ligase. An aliquot of the ligation mixture was transformed into competent 
Escherichia coli BL21 (DE3) cells. Transformants were selected at 37 oC on LB/ampicillin 
plates. Plasmid DNA was isolated from several colonies and analyzed by restriction 
analysis for the presence of the insert. The cloned gene was sequenced to verify that no 
mutations had been introduced during the amplification of the gene. The newly 
constructed expression vector for MsCCH2 was named pMsCCH2. 

Construction of the MsCCH2-P1A Mutant. The MsCCH2-P1A mutant was generated by 
PCR using plasmid pMsCCH2 as the template and primers F (5’-A TAG CAG GTC CAT ATG 
GCC GTC TAC ACC GTC AC-3’) and R. Primer F contains an NdeI restriction site (in bold) 
and the mutated codon (underlined), followed by 14 bases corresponding to the coding 
sequence of the gene. The PCR product was generated and cloned into the pET-20b(+) 
vector as described above for the wild-type MsCCH2 encoding gene. The cloned mutant 
gene was completely sequenced to verify that only the intended mutation had been 
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introduced. The expression vector for the MsCCH2-P1A mutant was named pMsCCH2-
P1A. 

Expression and Purification of His-Tagged MsCCH2 Proteins. The MsCCH2 proteins, 
either wild-type or P1A mutant, were produced constitutively in E. coli BL21(DE3) using 
the T7 expression system. Fresh BL21(DE3) transformants containing the appropriate 
expression plasmid, either pMsCCH2 or pMsCCH2-P1A, were collected from a 
LB/ampicillin plate and used to inoculate LB/ampicillin medium (5 mL). After growth for 
5 h at 37 oC, this culture was used to inoculate fresh LB/ampicillin medium (1 L) to a 
starting OD600 of about 0.01. After overnight growth at 30 oC with vigorous shaking, cells 
were harvested by centrifugation (10 min at 2300g) and resuspended in 10 mM 
NaH2PO4 buffer, pH 7.3 (buffer A), to a total volume of about 10 mL. Protease inhibitors 
(Complete Mini, Roche, Mannheim, Germany) were added and cells were disrupted by 
sonication for 5 × 1 min (with 5 min rest in between each cycle) at 50% duty cycle/50% 
output in a Branson Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT). 
Unbroken cells and debris were removed by centrifugation (45 min at 18000g). The 
supernatant was filtered through a 0.2 μm pore diameter filter, made 10 mM in 
imidazole (from a 1 M stock solution in water, pH adjusted to 7.3), and applied to a 
gravity flow column containing 0.5 mL Ni-Sepharose 6 Fast Flow resin. After overnight 
incubation at 4 oC, while mixing at 60 rpm on a rotor, the nonbound proteins were 
removed from the column by gravity flow. The column was washed with 40 mM 
imidazole in buffer A, after which retained proteins were eluted with 1 mL of 250 mM 
imidazole in buffer A. Subsequently, the protein sample was applied to a PD-10 
gelfiltration column, which was previously equilibrated in buffer A, and proteins were 
eluted with buffer A. Fractions (1 mL) were analyzed by SDS-PAGE, and those containing 
highly purified MsCCH2 were combined and concentrated to a protein concentration of 
5-20 mg/mL using a Vivaspin centrifugal concentrator equipped with a 5000 Da 
molecular weight cut-off filtration membrane (Sartorius Stedim Biotech S.A., France). 

1H NMR Spectroscopic Analysis of the Reaction of MsCCH2 with  
p-Hydroxyphenylenolpyruvate (10). A series of 1H NMR spectra monitoring the MsCCH2-
catalyzed conversion of 10 to p-hydroxyphenylpyruvate (11) was recorded using a 
procedure described elsewhere (1) with the following modifications. An aliquot (550 μL) 
of a solution of 10 (50 μmol in 2 mL of 50 mM acetate buffer, pH 6.2) was added to an 
NMR tube containing D2O (50 μL) and MsCCH2 (50 μL from a 5 mg/mL stock solution in 
10 mM Na2HPO4 buffer, pH 7.3). The control sample for analyzing the nonenzymatic 
rate was prepared in the same way, but now 50 µL of 10 mM Na2HPO4 buffer (pH 7.3) 
was added to the NMR tube instead of 50 µL of MsCCH2.  
1H MNR spectra were recorded directly after mixing and then after 5, 10 and 15 min. 
The 1H NMR signals for 10 and 11 are reported elsewhere (1). 

1H NMR Spectroscopic Analysis of the Reaction of MsCCH2 with 2 and 3. A series of 1H 
NMR spectra monitoring the MsCCH2-catalyzed dehalogenation of trans-3-
chloroacrylate (2) or cis-3-chloroacrylate (3) was recorded according to protocols 
reported elsewhere (2,3) with the following modifications. An aliquot of MsCCH2 (50 μL 
from a 20 mg/mL stock solution in 10 mM Na2HPO4 buffer, pH 7.3) was added to an 
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NMR tube containing D2O (50 µL) and 500 μL of a 60 mM solution of 2 or 3 in 100 mM 
Na2HPO4 buffer (pH adjusted to either 6.5 or 9.2). The first 1H NMR spectrum was 
recorded directly after mixing, and then after 1 and 14 days. After 14 days of incubation 
at either pH 6.5 or pH 9.2, the spectrum for the mixture containing MsCCH2 and 2 
exhibited signals corresponding to 2, acetaldehyde, and the hydrate of acetaldehyde. 
The spectrum for the mixture containing MsCCH2 and 3 exhibited signals 
corresponding to 3, acetaldehyde, and the hydrate of acetaldehyde (both at pH 6.5 and 
9.2). The 1H NMR signals for 2, 3, acetaldehyde, and the hydrate of acetaldehyde are 
reported elsewhere (2,3,4). 

Mass Spectral Analysis of the Product of the MsCCH2-Catalyzed Hydration of 2-Oxo-3-
Pentynoate (12). To identify acetopyruvate (13) as the product of the MsCCH2-catalyzed 
hydration of 12 the following reactions were performed. An aliquot of MsCCH2 (from a 
5 mg/mL stock solution in 5 mM NH4HCO3 buffer, pH 7.3) was diluted into 1 mL of 5 mM 
NH4HCO3 buffer (pH 6.8), yielding a final enzyme concentration of 62 μM. The reaction 
was initiated by the addition of 10 μL of 12 (from a 40 mM stock solution in 10 mM 
Na2HPO4 buffer, pH adjusted to 7.3), yielding a final substrate concentration of 400 μM. 
In a separate control reaction, CaaD (27 µM) was incubated with 12 (400 µM) under 
identical conditions to produce 13, which was used as reference compound. The two 
reactions were monitored spectrophotometrically at 294 nm (λmax of 13) until 
completion, after which the enzyme was removed from each reaction mixture by 
centrifugation on vivaspin centrifugal concentrator equipped with a 2000 Da molecular 
weight cut-off filtration membrane. The flow-through of each reaction mixture was 
placed on ice and directly analyzed by ESI-MS and MS/MS. 
 
Supplementary results  
MsCCH2-Catalyzes the Conversion of 10 to 11. The MsCCH2-catalyzed tautomerization of 
10 was also monitored by 1H NMR spectroscopy to verify that the reaction results in the 
formation of 11. The spectrum recorded immediately after dissolving  
p-hydroxyphenylpyruvate in acetate buffer revealed two doublets in the aromatic 
region (7.53 and 6.78 ppm) and a singlet representing an olefinic proton at 6.20 ppm. 
These signals are consistent with the enol form of the substrate. The MsCCH2-catalyzed 
conversion of the enol form yields the keto form, as indicated by changes in the 
chemical shifts of the aromatic protons (to 7.00 and 6.75 ppm) and the appearance of a 
singlet at 3.87 ppm, which corresponds to the methylene protons. After a 10 min-
incubation period, the ratio of keto:enol is ~5 (Figure S1A). For comparison, a 10 min-
incubation period in the absence of enzyme yields a keto:enol ratio of ~0.12 (Figure 
S1B). These observations confirm that 11 is the product of the MsCCH2-catalyzed 
conversion of 10. 

MsCCH2-Catalyzes the Conversion of 12 to 13 and 14. While 13 has a characteristic λmax 
of 294 nm (2), its formation in the reaction of 12 with MsCCH2 was confirmed by ESI-MS 
and MS/MS analyses. Accordingly, MsCCH2 was incubated with 12 in 5 mM NH4HCO3 

buffer (pH 6.8). In a separate control reaction, CaaD was incubated with 12 under 
identical conditions to produce 13, which was used as reference compound. The two 
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reactions were monitored spectrophotometrically at 294 nm until completion, after 
which the enzymes were removed from the reaction mixtures by centrifugation on 
vivaspin concentrators. The flow-through of each reaction mixture was analyzed by ESI-
MS. The spectrum revealed a major product for the MsCCH2-catalyzed reaction with a 
mass (129.2 Da) nearly identical to that found for the product of the CaaD-catalyzed 
reaction (129.1 Da). MS/MS analysis of the precursor ion of the 129.2 Da product of the 
MsCCH2-catalyzed reaction revealed fragment ions with masses (44.9, 57.0, and 84.9 
Da) identical to those found with the 129.1 Da product of the CaaD-catalyzed reaction. 
Based on these results, we conclude that 13 is indeed the product of the MsCCH2-
catalyzed hydration of 12. 

We next investigated whether the absorbance peak at 324 nm corresponds to the 
covalent modification of MsCCH2 by 12, presumably yielding enamine species 14. 
Accordingly, MsCCH2 was treated with 12 at pH 7.3, after which the enzyme was 
separated from the free substrate (12) and product (13) by centrifugation on a vivaspin 
column. Analysis of the purified enzyme by UV spectroscopy demonstrated that the 
absorbance at 324 nm is indeed associated with a covalent adduct on the enzyme 
rather than an unbound reaction product. 

MsCCH2 was also treated with 12 at pH 7.3 and directly analyzed by ESI-MS. The 
reconstruct of the ESI mass spectrum revealed two major peaks, one corresponding to 
the mass of unmodified MsCCH2 (16092 Da) and the other to the mass expected for 
modified MsCCH2 (16204 Da). Hence, the difference between the masses is 112 Da, 
consistent with covalent modification of the enzyme by a single molecule of 12 (5). A 
comparison of the signal intensities in the ESI mass spectrum suggests that about 30% 
of the enzyme is covalently modified by 12. 
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Supplementary figures 
 
Figure S1A 

 
 
Figure S1B 

 
 
Figure S1. 1H NMR spectra monitoring the conversion of p-hydroxyphenylenolpyruvate (10) to  
p-hydroxyphenylpyruvate (11). (A) Spectrum of the MsCCH2-catalyzed conversion of 10 to 11. (B) 
Spectrum of the non-enzymatic conversion of 10 to 11. Both spectra were recorded 10 min after 
the addition of 10 to the reaction mixture. The 1H NMR signals for compounds 10 and 11 are 
reported elsewhere (1). 
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Abstract 
Unconventional Dehalogenase: An engineered variant (I64V/V106L) of the mouse 
cytokine macrophage migration inhibitory factor (MIF) promiscuously catalyzes the 
hydrolytic dehalogenation of the xenobiotic organohalogen trans-3-chloroacrylic acid to 
yield acetaldehyde (see picture). Although the dehalogenase activity of this MIF variant 
is quite low (kcat = 0.36 min-1), this unconventional enzyme achieves an ~109 fold rate 
enhancement (kcat/kuncat), matching the rate enhancements afforded by conventional 
enzymes that act on their natural substrates. 
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Introduction 
Macrophage migration inhibitory factor (MIF) is a multifunctional mammalian cytokine 
that has been implicated in a number of infectious and immune responses, and is 
thought to play a role in conditions such as rheumatoid arthritis, sepsis, asthma, adult 
respiratory distress syndrome, certain types of cancer and diabetes, bowel disease, and 
atherosclerosis.[1] MIF is notable among cytokines because it also functions as an 
efficient enzyme, catalyzing the ketonization of phenylenolpyruvate (1) to yield 
phenylpyruvate (2) (Scheme 1).[2] This phenylpyruvate tautomerase (PPT) activity and the 
three-dimensional structure of MIF[3] link this cytokine to the tautomerase superfamily, 
a group of mainly bacterial tautomerases that is characterized by a conserved catalytic 
amino-terminal proline embedded within a β-α-β structural fold.[4] Indeed, the PPT 
activity of MIF depends on its Pro-1 residue, which has a low pKa of ~5.6, allowing it to 
function as the catalytic base.[5] 

 
CO2-
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CO2-

O

1 2  

 
Scheme 1. The tautomerization reaction catalyzed by MIF. 
 

The enzymes trans-3-chloroacrylic acid dehalogenase (CaaD)[6] and cis-3-chloroacrylic 
acid dehalogenase (cis-CaaD),[7] which are found in a bacterial pathway that degrades 
the synthetic nematocide 1,3-dichloropropene (3, Scheme 2),[8] were recently identified 
as new members of the tautomerase superfamily.  
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Scheme 2. The bacterial 1,3-dichloropropene catabolic pathway, showing the hydrolytic 
dehalogenation of trans- and cis-3-chloroacrylate (4 and 5, respectively) by trans- and cis-3-
chloroacrylic acid dehalogenases (CaaD and cis-CaaD, respectively). 
 

CaaD and cis-CaaD catalyze the hydrolytic dehalogenation of the trans- and cis-
isomers of 3-chloroacrylate (4 and 5, respectively) to yield malonate semialdehyde (6) 
and HCl (Scheme 2).[6,7] Intriguingly, both CaaD and cis-CaaD exhibit promiscuous PPT 
activity,[9] which prompted us to initiate studies that aim to identify tautomerase 
members of the superfamily that possess CaaD or cis-CaaD activity.[10] Herein, we 
describe the discovery that mouse MIF has low-level CaaD activity, which can be 
enhanced 200-fold by two mutations (I64V/V106L) in the substrate binding pocket of 
this cytokine. This MIF variant achieves a remarkable rate enhancement (kcat/kuncat ~109) 
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as an unconventional dehalogenating enzyme. Furthermore, the finding that 
mammalian MIF and bacterial enzymes of the tautomerase superfamily share both 
dehalogenase and tautomerase activities provides evidence for divergent evolution 
from a common ancestral enzyme, and strongly supports the notion that the enzymatic 
activities of MIF are vestigial in mammals.[11] 

 
Results and discussion 
To investigate whether MIF has the ability to catalyze the dehalogenation of 4 and 5, MIF 
was incubated with 4 or 5 in 100 mM phosphate buffer at pH 6.5 and 22°C, and the two 
reactions were monitored by 1H NMR spectroscopy. Upon incubation of 4 with MIF, the 
intensity of the two signals corresponding to 4 decreased and four new signals 
appeared. Two signals (9.53 and 2.10 ppm) correspond to acetaldehyde, while the other 
two signals (5.11 and 1.18 ppm) correspond to its hydrate.[12] Integration of the signals 
indicates that ~2% of 4 has been converted to acetaldehyde and its hydrate after 7 days 
(Figure 1A). No product formation was detected for incubation mixtures of 5 with MIF 
for 7 days at pH 6.5 and 22°C. Control experiments demonstrate that the 
dehalogenation of 4 is an enzyme-catalyzed process. 1H NMR analysis of 4 in 100 mM 
phosphate buffer at pH 6.5 for 14 days at 22°C showed no formation of acetaldehyde 
(or its hydrate), ruling out a nonenzymatic dehalogenation. 

The MIF sample used in these experiments was highly purified. However, it 
remained possible that a trace amount of contaminating enzyme from the E. coli 
BL21(DE3) expression host could be responsible for the observed low-level 
dehalogenase activity. To eliminate this possibility, a mock purification was performed 
from BL21(DE3) cells harboring an “empty” pET20b(+) vector which lacks the MIF gene. 
Incubation of an aliquot of this purification with 4 for 14 days at pH 6.5 and 22°C did not 
result in the formation of products. Having established that MIF catalyzes the 
dehalogenation of 4, kinetic parameters were determined using a previously described 
colorimetric assay, which monitors halide release.[13] MIF catalyzes the dehalogenation 
of 4 with a kcat = 3 × 10-5 s-1 and a Km of 5.8 mM, resulting in a kcat/Km of ~5 × 10-3 M-1 s-1. 

It has previously been reported that 4-oxalocrotonate tautomerase (4-OT), which 
belongs to the same family of enzymes as CaaD,[4b] exhibits promiscuous dehalogenase 
activity towards 4 that can be slightly increased (~9-fold in terms of kcat) by the 
replacement of the active site residue Leu-8 with an arginine.[10a] This observation 
prompted us to test whether mutations at the corresponding position in mouse MIF, 
which belongs to a distinct family within the tautomerase superfamily,[4b] may also 
affect the promiscuous dehalogenase activity of this cytokine. A superpositioning of the 
crystal structure of 4-OT (PDB 1BJP)[14] with that of mouse MIF in complex with (E)-2-
fluoro-p-hydroxycinnamate (PDB 1MFI)[15], a competitive inhibitor of MIF’s PPT activity, 
showed that Ile-64 in MIF is structurally homologous to Leu-8 in 4-OT. Therefore, Ile-64 
was randomized using a site-saturation mutagenesis (SSM) strategy. The SSM library 
was used to transform E. coli BL21(DE3) cells, and ~400 transformants were evaluated 
for enhanced dehalogenase activity. Unfortunately, the MIF mutants in this library 
showed no improved activity towards 4. 
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Figure 1. 1H NMR spectra monitoring the dehalogenation of trans-3-chloroacrylate (4) catalyzed by 
wild-type MIF (A) and MIF mutant I64V/V106L (B) in 100 mM phosphate buffer at pH 6.5. Spectra 
were recorded after 7 days of incubation at 22°C. The signals at 6.15 and 6.96 ppm correspond to 
4, the signals at 2.10  and 9.53 ppm correspond to acetaldehyde, and the signals at 1.18 and 5.11 
ppm correspond to the hydrate of acetaldehyde. The signal at 2.58 ppm corresponds to DMSO. 

 
We then applied a multiple-site saturation strategy, in which position Ile-64 was 

randomized in combination with another active site position (or positions) (Figure 2). 
Four double-site saturation mutagenesis libraries (I64X/I67X, I64X/K32X, I64X/Y36X, 
I64X/W108X) and one triple-site saturation mutagenesis library (I64X/V106X/F113X) 
were constructed. Each double-site library was screened by evaluating about 2000 
transformants, while approximately 4000 transformants were evaluated for the triple-
site library. Whereas the mutants in the double-site libraries showed no improved 
dehalogenase activity, one mutant with strongly enhanced dehalogenase activity 
towards 4 was identified in the triple-site library. DNA sequencing revealed that this MIF 
mutant carries two mutations, namely I64V and V106L. 

The I64V/V106L mutant was overexpressed, purified to homogeneity, and incubated 
with 4 in 100 mM phosphate buffer at pH 6.5 and 22°C. The reaction was monitored by 
1H NMR spectroscopy. Integration of the signals indicates that ~42% of 4 has been 
converted to acetaldehyde and its hydrate after 7 days (Figure 1B). After we established 
that the mutant enzyme shows improved dehalogenase activity, kinetic parameters 
were determined. The I64V/V106L mutant catalyzes the dehalogenation of 4 with a kcat = 
6 × 10-3 s-1 and a Km of 18.2 mM, which results in a kcat/Km of 3.3 × 10-1 M-1 s-1. A 
comparison of this kcat value to that measured for wild-type MIF (Table 1), shows that 



 74 

the I64V/V106L mutant has a 200-fold improved dehalogenase activity towards 4. This 
MIF mutant catalyzes the tautomerization of 1 to 2 (the original activity) with a kcat = 14 
s-1, which is only 8-fold lower than the kcat value determined for the same reaction 
catalyzed by wild-type MIF (Table 1). 

 

 
 
Figure 2. A close-up of the active site of MIF.[15] For clarity, the atoms are colored as follows: red, 
oxygens; blue, nitrogens; green, carbons of Pro-1 of MIF; cyan, carbons of residues targeted in the 
saturation mutagenesis approach. 
 

The active site residues Pro-1 and Lys-32 are important for the native PPT activity of 
MIF. Pro-1 acts as the catalytic base, abstracting the hydroxyl proton of 1 for delivery to 
the C-3 position (yielding 2), and Lys-32 plays a role in substrate binding by interacting 
with the carboxylate group of 1.[5] To evaluate the importance of Pro-1 and Lys-32 for 
the promiscuous CaaD activity of mutant I64V/V106L, the corresponding alanine 
mutants were prepared. In separate reactions, the P1A/I64V/V106L and 
K32A/I64V/V106L mutants were incubated with 4 in 100 mM phosphate buffer at pH 6.5 
and at 22°C, and the two reactions were monitored by 1H NMR spectroscopy. The 
incubation with the P1A/I64V/V106L mutant showed no product formation after 7 days, 
while the incubation with the K32A/I64V/V106L mutant showed 35% conversion of 4 
into a mixture of acetaldehyde and its hydrate after 7 days. These results suggest that 
Pro-1 is critical for the CaaD activity of mutant I64V/V106L, whereas Lys-32 appears not 
to be important for the dehalogenase activity of this mutant. The importance of Pro-1 to 
the CaaD activity of MIF (I64V/V106L), indicates that dehalogenation, like 
tautomerization, is an active site process that involves Pro-1.[16] 

 



 75 

Table 1. Kinetic parameters for MIF and MIF mutant I64V/V106L using phenylenolpyruvate (1) and 
trans-3-chloroacrylic acid (4). 
 
Enzyme Substrate kcat (s-1) Km (mM) kcat/ Km (M-1 s-1) 

MIF WTa 1 114 ± 13 0.50 ± 0.12 2.3 × 105 

MIF WTb 4 3 × 10-5 5.8 ± 1.2 5 × 10-3 

I64V/V106L MIFa 1 14 ± 3 0.38 ± 0.13 3.6 × 104 

I64V/V106L MIFb,c 4 6 × 10-3 18.2 ± 4 3.3 × 10-1 

aThese steady-state kinetic parameters were measured in 20 mM Na2HPO4 buffer (pH 7.5) at 
22°C. bThese kinetic data were measured in 50 mM Tris-SO4 buffer (pH 6.5) at 22°C. c Substrate 
inhibition was observed at high concentrations of 4 (apparent Ki of ~64 mM). 

 
In summary, we have shown that mouse MIF has low-level CaaD activity, which can 

be improved 200-fold (in terms of kcat) by two mutations (I64V/V106L) in the substrate 
binding pocket of this cytokine. The active site Pro-1 residue of MIF is critical for this 
reaction because the P1A/I64V/V106L mutant has no detectable dehalogenase activity. 
Although the CaaD activity of the engineered MIF variant I64V/V106L is still low, the 
rates of dehalogenation are significant in comparison with the reported nonenzymatic 
rate of ~2.2 × 10-12 s-1 at 25 °C and pH 7.[17] Using this value for the uncatalyzed 
dehalogenation of 4 and the kcat value for the MIF (I64V/V106L)-catalyzed 
dehalogenation of 4 (Table 1), it can be estimated that this mutant cytokine affords an 
~109-fold rate enhancement. This rate enhancement (kcat/kuncat) matches the rate 
enhancements afforded by many conventional enzymes that act on their natural 
substrates.[17] Hence, these results show that the evolution of dehalogenase activity 
towards a xenobiotic organohalogen can be surprisingly facile, requiring only a few 
mutations in the active site of a cytokine.  

The dehalogenase activity of MIF is a fascinating example of a promiscuous activity 
that has been discovered by looking for a specific reaction based on a protein’s 
relatives. Indeed, promiscuous activities could provide important clues regarding the 
progenitor of a diverged (super)family member.[18] The shared dehalogenase and 
tautomerase activities of mouse MIF and bacterial enzymes of the tautomerase 
superfamily provide evidence for divergent evolution from a common ancestral 
enzyme, and strongly support the hypothesis that the enzymatic activities of MIF are 
vestigial in mammals.[11] Given that MIF was presumably recruited long ago to serve a 
non-enzymatic function, it is quite remarkable that it still exhibits promiscuous 
enzymatic activities typical of other superfamily members. Directed evolution 
experiments to further increase the CaaD activity of MIF are underway, with the aim to 
identify additional features necessary for converting this cytokine into a fully active 
dehalogenating enzyme. 
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Supplementary information. 
 
Supplementary Materials and Methods 
Materials. All chemicals were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO), 
unless stated otherwise. The sources of the biochemicals, buffers, solvents, 
components of Luria-Bertani (LB) media as well as the materials, enzymes, and reagents 
used in the molecular biology procedures are reported elsewhere.[1] 

General methods. Procedures for restriction enzyme digestions, ligation, 
transformation, and other standard molecular biology manipulations were performed 
as described elsewhere.[2] The PCR was carried out in a DNA thermal cycler (model GS-
1) obtained from Biolegio (Nijmegen, The Netherlands). DNA sequencing was 
performed by Macrogen (Seoul, Korea). Protein was analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on gels containing 10% 
polyacrylamide. The gels were stained with Coomassie brilliant blue. Protein 
concentrations were determined by the Waddell method.[3] Kinetic data were obtained 
on a V-650 spectrophotometer from Jasco (IJsselstein, The Netherlands). The kinetic 
data were fitted by nonlinear regression data analysis using the Grafit program 
(Erithacus, Software Ltd., Horley, U.K.) or Sigma Plot 11.0 (Systat Software Inc., Chicago, 
USA). 1H NMR spectra were recorded on a Varian Inova 500 (500 MHz) spectrometer 
using a pulse sequence for selective presaturation of the water signal. Chemical shifts 
for protons are reported in parts per million scale (δ scale) and are referenced to 
protium (H2O: δ = 4.67). The masses of  MIF and MIF mutants were determined by ESI-
MS using a Sciex API 3000 triple quadrupole mass spectrometer (AB Sciex, Concord, 
Ontario, Canada), housed in the Mass Spectrometry Facility Core in the Department of 
Pharmacy at the University of Groningen. 

Construction of site-saturation mutagenesis libraries of MIF. One single-site saturation 
mutagenesis library (I64X), four double-site saturation mutagenesis libraries (I64X/I67X, 
I64X/K32X, I64X/Y36X, I64X/W108X), and one triple-site saturation mutagenesis library 
(I64X/V106X/F113X) were generated by the overlap extension PCR method[4] using 
plasmid  pET20b (MIF-His)[1] as a template. For the construction of the I64X library, the 
following primers were used: MIF forward primer (5'-CAG CGA CAT ATG CCT ATG TTC 
ATC-3'; NdeI restriction site in bold), MIF-I64Rw (5'- CC GAT CTT GCC SNN GCT GTG CAG 
GCT-3'), MIF-I64Fw (5'-AGC CTG CAC AGC NNS GGC AAG ATC GGT GGT GCC-3'), and MIF 
reverse primer (5'-CTG ATG GAT CTC GAG AGC GAA GGT GGA ACC-3'; XhoI restriction 
site in bold). For the construction of the I64X/W108X library, the following primers were 
used: MIF forward primer, MIF-I64Rw, MIF-I64Fw, MIF-W108Rw (5'-CT GAT GGA TCC TCA 
AGC GAA GGT GGA ACC GTT SNN GCC CAC GTT GGC AGC GTT CAT-3'), and MIF reverse 
primer. For the construction of the I64X/I67X library, the following primers were used: 
MIF forward primer, MIF-I64/I67Rw (5'-GTT CTG GGC ACC ACC SNN CTT GCC SNN GCT 
GTG CAG GCT GCA GAG-3'), MIF-I64/I67Fw (5'-CTC TGC AGC CTG CAC AGC NNS GGC AAG 
NNS GGT GGT GCC CAG AAC-3'), and MIF reverse primer. For the construction of the 
I64X/K32X library, the following primers were used: MIF forward primer, MIF-K32Rw (5'-
GAT GTA CTG TGC GGG SNN GCC GGT GGC CTG CGC-3'), MIF-K32Fw (5'-GCG CAG GCC 
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ACC GGC NNS CCC GCA CAG TAC ATC-3'), MIF-I64Rw, MIF-I64Fw, and MIF reverse 
primer. For the construction of the I64X/Y36X library, the following primers were used: 
MIF forward primer, MIF-Y36Rw (5'-CAC GTG CAC TGC GAT SNN CTG TGC GGG CTT GCC-
3'), MIF-Y36Fw (5'-GGC AAG CCC GCA CAG NNS ATC GCA GTG CAC GTG-3'), MIF-I64Rw, 
MIF-I64Fw, and MIF reverse primer. For the construction of the I64X/V106X/F113X 
library, the following primers were used: MIF forward primer, MIF-I64Rw, MIF-I64Fw, 
MIF-V016/F113Rw (5'-CT GAT GGA TCC TCA AGC SNN GGT GGA ACC GTT CCA GCC SNN 
GTT GGC AGC GTT CAT-3'), and MIF reverse primer. 

The final full-length PCR products were gel purified. Subsequently, the PCR products 
and the pET20b(+) vector (Novagen) were digested with NdeI and XhoI restriction 
enzymes, purified, and ligated using T4 DNA ligase. An aliquot of each ligation mixture 
was transformed into competent E. coli DH10B cells. Transformants were selected at 
37°C on LB plates containing ampicillin (100 µg/ml). For each library, plasmid DNA was 
isolated from several colonies and analyzed for the presence of the insert by NdeI and 
XhoI digestion. The cloned genes were sequenced to verify that the desired codons had 
been mutated during the amplification of the genes. 

Construction of the P1A/I64V/V106L and K32A/I64V/V106L mutants. The P1A and K32A 
mutants of MIF-I64V/V106L were generated by the overlap extension PCR method[4] 
using plasmid pET20b(I64V/V106L-MIF-His) (this study) as the template. To introduce the 
P1A mutation, the following forward primer was used: 5'-CAG CGA CAT ATG GCT ATG 
TTC ATC GTG-3', with the NdeI site in bold, in combination with the MIF reverse primer. 
For the introduction of the K32A mutation, the following primers were used: MIF 
forward primer, reverse primer 5'-GAT GTA CTG TGC GGG AGC GCC GGT GGC CTG CGC-
3', forward primer 5'-GCG CAG GCC ACC GGC GCT CCC GCA CAG TAC ATC-3', and MIF 
reverse primer. The final PCR products were cloned in the expression vector pET20b(+) 
as described above. The mutant genes were completely sequenced (with overlapping 
reads) to verify that only the intended mutation had been introduced. 

Expression and purification of His-tagged MIF proteins. The MIF proteins, either wild-
type or mutant, were overexpressed in E. coli BL21(DE3) and purified to homogeneity as 
described before[1] with the following modification. All buffers were prepared without 
NaCl to minimize chloride contamination, which would interfere with the colorimetric 
assay that monitors chloride release.[5,6] The subunit mass of each purified MIF protein 
was determined by ESI-MS to verify the initiating methionine had been removed during 
posttranslational processing, resulting in a protein with an N-terminal proline. The 
purified proteins were stored at +4 °C or −80 °C until further use. 

Enzymatic Assays. The ketonization of phenylenolpyruvate (1) by MIF and the 
I64V/V106L mutant was monitored by following the depletion of 1 at 255 nm (ε = 6615 
M-1 cm-1) in 20 mM NaH2PO4 buffer at pH 6.5 and at 22°C as decribed before.[1] The 
dehalogenation activities of MIF and MIF mutants were measured by following the 
dechlorination of trans-3-chloroacrylate (4) at 22°C in 50 mM Tris-SO4 buffer (pH 6.5) 
using a colorimetric assay.[5,6] An appropriate amount of enzyme was incubated with 
the desired concentration of 4 in 3 mL of the Tris-SO4 buffer. Stock solutions of 4 were 
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made up in 50 mM Tris-SO4 buffer, and the pH was adjusted to 6.5. Chloride 
concentrations were measured colorimetrically at different time intervals. 

Screening mutant libraries for MIF variants with enhanced dehalogenase activity. To 
screen MIF mutants for dehalogenase activity, each mutant DNA library was 
transformed into E. coli BL21(DE3) cells, and transformants were selected on 
LB/ampicillin agar plates without NaCl. Single colonies were picked and transferred to a 
new (numbered) LB/ampicillin agar plate without NaCl, and incubated overnight at 
37°C. Subsequently, a small amount of cells from each colony was incubated in a 96-
wells microtiter plate with 100 µL of a mixture of 50 mM cis- (5) and trans-3-chloroacrylic 
acid (4) in Tris-SO4 buffer (pH 7.5). The plates were covered with a plastic sheet and 
incubated at 37°C for 48 hours. After the incubation period, 70 µL of 0.25 M NH4Fe(SO4)2 
in 6 M HNO3 followed by 30 µL of saturated Hg(SCN)2 in ethanol were added. A red 
colour indicated the presence of dehalogenase activity. By comparing the intensity of 
the red colour between cells expressing MIF mutants and those expressing wild-type 
MIF (E. coli BL21-DE3 harboring pET20b-MIF), one MIF mutant with strongly enhanced 
dehalogenase activity could be identified. Control experiments with purified mutant 
enzyme showed that this MIF variant only dehalogenates 4 but displays no activity 
towards 5. 

1H NMR spectroscopic analysis of the dehalogenation reaction. A series of 1H NMR 
spectra monitoring the dehalogenation of trans-3-chloroacrylic acid (4) or cis-3-
chloroacrylic acid (5) catalyzed by wildtype MIF or MIF mutants were recorded according 
to protocols described elsewhere.[6] 
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Abstract 
The vast majority of characterized oxygenases use bound cofactors to activate 
molecular oxygen to carry out oxidation chemistry. Here, we show that an enzyme of 
unknown activity, RhCC from Rhodococcus jostii RHA1, functions as an oxygenase using 
4-hydroxyphenylenolpyruvate as substrate. This unique and complex reaction yields  
3-hydroxy-3-(4-hydroxyphenyl)pyruvate, 4-hydroxybenzaldehyde, and oxalic acid as 
major products. Incubations with H2

18O, 18O2, and substrate analogues, suggest that this 
enzymatic oxygenation reaction likely involves a peroxide anion intermediate. Sequence 
similarity and the crystal structure of RhCC (solved at 1.78 Å resolution) reveal that this 
enzyme belongs to the tautomerase superfamily. Members of this superfamily typically 
catalyze tautomerization, dehalogenation or decarboxylation rather than oxygenation 
reactions. The structure shows the absence of cofactors, establishing RhCC as a rare 
example of a redox metal- and coenzyme-free oxygenase. This sets the stage to study 
the mechanistic details of cofactor-independent oxygen activation in the unusual 
context of the tautomerase superfamily. 
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Introduction  
The oxygen-rich environment of the earth’s biosphere has provided nature with the 
opportunity to evolve a vast number of enzymes that have the ability to utilize the 
strong oxidizing power of molecular oxygen (dioxygen, O2).1,2 These enzymes possess 
the capacity to activate molecular oxygen in order to oxidize organic substrates. In 
order to achieve this, oxidases and oxygenases are dependent on redox cofactors such 
as flavin, pterin, or coordinated transition metals such as Fe2+ or Cu+.3 In recent years, 
however, a few O2-utilizing enzymes have been discovered that stand apart from 
classical oxidases and oxygenases as they possess the remarkable ability to activate 
molecular oxygen without any cofactor, a highly unusual property which has evoked 
great scientific interest.4 

Seemingly contradictory, cofactor-independent oxidases and oxygenases manage to 
catalyze a direct reaction between molecular oxygen and an organic substrate, which is 
both thermodynamically unfavorable as well as chemically forbidden.2,3,4 The reason for 
this is that molecular oxygen in its ground state exists as a triplet-biradical, meaning 
that its electronic structure has two unpaired electrons in its highest occupied 
molecular orbitals.3,4,5 This results in a total spin quantum number S=1 (triplet-state), 
whereas the electronic structure of organic substrates is fully composed of paired 
electrons and hence have a spin-number S=0 (singlet-state).3,4,5 The direct reaction of a 
triplet-state molecule with a molecule in the singlet-state is so-called ‘spin-forbidden’ as 
it violates the Wigner-rule of spin conservation.6 Therefore, standard two-electron 
reaction mechanisms that are generally valid for reactions involving singlet-state 
molecules do not apply to molecular oxygen. Cofactors can overcome this barrier by 
providing spin-allowed reaction mechanisms.3,5 Activated oxygen species are generated 
of which the reaction with organic substrates is thermodynamically favorable, thus 
providing the driving force for these reactions. 

Cofactor-independent oxidases and oxygenases must therefore rely on some back-
door mechanism in order to gain access to the oxidizing power of molecular oxygen. 
Evidence for common mechanistic features is slowly emerging and involves base-
catalyzed formation of a substrate anion and a phenomenon termed ‘substrate-assisted 
catalysis’.7,8,9,10 The anionic form of the substrate is able to reduce molecular oxygen via 
single-electron transfer, by which molecular oxygen is converted into its superoxide 
anion (O2

-•) form. The one-electron oxidized substrate anion now resides in the form of 
a radical cation, where the stabilization of the remaining unpaired electron by the 
electronic structure of the substrate itself is a determining feature. Although the few 
cofactor-independent oxidases and oxygenases that have been identified to date seem 
to share mechanistic features, they appear not to be related in sequence or structure as 
they belong to distinct enzyme (super)families.4 The identification of novel cofactor-
independent oxidases or oxygenases from different protein superfamilies, and 
characterization of the structural and mechanistic features that underlie catalysis, 
would provide valuable insights into the mechanistic requirements for cofactor-
independent activation of molecular oxygen. 
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In this work, we report that an enzyme of unknown activity, RhCC from Rhodococcus 
jostii RHA1, functions as a unique cofactor-independent oxygenase utilizing  
4-hydroxyphenylenolpyruvate as substrate. This complex enzymatic reaction likely 
involves a peroxide anion intermediate and yields 3-hydroxy-3-(4-hydroxyphenyl)-
pyruvate, 4-hydroxybenzaldehyde, and oxalic acid as major products. Sequence and 
structure comparisons demonstrate that this enzyme belongs to the tautomerase 
superfamily, the members of which are characterized by a structural β-α-β-fold and a 
catalytic amino-terminal proline.11,12,13 RhCC is the first identified oxygenase within this 
superfamily, providing a framework to investigate cofactor-independent oxygenation 
within a structural fold generally employed to catalyze tautomerization, dehalogenation 
or decarboxylation reactions. 

 
Results 
Purification of RhCC. By sequence similarity, the hypothetical protein YP_702633.1 
(referred to as RhCC) of Rhodococcus jostii RHA1 most resembles the members of the 
cis-3-chloroacrylic acid dehalogenase (cis-CaaD) family within the tautomerase 
superfamily.14,15,16 Despite this relationship to enzymes with known activity, the 
substrate preference of RhCC is anything but clear. To determine its structure and 
function, RhCC was produced as a C-terminal His6-tagged protein in E. coli BL21(DE3) 
and purified to near homogeneity using a Ni-based immobilized metal affinity 
chromatography procedure (Supplementary Results, Supplementary Fig. 1). Analysis of 
RhCC by electrospray ionization-mass spectrometry (ESI-MS) showed one major protein 
species with a mass of 18489 ± 1 Da. A comparison of this value to the calculated 
subunit mass (18620 Da) indicates that the translation initiating methionine is removed 
during posttranslational processing, which results in a mature protein of 145 amino 
acids with an N-terminal proline. The native molecular mass of RhCC was estimated by 
dynamic light scattering to be ~53 kDa, which suggests that the native protein exists as 
a homotrimer in solution.  

Overall structure of native RhCC. To enhance our understanding of the relationship 
between RhCC and members of the cis-CaaD family within the tautomerase 
superfamily, we have determined the crystal structure of native RhCC. The RhCC 
structure was solved at 1.78 Å resolution by molecular replacement methods and 
refined to R and Rfree values of 15.2% and 18.7%, respectively. The asymmetric unit in 
the crystal contains one homotrimer and has a solvent content of 47%. The overall fold 
of the individual subunits of the trimer, and their mode of association, are very similar 
to those observed in the structures of cis-CaaD and Cg10062 (a cis-CaaD homologue 
from Corynebacterium glutamicum, PDB entry 3N4D), despite the low sequence identity 
between RhCC and these two proteins of 14-16% (Figs. 1 and 2, Supplementary Fig. 
2).17,18 Residues 1-123 form the core of the individual RhCC subunits, containing the two 
β–α–β structural motifs which are characteristic of the tautomerase superfamily fold.13 

Strands β1, β2, β5 and β6 of the two β–α–β structural motifs associate into a four-
stranded β-sheet within each RhCC subunit. The three additional β-strands (β3, β4 and  
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Figure 1. Overall structure of RhCC and its comparison with cis-CaaD. (a) Ribbon 
representation (green) of a single RhCC subunit. Pro-1 is drawn as sticks (yellow), the Mg2+ ion is 
colored violet. Secondary structure elements are labeled. (b) Ribbon representation (blue) of a 
single cis-CaaD subunit (PDB entry 2FLZ). (c) Stereo view of the RhCC trimer in ribbon 
representation, with the three subunits drawn in different colors. The Pro-1 residues are drawn as 
sticks (yellow), while the Mg2+ ion (violet sphere) at the centre of the trimer is shown together with 
its coordinating ligands: three Asp-106 residues (sticks, different colors) and three water molecules 
(red spheres). Also shown is the difference electron density (grey mesh, Fo-Fc) of the unidentified 
ligand bound at the three putative active sites. 
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Figure 2. Structure-based multiple sequence alignment of RhCC, 3C6V, cis-CaaD and Cg10062. 
The alignment has been produced using the programs T-coffee and JalView.19,20 Residues belonging 
to the common structural core of the proteins are shown in capital fonts. The secondary structure 
topology is derived from the RhCC structure. Red and black asterisks anotate residues surrounding 
the unidentified, bound ligand at the putative active site of RhCC, and the active site residues of cis-
CaaD, respectively (see also Figure 3). The metal-coordinating residue of RhCC (Asp-106) is labeled 
with a red “M”. 
 
β7) are important for subunit-subunit interactions, by complementing the central β-
sheets of neighboring subunits in the RhCC trimer. Residues 124-142 form a short α-
helical extension at the C-terminus of each RhCC subunit, which is also present in the 
cis-CaaD and Cg10062 structures, but with more structural divergence as compared to 
the N-terminal cores of these proteins. Cα-backbone superpositions of the RhCC trimer 
with its structural homologs resulted in a root-mean-square deviation (rmsd) of 2.5 Å 
with cis-CaaD (PDB entry 2FLZ, 334 equivalent Cα-atoms) and 2.4 Å with Cg10062 (PDB 
entry 3N4D, 334 equivalent Cα-atoms). Significantly higher structural similarity was 
observed between RhCC and the structure of a putative tautomerase from the 
thermophilic fungus Aspergillus fumigatus (PDB code 3C6V), which share a sequence 
identity of 40% (Fig. 2) and an rmsd in Cα-backbone conformation of 1.4 Å (for 398 
equivalent Cα atoms within the trimers). The implications of this structural similarity for 
the function of RhCC are unknown due to lack of functional data for the A. fumigatus 
protein. 

Metal binding site. Unlike the structures of cis-CaaD, Cg10062 and the A. fumigatus 
protein, the RhCC crystal structure reveals the presence of a metal binding site on the 
surface of the trimer. The metal binding site is positioned at the non-crystallographic 3-
fold symmetry axis, near the C-terminal ends of the three trimer-related β6 strands, 
with residue Asp106 from each subunit acting as metal-coordinating ligand 
(Supplementary Fig. 3a). Three carboxylate oxygen atoms of the trimer-related 
aspartate residues and three water molecules coordinate the metal ion in an octahedral 
geometry. The high resolution X-ray data allowed an accurate determination of oxygen-
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metal bond distances of 2.1-2.2 Å, which, together with the observed coordination 
geometry, is consistent with the presence of either Mg2+, Zn2+ or Mn2+. Additional 
analysis of B-factors and anomalous electron density maps, complemented by 
validation with the CheckMyMetal web server, clearly indicates that the bound metal ion 
is Mg2+.21 The distance between the metal ion and the N-terminal proline residues is  
15 Å. 

Putative active site. Based on the structural similarities with cis-CaaD and Cg10062, 
we expect the RhCC trimer to contain three active sites, defined by the locations of the 
N-terminal proline residues (Fig. 1 and Supplementary Fig. 2). This is supported by the 
observation of extra electron densities near the three N-terminal proline residues, 
indicating the presence of a bound ligand (Figs. 1c and 3). Unfortunately, the features of 
the electron densities are insufficiently detailed to allow identification of the bound 
ligand. Residues surrounding the unidentified ligand in each RhCC subunit are Pro-1; 
Tyr-28, Tyr-31, Val-32 and Leu-34 (α2 helix); His-68 (β5 strand); Arg-71 and Met-73 (β5-α2 
loop); Val-78 and Met-82 (α2 helix). Although the location of the putative active site in a 
RhCC subunit coincides well with that observed in the cis-CaaD and Cg10062 subunits, 
the surrounding residues are very different. In cis-CaaD and Cg10062, five conserved 
active site residues, in addition to the N-terminal proline, were shown to be critical for 
the hydrolytic dehalogenation reaction catalyzed by these enzymes (in cis-CaaD these 
residues are His-28, Arg-70, Arg-73, Tyr-103’ and Glu-114, with the apostrophe signifying 
that the residue comes from a neighboring subunit). None of these five residues are 
conserved in RhCC (Fig. 2). In addition, the conformation of the β5-α2 loop, which is a 
critical component of the active sites in cis-CaaD and Cg10062, is significantly different 
in RhCC, due to the insertion of two extra residues. In cis-CaaD and Cg10062, the β5-α2 
loop contains the two catalytically important arginine residues, Arg-70 and Arg-73. In 
RhCC, the single arginine residue present in the β5-α2 loop, Arg-71, takes up a position 
that is somewhat in between those of Arg-70 and Arg-73 in the cis-CaaD structure. 
However, the side chain of Arg-71 in RhCC points away from the putative active site and 
towards the C-terminal helix, where it is stabilized by a salt bridge interaction with Glu-
128 (Fig. 3). Overall, the putative active site in RhCC seems more hydrophobic than the 
active sites in cis-CaaD and Cg10062. Also the direct environment of the N-terminal 
proline in RhCC is more hydrophobic than in cis-CaaD and Cg10062, with Ile-69 and Trp-
113 in RhCC occupying similar 3D positions as Tyr-103’ and Glu-114 in cis-CaaD and 
Cg10062. The prolyl nitrogen atom of Pro-1 in RhCC forms two hydrogen bond 
interactions with surrounding residues: one direct hydrogen bond with the main chain 
carbonyl oxygen of Tyr-38 and a water-bridged hydrogen bond with the main chain 
amide nitrogen atom of Ile-69. 

Unusual enzyme activity. Having established that RhCC belongs to the tautomerase 
superfamily, the enzyme was assayed for activity towards several available substrates 
of previously characterized members of this superfamily. Unlike its structural homologs 
cis-CaaD and Cg10062, RhCC does not catalyze the hydrolytic dehalogenation of cis-3-
chloroacrylic acid (or the corresponding trans-isomer), consistent with the lack of 
conservation of key catalytic residues of cis-CaaD and Cg10062 in RhCC (Figs. 2 and 3). 
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Figure 3. Stereo view of the putative active site region of RhCC and its comparison with the 
active site of inactivated cis-CaaD. The putative active site region of RhCC is shown as ball-and-
sticks with yellow carbons, whereas the active site of inactivated cis-CaaD (PDB entry 2FLT) is 
shown as ball-and-sticks with white carbons. The covalently bound (R)-2-hydroxypropanoate 
adduct on Pro-1 of cis-CaaD, which results from the inactivation of the enzyme by oxirane-2-
carboxylate, is shown. Also shown, as a grey mesh, is the difference electron density (Fo-Fc) for the 
unidentified bound ligand in RhCC (1.78 Å resolution, contoured at 2.5 σ). Oxygen and nitrogen 
atoms are colored red and blue, respectively. Residues of RhCC are indicated with black, 
underlined labels, residues of cis-CaaD with grey labels. The apostrophe in Y103’ signifies that this 
residue belongs to a neighboring subunit. 
 
However, during the course of activity screening, RhCC was found to accept 4-
hydroxyphenylenolpyruvate (4HPP) as a substrate. 4HPP is a known substrate of the 
well-characterized tautomerase superfamily member macrophage migration inhibitory 
factor (MIF), also known as phenylpyruvate tautomerase. MIF catalyzes the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
enol-keto tautomerization of 4HPP, utilizing its amino-terminal proline (Pro-1) as the 
catalytic base (Supplementary Fig. 4).22 
 To probe the nature of the reaction catalyzed by RhCC, the enzyme was incubated 
with 4HPP and the conversion was monitored by UV-VIS spectroscopy (Fig. 4). The 
spectra indicate that 4HPP (λmax = 290 nm) is rapidly consumed by RhCC during the 
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course of the reaction (Fig. 4a,b). However, to our surprise, the RhCC-catalyzed 
conversion of 4HPP did not result in formation of the keto-form of 4HPP, but resulted in 
the formation of a mixture of products with a characteristic UV-VIS spectrum, which is 
clearly different from that of the keto-form of 4HPP (Fig. 4c). Control experiments 
indicated that the keto-form of 4HPP, which was prepared by spontaneous non-
enzymatic ketonization of 4HPP, is not accepted as a substrate by RhCC. Hence, 
although RhCC has the catalytic capacity to convert 4HPP, it does not function as an 
enol-keto tautomerase. 

By monitoring the depletion of 4HPP by UV-VIS spectroscopy we were able to gain 
insight into the kinetics of the reaction catalyzed by RhCC. The enzyme was found to be 
inactive below pH 6.0 whereas at higher pH values the activity of the enzyme increases. 
The catalytic efficiency (in terms of apparent kcat/Km) was estimated to be  
2.5 × 103 M-1 s-1 at pH 7.3 and 4.7 × 104 M-1 s-1 at pH 8.3. The enzyme showed inhibition 
at increasing substrate concentrations, but the exact type of inhibition could not be 
established: hence, the individual values of kcat and Km could not be determined. The 
highest observed reaction rates were 1.4 s-1 and 6.6 s-1 at pH 7.3 and pH 8.3, 
respectively (Supplementary Figs. 5a,b). 

Identification of the products of the RhCC-catalyzed conversion of 4HPP. To identify the 
products of the RhCC-catalyzed conversion of 4HPP, we performed the reaction at semi-
preparative scale and under constant flow of molecular oxygen. After the reaction was 
completed, as indicated by UV-VIS spectroscopic analysis, a sample was taken from the 
reaction mixture and analyzed by 1H NMR spectroscopy. The spectrum indicated the 
formation of a rather complex mixture of products (Supplementary Fig. 6). The 
substrate 4HPP was completely consumed as its characteristic signals at 7.68, 6.94, and 
6.36 ppm (D2O) could not be observed. The keto form of 4HPP was present in the 
reaction mixture (7.16, 6.91, and 4.03 ppm). However, its presence is not caused by the 
action of RhCC but by non-enzymatic ketonization of 4HPP as verified by control 
experiments (Fig. 4b,d). 

To identify the products that give rise to the major peaks observed in the 1H NMR 
spectrum, a reverse phase HPLC method was set up with the aim to separate and 
isolate the various reaction products for full characterization by NMR and mass 
spectroscopy (Supplementary Fig. 7). The eluents in the HPLC-method were chosen 
such that they are compatible with high-resolution LC-MS and MS/MS analysis. This 
enabled us to determine the exact mass and elemental composition of the major 
products while product ion scans at high resolution provide additional insight into the 
molecular structures. The exact mass data related to the most prominent peaks in the 
HPLC chromatogram and the NMR data of lyophilized fractions, corresponding to those 
peaks, allowed us to identify 3-hydroxy-3-(4-hydroxyphenyl)-pyruvate (1) and 4-
hydroxybenzaldehyde (2) as two major products of the RhCC-catalyzed conversion of 
4HPP (see Supplementary Results). Products 1 and 2 eluted at 4.3 and 31.5 min, 
respectively, and 1H NMR data obtained from these fractions, after lyophilization, 
exactly match with the most intensive signals in the 1H NMR spectrum recorded from 
the crude reaction mixture (Supplementary Fig. 6). 
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Figure 4. UV-VIS spectroscopic analysis of the unusual enzymatic activity of RhCC. (a) UV-VIS 
spectra monitoring the RhCC-catalyzed conversion of 4HPP (100 µM) in aerated 10 mM Na2HPO4 
buffer (pH 7.3). Spectra were recorded every two minutes. These spectra clearly indicate that the 
enol-form of 4HPP (λmax = 290 nm) is rapidly consumed during the course of the reaction, resulting 
in a product mixture with a characteristic UV-VIS spectrum (λmax = 257 nm). (b) UV-VIS spectra 
monitoring the spontaneous non-enzymatic ketonization of 4HPP (100 µM) in aerated 10 mM 
Na2HPO4 buffer (pH 7.3). Spectra were recorded every two minutes. (c). A comparison of the UV-VIS 
spectrum of the keto-form of 4HPP (in red) and that of the reaction mixture after completion of the 
reaction of RhCC with 4HPP (in blue). The keto-form of 4HPP was obtained by spontaneous non-
enzymatic ketonization of 4HPP (200 µM) in 10 mM Na2HPO4 buffer, pH 7.3 (120 min reaction time). 
The reaction mixture of the RhCC-catalyzed conversion of 4HPP was obtained by the addition of 
4HPP (200 µM) to 10 mM Na2HPO4 buffer, pH 7.3, supplemented with RhCC (2 µM). The spectrum 
was recorded after 10 min reaction time. (d) UV-VIS spectra monitoring the RhCC-catalyzed 
conversion of 4HPP (100 µM) under anaerobic conditions in 10 mM Na2HPO4 buffer (pH 7.3) in the 
presence of 15 mM glucose and 25 µg/mL glucose oxidase. Spectra were recorded every two 
minutes. 
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The products responsible for peaks A and B in the HPLC chromatogram of the crude 
reaction mixture (Supplementary Fig. 7) could not be identified. The lyophilized fraction 
corresponding to peak A did not provide coherent spectroscopic data indicating that the 
product responsible for peak A is unstable. The 1H NMR spectrum of the lyophilized 
fraction corresponding to peak B showed signals at ~6.6, ~6.8 and 6.95 ppm, which 
match with minor absorptions in the 1H NMR spectrum of the crude reaction mixture 
(Supplementary Fig. 6). We decided not to pursue identification of the products 
responsible for peaks A and B any further since progress curves, that were generated 
for all major products that are visible in the HPLC chromatogram (Supplementary Fig. 
8b-e), show an initial lag phase for the formation of the products corresponding to 
peaks A and B indicating they are not initial reaction products. In contrast, the progress 
curves of products 1 and 2 do not show an initial lag phase, which suggests that both 1 
and 2 are initial products formed during the reaction or both originate from a relatively 
quickly formed unstable intermediate, which undergoes rapid decay. Accordingly, the 
progress curve of substrate 4HPP shows initial linear decrease over time 
(Supplementary Fig. 8a). 

Importantly, the identity of 2 implied the presence of yet another product based on 
a two-carbon unit, originating from the C1 and C2 atoms of 4HPP, which are evidently 
missing in product 2. Indeed, high-resolution LC-MS data revealed the presence of 
oxalic acid (3) in the reaction mixture, the identity of which could be confirmed by 
analytical high-resolution LC-MS using two different LC protocols and oxalic acid as an 
authentic standard  (Supplementary Table 1). The ability to detect 3 by high-resolution 
LC-MS allowed us to generate a progress curve for this product (Supplementary Fig. 8f), 
which, consistent with that for product 2, shows no initial lag phase. 

The identification of 1, 2 and 3 as the major products of the RhCC-catalyzed 
conversion of 4HPP indicates that this enzyme catalyzes the incorporation of at least 
one atom of oxygen into substrate 4HPP, the C-C double bond of which is fully cleaved 
during the formation of 2 and 3. This immediately raises questions about the source of 
the oxygen introduced into the substrate and the type of reaction that is catalyzed by 
RhCC. 

RhCC is an oxygenase. As the conversion of 4HPP by RhCC is performed in aerated 
buffer, either water or molecular oxygen (O2) is the source of incorporated oxygen in 
products 1-3. To elucidate the origin of the incorporated oxygen, reactions of RhCC with 
4HPP were performed in the presence of H2

18O or 18O2, using an experimental setup 
that was built in house (Supplementary Fig. 9), and the resulting product mixtures were 
analyzed by high-resolution LC-MS and MS/MS. High-resolution MS spectral analysis 
showed that the incorporated oxygen atom in product 1 originates exclusively from 
molecular oxygen (Table 1). Additionally, product ion spectra allowed us to identify the 
C3-carbon atom of 1 as the site of oxygenation (Supplementary Table 2), thus providing 
insight into the nature of the reaction catalyzed by RhCC. Interestingly, product 3 shows 
oxygen incorporation both from water and molecular oxygen, while product 2 shows no 
18O-isotope labeling under any of the tested conditions (Table 1, Supplementary Table 
3). 
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To further establish that RhCC catalyzes an O2-dependent reaction with 4HPP, the 
reaction was performed under anaerobic conditions. Reactions were performed in 
airtight cuvettes and oxygen was removed from the buffer by first flushing with 
nitrogen gas and the subsequent addition of glucose and glucose oxidase prior to 
reaction initiation. Reaction progress was monitored by UV-VIS spectroscopy (Fig. 4d). 
The results clearly show that the unusual catalytic activity of RhCC is dependent on 
molecular oxygen, with no product formation (λmax = 257 nm) or rapid loss of substrate 
detected under anaerobic conditions. Notably, in the absence of molecular oxygen (like 
in its presence), RhCC does also not catalyze the ketonization of 4HPP, since the rate of 
consumption of 4HPP is the same as that observed for the non-enzymatic ketonization 
of 4HPP (Fig. 4b,d). Separate control experiments have shown that glucose or glucose 
oxidase do not affect the substrate itself or the activity of RhCC. 

 
Table 1. 18O-incorporation in products 1-3 as determined by high-resolution LC-MS and MS/MS 
analysis of reaction mixtures obtained from RhCC-catalyzed conversion of 4HPP in aerated buffer 
supplemented with H2

18O or buffer equilibrated with 18O2. 
 

Product H2
18O a 18O2 

b
  

 
3-hydroxy-3- 

(4-hydroxyphenyl)-pyruvate 
(1) HO

O

O-

O

OH

 HO

O
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O

18OH

 

4-hydroxybenzaldehyde 
(2) 

O

H

HO  

O

H

HO  

Oxalic acid c 
(3) 

O

O

HO
O-

16/18  O

O

HO
O-

16/18  
a The reaction was performed in 10 mM Na2HPO4 buffer, pH 7.3, containing 50% (v/v) H2

18O. b The 
reaction was performed in 10 mM Na2HPO4 buffer, pH 7.3, which was degassed and subsequently 
placed under 18O2 at atmospheric pressure in a closed reaction system, allowing the buffer to 
equilibrate with 18O2 prior to reaction initiation and to be kept under an 18O2 atmosphere during the 
course of the reaction. c Control experiments (see Supplementary Results) have shown that under 
the stated reaction conditions no 18O is incorporated in oxalic acid by spontaneous exchange of its 
carboxylate-oxygens with H2

18O.  
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Mutagenesis of the metal binding site. In order to investigate the importance of the 
bound Mg2+ ion for the oxygenase activity of RhCC, a single site-directed mutant was 
constructed in which the metal-coordinating residue Asp-106 (Supplementary Fig. 3a) 
was replaced by an alanine. This mutation is expected to remove the metal binding site, 
leading to the loss of the Mg2+ ion. It was found that the oxygenase activity of the 
purified D106A mutant (apparent kcat/Km  = 2.4 × 103 M-1 s-1 at pH 7.3) was similar to that 
of wild-type RhCC, indicating that the mutation had no significant effect on catalytic 
efficiency. Analysis of the purified D106A mutant by dynamic light scattering revealed 
that the mutant protein, like wild-type RhCC, exists as a homotrimer in solution. The 
structural consequences of the D106A mutation were examined by determining the 
crystal structure of the mutant enzyme to a resolution of 1.55 Å. The crystallographic R-
factor for the final model is 16% (Rfree = 17.4%). A comparison of the D106A structure 
with that of wild-type RhCC reveals only local and minor effects resulting from the 
mutation, leaving the overall architecture otherwise unchanged (Supplementary Fig. 3c). 
The α-carbon backbones of the wild-type and D106A mutant enzyme superimpose with 
an rmsd of 0.34 Å. An additional short α-helix of about ten residues is visible at the C-
termini of the D106A trimer, as a result of better defined electron density. The only 
other difference between the two structures is the loss of the metal binding site on the 
surface of the D106A trimer (Supplementary Fig. 3a,b). As the D106A mutant exhibits 
full oxygenase activity but has no metal ion bound, we conclude that the oxygenase 
activity of RhCC is metal-independent. 
 
Discussion 
The radical-initiated non-enzymatic autoxidation of 4HPP has been studied in detail by 
Jefford et al., which has led to the identification of several reaction products including 2 
and 3.23 The authors proposed that these are formed by the decomposition of  
3-hydroperoxy-3-(4-hydroxyphenyl)pyruvate (4 in Fig. 5) as the initial product of 4HPP 
autoxidation, the inherent instability of which prohibited its isolation. These findings 
may suggest that the formation of 2 and 3 during the RhCC-catalyzed conversion of 
4HPP could also be the result of a decomposition reaction of initially formed 
hydroperoxide 4. However, the various mechanisms proposed by Jefford et al. for the 
formation of 2 and 3 are inconsistent with the results obtained from our 18O-labelling 
experiments performed with RhCC, since these mechanisms would exclusively result in 
18O-labeled 2 in the presence of 18O2, which is the opposite of our findings with RhCC. 
This clearly demonstrates that 2 and 3 are formed by a different mechanism in the 
RhCC-catalyzed conversion of 4HPP compared to those proposed for the non-enzymatic 
autoxidation of 4HPP. We therefore suggest an alternative mechanism, starting with 
presumed intermediate 4 or its deprotonated peroxyanionic analog, which could 
explain the formation of the enzymatic products 2 and 3 (Fig. 5). 

A key feature that sheds light on the mechanism of the formation of 2 is the 
observation that its carbonyl-oxygen does not originate from water or molecular 
oxygen. Hence, it can only originate from the substrate 4HPP itself, which is indicative of 
a rearrangement step in the mechanism leading to the formation of 2. The formation of 
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3 involves both water and molecular oxygen. In the first step of the proposed 
mechanism (Fig. 5), intramolecular attack of the peroxyanion on the carbonyl function 
of 4 leads to the formation of 4-(4-hydroxyphenyl)-3-oxido-1,2-dioxetane-3-carboxylate 
(6). Secondly, the oxyanion of dioxetane 6 may attack the C1-carbon of the dioxetane-
ring, resulting in the formation of 2-dioxidanide-3-(4-hydroxyphenyl)oxirane-2-
carboxylate (7), by which the peroxide function of 4 has migrated from the C3- to the 
C2-position. Subsequently, hydrolysis of the epoxide and protonation of dioxidanide 7 
results in the formation of 2-hydroperoxy-2-hydroxy-3-(4-hydroxyphenyl)-3-
oxidopropanoate (8). Finally, the shift of one of the electron pairs of the 3-oxido 
function of 8 results in carbon-carbon bond cleavage and the concomitant expulsion of 
a hydroxyl-ion (or water) from the 2-hydroperoxygroup, leading to the formation of 2 
and 3.  

 

 
 
Figure 5. Oxidative substrate cleavage catalyzed by RhCC. A proposed mechanism for the 
formation of 2 and 3, based on hydroperoxide 4 as the presumed initial enzymatic oxygenation 
product formed. 
 

Our results support the notion that product 1 is likely formed by a different 
mechanism as products 2 and 3. We propose that product 1 may be formed as a result 
of the reaction between 4 and 4HPP (Supplementary Fig. 10). There is precedent in 
literature for reactions between organic hydroperoxides and alkenes, resulting in the 
formation of epoxides and alcohols.24 Accordingly, 4 may react with 4HPP resulting in 
the formation of 1 and 2-hydroxy-3-(4-hydroxyphenyl)oxirane-2-carboxylate (5). Due to 
the hydroxyl-substituent on the epoxide-ring, 5 is likely to rapidly isomerize resulting in 
the formation of a second molecule of 1. This mechanism is in agreement with the 
observation that the formation of 1 does not involve water and in the presence of 18O2 
exclusively results in an 18O-labeled C3-hydroxygroup. 
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Enzymes that catalyze reactions between organic substrates and molecular oxygen 
generally are dependent on cofactors such as flavin, pterin or a coordinated transition 
metal cation.3 However, our crystallographic studies show that RhCC is devoid of any 
cofactor. The metal ion that is present in RhCC was identified as Mg2+, which, as a 
redox-inactive metal ion, cannot facilitate the reaction between 4HPP and molecular 
oxygen.25,26 Furthermore, the distance between the Mg2+ ion and Pro-1 in the presumed 
active site is over 14 Å, which would preclude a direct involvement of Mg2+ in catalysis. 
Finally, removal of the Mg2+ ion upon mutagenesis of its binding site has no significant 
effect on the oxygenase activity of RhCC. The combination of these observations lead us 
to identify RhCC as a rare example of a cofactor-independent oxygenase. 

In recent years, a few enzymes have been identified as cofactor-independent 
oxygenases.4 The catalytic mechanisms of these enzymes seem to have two features in 
common, being general base-catalyzed abstraction of a proton from the substrate, 
thereby creating a substrate anion, in combination with substrate-assisted catalysis.4,7,27 
Along the reaction pathway, the substrate anion is converted into a radical by single-
electron transfer to dioxygen creating a caged “substrate radical – superoxide anion” 
pair. The ability of the substrate to stabilize the remaining unpaired electron is a 
determining feature. In effect, the substrate, being able to generate a stable radical, 
facilitates the activation of molecular oxygen and acts as a cofactor in the reaction. Via 
this mechanism, the substrate is initially converted into an organic hydroperoxide, 
which by subsequent reactions leads to the formation of the final product or products. 

These common mechanistic features of cofactor-independent oxygenases can be 
applied to the RhCC-catalyzed conversion of 4HPP to explain the formation of the 
presumed hydroperoxide intermediate 4 (Fig. 6a). We propose that the reaction is 
initiated by proton abstraction from the 2-hydroxy group of 4HPP, mediated by an 
active site general base residue. This results in the formation of a carbanion at the  
C3-carbon of the substrate, which may be resonance-stabilized by the 4-hydroxyphenyl 
group. Subsequently, the transfer of a single electron from the carbanion to an 
appropriately positioned dioxygen molecule results in the formation of a triplet-state 
caged-radical pair, consisting of a superoxide anion and a resonance-stabilized radical 
cation of 4HPP (Fig. 6a,b). Finally, spin-inversion of one of the unpaired electrons of the 
superoxide anion in the caged-radical pair yields a singlet-state, which allows C-O bond 
formation between 4HPP and molecular oxygen to take place, yielding hydroperoxide 4 
as the initial product. 

Further support for this mechanism comes from activity assays with the substrate 
analogues (E)-2-fluoro-p-hydroxycinnamic acid (9) and phenylenolpyruvate (10) 
(Supplementary Fig. 11). The fluorine substituent in place of the 2-hydroxy group of 
4HPP makes 9 an interesting probe to investigate whether deprotonation of the  
2-hydroxy group leading to the formation of a substrate anion is required to initiate the 
reaction. While the 2-hydroxy group of 10 could be deprotonated, the lack of a  
p-hydroxy substituent on the ring makes this compound less suitable for stabilizing the 
negative charge developing at the C3-carbon atom or for stabilizing a radical cation that 
would subsequently be formed upon single-electron transfer to dioxygen. Hence, 10 
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appears to be an interesting probe to investigate the requirement of a feature termed 
“substrate-assisted catalysis” in the reaction mechanism. As anticipated, RhCC was 
found not to accept 9 and 10 as substrates, fully consistent with the proposed 
mechanism shown in Fig. 6a. 

 
A 

 
B 

 
Figure 6. Oxygenation of substrate 4HPP catalyzed by RhCC. (a) A proposed mechanism for the 
RhCC-catalyzed oxygenation of 4HPP to yield hydroperoxide 4. (b) Diagram showing the spin-states 
of the valence electrons that initially form the lone electron pair at the carbon atom of 4HPP– that 
bears the negative charge and both unpaired electrons of dioxygen during the course of the 
proposed mechanism.5 Transfer of a single electron from the lone pair at the anionic position of 
4HPP– to dioxygen yields a triplet-state caged-radical pair. Subsequently, one of the electrons of 
the superoxide anion in the caged-radical pair undergoes spin-inversion, which is a crucial step in 
the reaction mechanism, and causes the caged-radical pair to be converted into the singlet-state. 
The two remaining unpaired electrons in the singlet-state caged-radical pair now have an opposite 
spin-sign, which allows them to readily form a set of paired electrons. This results in C-O bond 
formation, yielding 4 as the initial product of the enzymatic oxygenation reaction. 

 
In summary, we provide evidence for cofactor-independent oxygenation of 4HPP 

within a protein architecture (i.e., the β-α-β-fold) generally employed to catalyze 
tautomerization, dehalogenation or decarboxylation reactions. In the absence of a 
pathway context, it is tempting to speculate that the oxidative cleavage of 4HPP, 
yielding products 2 and 3, might be the “true” physiological function of RhCC. However, 
although the β-α-β-fold is used here to host oxygen chemistry, which is proposed to 
involve hydroperoxide intermediate 4, it clearly lacks the ability to carefully direct the 
chemistry of this highly reactive intermediate to prevent the formation of additional 
products. Therefore, the question remains whether the oxygenase activity of RhCC is 
physiologically relevant or reflects catalytic promiscuity.28,29 Nonetheless, this work sets 
the stage for in-depth mechanistic and structural studies of RhCC, which could identify 
the residues involved in catalysis as well as the additional features necessary for a 
highly specific cofactor-independent oxygenase. 
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Materials and methods 
Materials. The sources of the components of buffers and media, PCR purification, gel 
extraction and miniprep kits, pre-packed PD-10 Sephadex G-25 columns, and the 
oligonucleotides, enzymes and reagents used in the molecular biology procedures are 
reported elsewhere.30 All other chemicals and biochemicals, including 4HPP and 
phenylenolpyruvate (10), were purchased from Sigma-Aldrich Chemical Co. (St. Louis, 
MO) unless stated otherwise. (E)-2-fluoro-p-hydroxycinnamic acid (9) was a kind gift 
from Prof. dr. Christian P. Whitman (University of Texas, Austin, TX). The genomic DNA 
of R. jostii RHA1 (GenBank sequence: CP000431) was kindly supplied by dr. Robert van 
der Geize (University of Groningen, The Netherlands). 

General methods. Techniques for restriction enzyme digestions, ligation, 
transformation, and other standard molecular biology manipulations were based on 
methods described elsewhere or as suggested by the manufacturer.31 The PCR was 
carried out in a DNA thermal cycler (model GS-1) obtained from Biolegio (Nijmegen, The 
Netherlands). DNA sequencing was performed by ServiceXS (Leiden, The Netherlands) 
or Macrogen (Seoul, Korea). Protein was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in gels containing 10% polyacrylamide. 
The gels were stained with Coomassie brilliant blue. Protein concentrations were 
determined by the method of Waddell.32 Kinetic data were obtained on a V-660 
spectrophotometer from Jasco (IJsselstein, The Netherlands). The kinetic data were 
fitted by nonlinear regression data analysis using the Grafit program (Erithacus, 
Software Ltd., Horley, U.K.) obtained from Sigma Chemical Co. Protein ESI-MS spectra 
were recorded using a Sciex API 3000 triple quadrupole mass spectrometer (AB Sciex, 
Concord, Ontario, Canada). 1H NMR spectra were recorded on a Bruker DRX-500 (500 
MHz) spectrometer. Chemical shifts for protons are reported in parts per million scale (δ 
scale) and are referenced to H2O (δ = 4.80). 13C NMR, COSY, 1H,13C-HSQC, and 1H,13C-
HMBC spectra were recorded (CryoNMR) using a Bruker 500 MHz Avance III system 
(Bruker Biospin, Rheinstetten, Germany).  

Cloning of the gene encoding RhCC. The gene coding for RhCC was amplified using two 
synthetic primers, genomic DNA of R. jostii strain RHA1, and the PCR reagents supplied 
in the Phusion DNA Polymerase system. The forward primer 5’- A TAG CAG GTA CAT 
ATG CCG TAC TGG GAG ATC TTC ACG CCC-3’ contains an NdeI restriction site (in bold) 
followed by 24 bases corresponding to the coding sequence of the gene. To clone the 
gene encoding RhCC in frame with the sequence that codes for the polyhistidine region 
of the expression vector pET20b(+), the reverse primer 5’- G TGA TGT TAT AAG CTT CGA 
GGC AGC GAC GTC GTA CGG A -3’, which contains a HindIII restriction site (in bold), was 
used. The amplification mixture was made up in Phusion High-Fidelity buffer and 
contained 250 μM of each dNTP, 150 ng of each primer, 250 ng of genomic DNA, and 1 
U of Phusion DNA polymerase. The cycling parameters were 95 oC for 5 min followed by 
35 cycles of 98 oC for 30 s, 45 oC for 30 s and 72 oC for 20 s, with a final elongation step 
of 72 oC for 10 min. The resulting PCR product and the pET-20b(+) vector (Novagen) 
were digested with NdeI and HindIII restriction enzymes, after which the vector was 
dephosphorylated with alkaline phosphatase. Following purification, the PCR product 
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and vector were ligated using T4 DNA ligase. An aliquot of the ligation mixture was 
transformed into competent Escherichia coli BL21 (DE3) cells. Transformants were 
selected at 37 oC on LB/ampicillin plates. Plasmid DNA was isolated from several 
colonies and analyzed by restriction analysis for the presence of the insert. The cloned 
gene was sequenced to verify that no mutations had been introduced during the 
amplification of the gene. This newly constructed expression vector was named pRhCC. 

Expression and purification of RhCC. The RhCC protein was produced constitutively in 
E. coli BL21(DE3) using the T7 expression system. Fresh BL21(DE3) transformants 
containing vector pRhCC, were collected from a LB/ampicillin plate and used to 
inoculate a preculture (LB/ampicillin medium, 5 mL). After growth for 3-5 h at 37 oC, the 
preculture was used to inoculate 1 L auto-induction (ZYM) medium (10 g/L tryptone, 5 
g/L yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4, 5 mM Na2SO4 (pH 6.7), 
supplemented with 0.5% (v/v) glycerol, 0.05% (w/v) glucose, MgSO4 (2 mM), ampicillin 
(100 μg/mL), and 0.2% (w/v) lactose) in a 3 L Erlenmeyer flask to a starting OD600 of 
about 0.01. After overnight growth at 30 oC with vigorous shaking, cells were harvested 
by centrifugation (10 min at 2300g) and resuspended in 10 mM NaH2PO4 buffer (pH 7.3, 
buffer A) to a total volume of about 10 mL. Protease inhibitors (Complete Mini, Roche, 
Mannheim, Germany) were added and cells were disrupted by sonication for 5 × 1 min 
(with 5 min rest in between each cycle) at 50% duty cycle/50% output in a Branson 
Sonifier 450 (Branson Ultrasonics Corporation, Danbury, CT). Unbroken cells and debris 
were removed by centrifugation (45 min at 18000g). The supernatant was filtered 
through a 0.2 μm pore diameter filter, made 10 mM in imidazole (from a 1 M stock 
solution in water, pH adjusted to 7.3), and applied to a gravity flow column containing 
0.5 mL Ni-Sepharose 6 Fast Flow resin. After overnight incubation at 4 oC, while mixing 
at 20 rpm on a rotor, the nonbound proteins were removed from the column by gravity 
flow. The column was washed with 20 mM imidazole in buffer A, followed by 40 mM 
imidazole in buffer A, after which retained proteins were eluted with 1 mL of 250 mM 
imidazole in buffer A. Subsequently, the protein sample was applied to a PD-10 
gelfiltration column, which was previously equilibrated in buffer A, and proteins were 
eluted with buffer A. Fractions (1 mL) were analyzed by SDS-PAGE, and those containing 
highly purified RhCC were combined and concentrated to a protein concentration of 5-
20 mg/mL using a Vivaspin centrifugal concentrator equipped with a 5000 Da molecular 
weight cut-off filtration membrane (Sartorius Stedim Biotech S.A., France). 

Crystallization of RhCC. Initial crystallization conditions were determined by vapour-
diffusion sitting-drop experiments in MRC 96-well crystallization plates (Molecular 
Dimensions), using a Mosquito crystallization robot (TTP Labtech) for automatic drop-
dispensing. Protein drops were prepared by mixing 200 nL protein solution (12.5 
mg/mL in 20 mM Tris/HCl buffer, pH 7.5) with an equal volume of precipitant reservoir 
solution. Reservoir solutions were obtained from various commercial crystallization 
screens, and equilibration was performed at room temperature. The crystallization lead 
thus determined was reproduced and optimized manually by vapour-diffusion hanging-
drop experiments (drops containing 2 µL protein and 2 µL reservoir solution), resulting 
in the following final crystallization condition: 5–12.5 mg/mL protein, 24–28% (w/v) 



 102 

polyethylene glycol 3350 (PEG 3350) and 100 mM Bis-Tris-propane (pH 8.0–8.5). Crystals 
grew within one week to an average size of 200 x 100 x 50 μm3. 

Data collection, processing and RhCC structure determination. Prior to X-ray diffraction 
data collection, crystals were soaked briefly in a cryoprotectant solution containing 30% 
PEG 3350 and 15% glycerol in 100 mM Bis-Tris-propane (pH 8), and subsequently flash-
cooled in liquid nitrogen. A 1.78 Å data set was collected at beamline ID14-4 at the 
European Synchrotron Radiation Facility (Grenoble, France). Diffraction data were 
processed, scaled and merged using the programs iMosflm and Aimless from the CCP4 
sofware suite.33,34,35 Crystals belonged to space group C2221 and contained a protein 
trimer in the asymmetric unit (solvent content 47%). A summary of the data collection 
statistics is given in Supplementary Table 5. Initial phases were calculated by the 
molecular replacement method with the help of the program Phaser.36 The 
unpublished structure of AU4130/APC7354, a putative tautomerase from the 
thermophilic fungus Aspergillus fumigatus (PDB code 3C6V) served as molecular 
replacement search model. The RhCC structure was improved and completed by 
iterative cycles of refinement in Refmac5, alternated by manual model building in Coot. 
The final cycles of refinement were performed using the program phenix.refine from 
the Phenix software suite.37 At the early stages of model building, a bound metal ion 
was identified at the surface of the RhCC trimer, positioned at the non-crystallographic 
3-fold symmetry axis.  Based on the metal-coordination geometry, the absence of 
anomalous difference electron density, and analysis of the B-factors in the later stages 
of refinement, the bound metal was identified as a Mg2+ ion. 

Construction of the D106A mutant. The D106A variant of RhCC was constructed by 
overlap extension PCR using the Phusion DNA polymerase system. Synthetic primers 5’-
G GAG ATC CAC ATC GCC GAG ACC CCC ATG GAC C-3’ and 5’-G GTC CAT GGG GGT CTC 
GGC GAT GTG GAT CTC C-3’ were used to introduce the desired mutation (underlined). 
These primers were used in combination with the general T7-forward and T7-reverse 
primers of the pET-system. The mutant gene was cloned into the pET-20b(+) expression 
vector as described above for the wild-type gene. The cloned gene was sequenced to 
verify that only the desired mutation had been introduced. 

Purification, crystallization and structure determination of the D106A mutant. The 
D106A mutant protein was produced and purified following identical procedures as 
used for wild-type RhCC, except that cells were grown in auto-induction medium at 20 
°C for 36 hours (instead of overnight at 30 °C) to maximize the amount of soluble 
protein. From 1 L of cell culture, ~30 mg of homogeneous protein was obtained, which 
was concentrated to 12 mg/mL in 10 mM NaH2PO4 buffer (pH 7.5). Dynamic light 
scattering analysis indicated that the mutant enzyme formed a trimer in solution. 
Crystallization screening resulted in growth of a single crystal (300 x 150 x 100 μm3), 
which was obtained after four weeks in a sitting-drop vapour diffusion experiment from 
condition B9 of the Morpheus screen (Molecular Dimension). With this crystal, 1.55 Å X-
ray diffraction data were collected in-house at 110 K using a Microstar rotating anode X-
ray source (Bruker AXS GmbH) in combination with Helios optics (Incoatec GmbH) and a 
MAR345dtb detector (Marresearch GmbH). X-ray data were integrated using the 
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program XDS and further processed with the program Aimless, as described for data 
obtained with wild-type RhCC.38 The crystal belonged to space group C2 and contained 
a protein trimer in the asymmetric unit (solvent content 49%). The wild-type RhCC 
structure was used as a molecular replacement search model to obtain an initial 
structure. Subsequent model building and refinement of the D106A structure was 
performed with the programs Coot, Refmac5 and phenix.refine.37 A summary of the 
data collection and model refinement statistics is given in Supplementary Table 6. 

Crystal structure analysis. Molprobity was used for validating the stereochemical 
quality of the models.39 Structure-based sequence alignments were carried out using T-
coffee and visualized using Jalview.28,29 Superpositions and calculation of Cα-backbone 
rmsd values were performed using the protein structure comparison service Fold at the 
European Bioinformatics Institute. The CheckMyMetal web server was used to validate 
the metal-binding site.19 PyMOL (Schrödinger) was used for structure analysis and 
figure preparations. Coordinates for the structures of native RhCC (1.78 Å) and mutant 
D106A (1.55 Å) have been deposited with the Protein Data Bank (accession codes 4U5P 
and 4U5R, respectively). 

Enzyme assays. The conversion of 4HPP by RhCC was monitored in 10 mM Na2HPO4 
buffer (pH 7.3) at 22 oC. The reaction was initiated by the addition of 4HPP from a stock 
solution to yield a final concentration of 100-200 μM in a cuvette containing 1 mL of 10 
mM Na2HPO4 buffer (pH 7.3) and 10-20 μg of RhCC. Stock solutions of 4HPP were made 
by dissolving the appropriate amount of the free acid in absolute ethanol. The 
crystalline free acid of 4HPP is exclusively in the enol form. UV-VIS spectra were 
recorded between 200 nm and 400 nm with time intervals of 60 or 120 seconds. 
Decrease of the absorbance at 290 nm indicates depletion of 4HPP (λmax = 290 nm). The 
reaction performed to examine the spontaneous non-enzymatic ketonization of 4HPP 
was executed as described above, except that no enzyme was added to the reaction 
buffer. 

For kinetics assays, an appropriate amount of enzyme (from a 10 mg/mL stock 
solution) was diluted in 50 mL of 10 mM Na2HPO4 buffer (pH 7.3) or 50 mL of 10 mM 
Na2HPO4 buffer (pH 8.3), after which the mixture was allowed to equilibrate for one 
hour at 22 oC. Substrate concentrations ranged between 0.025 and 2.75 mM. At each 
substrate concentration, the rate of spontaneous non-enzymatic ketonization was 
determined and subtracted from the observed rate of depletion of 4HPP in the 
presence of enzyme. 

The RhCC-catalyzed conversion of 4HPP under anaerobic conditions, using glucose 
and glucose oxidase, was performed as follows. A small scale reaction was performed 
at 22 oC in a 25 mL glass reaction phial equipped with a septum and a magnetic stirrer 
bar, to which was added 10 mL of 10 mM Na2HPO4 buffer (pH 7.3) supplemented with 
100 μg/mL RhCC. Molecular oxygen was purged from the reaction buffer by applying a 
constant flow of nitrogen gas through the reaction phial for two hours. Subsequently, in 
order to ensure and maintain reaction conditions devoid of molecular oxygen, glucose 
was added to a final concentration of 15 mM from a 1 M stock solution in 10 mM 
Na2HPO4 buffer (pH 7.3), and glucose oxidase was added to a final concentration of 25 
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μg/mL from a 2 mg/mL stock solution in H2O. Next, 4HPP was added to the reaction 
mixture to a concentration of 100 μM from a 100 mM stock solution in absolute 
ethanol. A 1.5 mL sample was drawn from the reaction mixture directly after the 
addition of the substrate, and transferred to a 1 cm quartz cuvette which was sealed air 
tight with a lid. The volume of the sample made sure that the cuvette was completely 
filled with sample, thereby minimizing remaining air bubbles after sealing the cuvette. 
The reaction was monitored by UV-VIS spectroscopy, and spectra were recorded every 2 
min. 

HPLC detection of enzymatic products. Separation of the various products of the RhCC-
catalyzed conversion of 4HPP was achieved by a reverse-phase HPLC method. HPLC 
was carried out on an analytical HPLC equipped with a Shimazu LC-10 AT pump and a 
Shimazu SPD-M10A diode array detector. Separation of the compounds in the reaction 
mixture was achieved using an Agilent Eclipse XDB-C18 column (250 × 4.6 mm, 5 μm) as 
a stationary phase and H2O (eluent A) and absolute methanol (eluent B), both 
supplemented with 1% formic acid, as mobile phase ingredients. The gradient program 
was composed as follows: 0-7 minutes 100% eluent A, 7-30 minutes linear gradient to 
30% eluent B, 30-31 minutes linear gradient to 100% eluent B, 31-37 minutes 100% 
eluent B, 37-38 minutes linear gradient to 100% eluent A, 38-47 minutes 100% eluent A. 
The flow rate and temperature were maintained constant, at 800 μL/min and 25 oC, 
respectively. The sample injection volume ranged between 20-100 μL depending on the 
concentration of the products in the sample. The products were detected by setting the 
diode array detector at 230 nm, 250 nm, and 300 nm.  

The HPLC chromatogram shown in Supplementary Fig. 7, and the data represented 
by the progress curves (Supplementary Fig. 8), were obtained by performing a batch 
conversion of 4HPP by RhCC and analyzing samples taken at specific time points by the 
HPLC method described above. The batch conversion of 4HPP by RhCC was performed 
at 22 oC in 12.0 mL of 10 mM Na2HPO4 buffer (pH 7.3), supplemented with 40 μg/mL 
RhCC. The reaction was initiated by the addition of 60 μL of a stock solution of 4HPP 
(100 mM in absolute ethanol) yielding a final concentration of 500 μM. Samples (500 μL) 
were withdrawn at the appropriate time intervals and directly mixed with 500 μL of 100 
mM Na2HPO4 buffer (pH 6.0) in an Eppendorf tube. This ensured that the pH of the 
sample was reduced to pH 6.0, at which the activity of RhCC is completely quenched. 
Samples were flash-frozen in liquid N2 until further analysis, or directly applied to a 
Vivaspin centrifugal concentrator equipped with a 5000 Da molecular weight cut-off 
filtration membrane (Sartorius Stedim Biotech S.A., France) and centrifuged at 4000 
rpm for two minutes in order to remove all protein from the sample. The flow-through 
was subsequently analyzed by HPLC. 

Batch conversion of 4HPP by RhCC for analysis by 1H NMR spectroscopy. Due to the 
inhibition of RhCC at substrate concentrations exceeding 1 mM at pH 7.3, multiple 
additions of substrate to a batch reaction were needed in order to achieve a sufficiently 
high concentration of products to allow detection by 1H NMR spectroscopy. A batch 
reaction was typically performed at 22 oC in a 25 mL glass reaction phial equipped with 
a septum and a magnetic stirrer bar, to which was added 8.25 mL of 10 mM Na2HPO4 
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buffer (pH 9.2), supplemented with 100 μg/mL wild type RhCC, and 750 μL D2O. The 
reaction was initiated by the addition of 1 mL of 10 mM Na2HPO4 buffer (pH 7.3) in 
which 3.6 mg of crystalline 4HPP was dissolved directly before the start of the reaction. 
The reaction was placed under a constant flow of molecular oxygen through the 
septum with constant stirring of the reaction mixture, ensuring no oxygen limitation 
could occur during the course of the reaction. Reaction progress was determined by 
UV-VIS spectroscopic analysis of 20 μL samples taken from the reaction mixture. 
Typically, 3.6 mg of 4HPP was fully converted in 30 minutes reaction time. Once the 
reaction was completed, 1 mL of reaction mixture was extracted from the reaction phial 
and used to dissolve another amount of 3.6 mg of crystalline 4HPP, and subsequently 
added back to the reaction system for conversion by RhCC. This process was repeated 
six times in order to achieve significant concentrations of each product. Upon reaction 
completion after the addition of the final amount of 4HPP (final pH of the reaction 
mixture = 7.1), a 600 μL sample was taken and analyzed by 1H NMR spectroscopy. 

The RhCC-catalyzed conversions of 4HPP that were analyzed with HPLC and with 1H 
NMR spectroscopy were conducted at different pH values (HPLC: pH = 7.3; 1H NMR: 
initial pH = 9.2). However, an HPLC chromatogram recorded from the reaction mixture 
obtained at pH 9.2 showed high similarity with the HPLC chromatogram recorded from 
the reaction mixture obtained at pH 7.3 demonstrating that identical products are 
formed at both pH values. The only exception is that the HPLC chromatogram as well as 
the 1H NMR spectrum recorded from the reaction mixture obtained at pH 9.2 indicated 
the absence of the keto-form of 4HPP whereas the HPLC chromatogram recorded from 
the reaction mixture obtained at pH 7.3 did indicate trace amounts of the keto-form of 
4HPP. 

Structure determination of products 1 and 2 by cryoNMR spectroscopy. The structure of 
products 1 and 2 were determined by cryoNMR spectroscopy (Spinnovation Analytical 
B.V., Oss, The Netherlands). An amount of 10 mg of 4HPP was converted into products 
at 22 oC in a reaction mixture consisting of 70 mL of 10 mM Na2HPO4 buffer (pH 7.3) 
supplemented with 30 μg/mL RhCC. Reaction progress was monitored by UV-VIS 
spectroscopic analysis. After the reaction had reached completion, RhCC was removed 
using a Vivaspin centrifugal concentrator equipped with a 5000 Da molecular weight 
cut-off filtration membrane. The protein free flow-through was collected and 
subsequently freeze-dried overnight. The resulting lyophilisate was stored on ice prior 
to further analysis. CryoNMR spectra were recorded using a Bruker 500 MHz Avance III 
system (Bruker Biospin, Rheinstetten, Germany) equipped with a 5 mm cryo probe, 
CPTCI (1H-13C/15N/2H + Z-gradients). Separation of the reaction products was achieved 
using the HPLC protocol described above, carried out on an Agilent 1200 system 
(Agilent Technology, SantaClara, CA, USA) equipped with an Agilent Eclipse XDB-C18 
column (250 × 4.6 mm, 5 μm). Fractions containing products 1 and 2 were collected, 
freeze-dried, and dissolved in D2O prior to analysis. NMR spectra were recorded at 30 
oC, and depending on the complexity and concentration of each product, a set of NMR 
spectra (1H-1D, COSY, 1H,13C-HSQC, 1H,13C-HMBC) were recorded. Full spectroscopic 
data are given in the Supplementary Information. 
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Incubations with 16O2, 18O2 and H2
18O and high-resolution LC-MS and MS/MS analyses. 

High-resolution LC-MS and MS/MS analyses were performed on an LTQ-Orbitrap XL 
(Thermo Scientific, Bremen, Germany) coupled to a Shimadzu Prominence UFLC system 
(Shimadzu Corp., Kyoto, Japan) equipped with an Agilent Eclipse XDB-C18 column (250 × 
4.6 mm, 5 μm), and using the HPLC method described above. 

Samples of a reaction performed in aerated buffer were prepared as follows. A 
reaction was performed at 22 oC in a quartz cuvette containing 1 mL of 10 mM Na2HPO4 

buffer (pH 7.3) supplemented with 50 μg RhCC. The reaction was initiated by the 
addition of 7.5 μL of a stock solution of 4HPP (100 mM in absolute ethanol), yielding a 
final concentration of 500 μM, and the reaction was monitored in a UV-VIS 
spectrophotometer. After a reaction time of ~5 min, at which ~50% of the substrate 
4HPP had been consumed, the enzyme was removed using a Vivaspin column (as 
described above), and a 100 μL sample of the flow through was directly injected into the 
HPLC system and analyzed by high-resolution LC-MS and MS/MS. Samples of a reaction 
performed in the presence of H2

18O were prepared as described above, with the 
following modification. The reaction buffer (1 mL) was prepared by mixing 500 μL 20 
mM Na2HPO4 buffer (pH 7.3) with 500 μL H2

18O. 
Reactions in the presence of 18O2 (and in the absence of 16O2) were performed using 

a closed, air tight, reaction system (Supplementary Fig. 9, arrow 1) that was built of 
metal tubes, fittings and valves (Swagelok Company, Solon, Ohio, USA) to which a 
reaction container (Supplementary Fig. 9, arrow 2), a vacuum pump and a small gas 
cylinder containing 18O2 (Supplementary Fig. 9, arrow 3) were attached. The reaction 
container consisted of two small flasks connected to one another by a glass tube. A 
single outlet (Supplementary Fig. 9, arrow 4) allowed it to be attached to the air tight 
reaction system, by which the reaction buffer could be degassed and subsequently 
equilibrated in 18O2. A reaction in the presence of 18O2 was performed as follows. The 
reaction buffer (3 mL, 10 mM Na2HPO4 buffer, pH 7.3) supplemented with RhCC (50 
μg/mL) was added to one of the flasks of the reaction container while 4HPP was added 
to the second flask in an amount by which it would reach a final concentration of 500 
μM in the reaction mixture. The amount of 4HPP was added from a stock solution in 
absolute ethanol. The ethanol was evaporated prior to connection of the reaction 
container to the air tight reaction system. Magnetic stirrer bars were added to each 
flask to allow for adequate mixing. Once assembled, the reaction system was placed 
under vacuum (Supplementary Fig. 9, arrow 5) for 15 minutes in order to remove air 
from the system and to purge the reaction buffer containing RhCC from dissolved 
gasses, including 16O2. Subsequently, a valve that connects the vacuum pump to the 
reaction system was closed and 18O2 (Supplementary Fig. 9, arrow 3) was allowed to fill 
the reaction system until it had reached atmospheric pressure. The reaction buffer 
containing RhCC was equilibrated with 18O2 for 30 minutes prior to reaction initiation. 
The reaction was started by inverting the reaction container so that the reaction buffer 
containing RhCC could flow into the second reaction flask containing solid 4HPP, 
allowing 4HPP to dissolve in the reaction buffer. After 10-15 minutes reaction time, the 
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reaction container was disconnected from the reaction system and a sample of the 
reaction mixture was prepared for LC-MS and MS/MS analysis as described above. 

Product 3 (oxalic acid) could be detected by high-resolution LC-MS using the HPLC 
method described above. Due to the high polarity of 3, it ended up in the void volume 
of the reverse phase C18 column, but was thus separated from the other reaction 
products. In order to further establish the identity of 3 as oxalic acid, a second HPLC 
method was developed using an Waters XBridge amide column (4.6 x 150 mm, 3.5 μm; 
Waters Corporation, Milford, MA, USA). An isocratic flow of 20 mM NH4HCO3 buffer (pH 
7.0) containing 50 % (v/v) acetonitrile using a flow rate of 0.5 mL/minute allowed oxalic 
acid to be retained on the column resulting in an appropriate retention time. The 
composition of the eluent allowed for the detection of oxalic acid on the LTQ Orbitrap 
XL system. 
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Supplementary information. 
 

Supplementary results 
 

 
 
Supplementary Figure 1. SDS-PAGE analysis of fractions collected during the purification of His6-
tagged RhCC by column chromatography using Ni-sepharose. Lane 1, flow-through of cell free 
extract prepared from E. coli BL21 (DE3) producing His6-tagged RhCC. Lane 2, proteins eluted with 
10 mM imidazole. Lane 3, proteins eluted with 20 mM imidazole. Lane 4, proteins eluted with 40 
mM imidazole. Lane 5, proteins eluted with 250 mM imidazole. As a general procedure, the protein 
fractions corresponding to lanes 4 and 5 were pooled, imidazole was removed by buffer exchange 
using a PD10 gel filtration column, the protein was concentrated to 5-10 mg/mL in 10 mM Na2HPO4 
buffer (pH 7.3) and subsequently frozen using liquid nitrogen and stored at -80 oC until further use. 
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Supplementary Figure 2. Stereo views of Cα-backbone superpositions of RhCC with its structural 
homologs. (a) Cα-backbone superposition of single subunits. (b) Cα-backbone superposition of 
trimers. Color scheme used: black, RhCC; green, putative tautomerase from the thermophilic 
fungus Aspergillus fumigatus (PDB entry 3C6V); blue, cis-CaaD (PDB entry 2FLZ) and orange, 
Cg10062 (PDB entry 3N4D). 
 
 
 
 
 
 
 
 
 
 



 113 

 
 
 

 
 
Supplementary Figure 3. Structural comparison of wild-type and D106A mutant RhCC. Close-up 
views of (a) the metal binding site in the wild-type RhCC trimer and (b) the equivalent, mutated site 
in the D106A trimer. Residues D106 and A106 are shown as ball-and-sticks, the Mg2+ ion (violet) 
and its coordinating waters (red) as spheres. Metal-ligand distances are indicated in Å. Also shown 
in (b) as grey mesh is the electron density (2Fo-Fc, 1.55 Å resolution, contoured at 1.0 σ) 
corresponding to the mutated residues. Apostrophes in labels denote the different subunits of the 
trimers. (c) Stereo view of Cα-backbone superpositions of wild-type RhCC and the D106A mutant. 
Wild-type RhCC is depicted in orange whereas the mutant D106A is shown in black. 
 
 
 
  

HO

OH

O-O

MIF

HO

O

O-O  
 
Supplementary Figure 4. The enol-keto tautomerization of 4HPP catalyzed by MIF. 
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Supplementary Figure 5a. Plot of the RhCC-catalyzed conversion of 4HPP performed in 10 mM 
Na2HPO4 buffer (pH 7.3). These data were obtained by monitoring the depletion of the enol-form 
of 4HPP by UV-VIS spectroscopy. Although the shape of the graph suggests substrate inhibition, we 
were not able to fit the data using the equation that describes substrate inhibition.  
 

 
 
Supplementary Figure 5b. Plot of the RhCC-catalyzed conversion of 4HPP performed in 10 mM 
Na2HPO4 buffer (pH 8.3). These data were obtained by monitoring the depletion of the enol-form 
of 4HPP by UV-VIS spectroscopy. Although the shape of the graph suggests substrate inhibition, we 
were not able to fit the data using the equation that describes substrate inhibition. 
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Supplementary Figure 6. Aromatic region of the 1H NMR spectrum (in 10 mM Na2HPO4 buffer with 
7.5% D2O v/v) of the crude reaction mixture of the RhCC-catalyzed conversion of 4HPP. 
Characteristic signals are observed of major, enzymatically formed products 1 (7.27, 6.95, and 5.80 
ppm) and 2 (9.71, 7.88, and 7.00 ppm) and of the chemically formed keto-form of 4HPP [7.16, 6.91 
(signal overlaps with signal of product B, see HPLC chromatogram), and 4.03 ppm]. Signals of 
substrate 4HPP, expected at 7.68, 6.94, and 6.36 ppm (in D2O) were not observed. Absorptions of 
the product responsible for peak B in the HPLC chromatogram of the crude mixture 
(Supplementary Fig. 7) are witnessed at ~6.6, ~6.8 and 6.95 ppm (the latter signal overlaps with 
an absorption of the keto-form of 4HPP). 
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Supplementary Figure 7. Chromatogram of the analysis of the reaction mixture of the RhCC-
catalyzed conversion of 4HPP by reversed-phase HPLC. The chromatogram shows traces recorded 
at three different wavelengths, 230 nm (black), 250 nm (blue) and 300 nm (red), which clearly 
indicates that multiple products are present in the reaction mixture. In contrast to the 1H NMR 
spectrum shown in Supplementary Fig. 6, the HPLC chromatogram indicates the presence of a 
remainder of substrate 4HPP. This is due to the fact that the 1H NMR spectrum and the HPLC 
chromatogram were recorded from different reaction mixtures obtained from different 
experiments. 
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Supplementary Figure 8a. Progress curve of the substrate 4HPP as monitored by HPLC.  
 
 

 
 
Supplementary Figure 8b. Progress curve of product 1 as monitored by HPLC.  
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Supplementary Figure 8c. Progress curve of product 2 as monitored by HPLC.  
 
 

 
 
Supplementary Figure 8d. Progress curve of product A as monitored by HPLC. 
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Supplementary Figure 8e. Progress curve of product B as monitored by HPLC. 
 
 

 
 
Supplementary Figure 8f. Progress curve of product 3 as monitored by high resolution LC-MS. 
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Supplementary Figure 9. The experimental setup that was built in order to be able to perform the 
RhCC-catalyzed conversion of 4HPP in the presence of 18O2 (and in the absence of 16O2). 
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Supplementary Figure 10. A proposed mechanism for the formation of product 1, based on 
hydroperoxide 4 as the initial enzymatic product formed by RhCC. 
 
 
 
 

 
 
Supplementary Figure 11. Two structural analogs of substrate 4HPP, (E)-2-fluoro-p-
hydroxycinnamic acid (9) and phenylenolpyruvate (10). 
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Supplementary Table 1. Identification of 3 as a product present in the reaction mixture of the 
RhCC-catalyzed conversion of 4HPP by high-resolution LC-MS (negative mode) using two different 
reverse phase LC-methods (XDB Eclipse C18 and XBridge columns) and oxalic acid (calcd. mass = 
88.98803 Da) as a reference. The stated retention times indicate the beginning and the end of the 
observed peak. 
 

Sample 
Observed 
mass (Da) 

Retention time (minutes) XDB 
Eclipse C18 column 

Retention time 
(minutes) XBridge 
column 

Oxalic acid (reference) 88.98807  3.3 – 3.6 13.5 – 14.0 

3  88.98802 3.3 – 3.6 13.7 – 13.9  
 
 
 
Supplementary Table 2a. High-resolution LC-MS and MS/MS data (negative mode) obtained for 1 
and a product ion of Mw 151.04019 Da observed in reaction mixtures of reactions performed in 
aerated buffer. 
 
Mass (Da) and 
elemental 
composition of 
parent ion 

Observed mass (Da) 
of principal product 
ions 

Calculated mass (Da) 
of principal product 
ions 

Elemental 
composition of 
product ions 

195.03001 
(calcd. 195.02990) 
C9H7O5  

167.03520 
151.04025 
123.04533 
93.04361 

167.03498 
151.04007 
123.04515 
93.03459 

C8H7O4 

C8H7O3 

C7H7O2 

C6H5O 

151.04019 
(calcd. 151.04007) 
C8H7O3 

123.04526 
107.05032 
93.03465 

123.04515 
107.05024 
93.03459 

C7H7O2 

C7H7O 
C6H5O 

 
 
 
Supplementary Table 2b. High-resolution LC-MS and MS/MS data (negative mode) obtained for 1 
and a product ion of Mw 153.04439 Da observed in reaction mixtures of reactions performed in 
buffer equilibrated in 18O2. 
 
Mass (Da) and 
elemental 
composition of 
parent ion 

Observed mass (Da) 
of principal product 
ions 

Calculated mass (Da) 
of principal product 
ions 

Elemental 
composition of 
product ions 

197.03432 
(calcd. 197.03414) 
C9H7O4

18O 

169.03938 
153.04453 
125.04952 
93.03454 

169.03923 
153.04431 
125.04940 
93.03459 

C8H7O3
18O 

C8H7O2
18O 

C7H7O18O 
C6H5O 

153.04439 
(calcd. 153.04431) 
C8H7O2

18O 
107.05029 107.05024 C7H7O 
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Supplementary Table 3. High-resolution LC-MS data (negative mode) obtained for 2 (calcd. mass 
= 121.02950 Da) observed in reaction mixtures of reactions performed in aerated buffer 
supplemented with H2

18O or buffer equilibrated with 18O2. 
 

Aerated buffer 18O2 H2
18O 

Observed 
mass (Da)  

Elem. comp. 
of parent 
ions 

Observed 
mass (Da) 

Elem. comp. 
of parent 
ions 

Observed 
mass (Da) 

Elem. 
comp. of 
parent 

ions 

121.02956 C7H5O2 121.02957 C7H5O2 121.02953 C7H5O2 

 
 
On the 18O incorporation observed for oxalic acid (3). 
The results reported in Table 1 (see main text) show that partial 18O incorporation was 
observed for product 3; ~30% in the presence of 50% H2

18O in the reaction buffer and 
~30% under 18O2 atmosphere as calculated from relative peak intensities in the LC/MS 
spectra. When normalized to 100% H2

18O, still 40% of 3 would be unlabelled. Likewise, 
18O labeling of product 3 in the reaction performed under 18O2 shows partial 18O 
incorporation whereas for product 1 in the same samples labeling was shown to be in 
excess of 95%, indicating that nearly all 16O2 had been expelled from the reaction 
system. These observations suggest that wash-out of 18O label from product 3 could 
occur due to oxygen exchange with H2O in the solvent. Since the exchange of oxygen 
with solvent water could have occured under the used reaction conditions (pH 7.3) or 
during LC-MS analysis (pH 1.8), we performed control experiments in which we 
incubated oxalic acid at pH 1.8 and pH 7.3 in H2

18O and followed oxygen exchange by 
high-resolution MS. 

The reaction at pH 1.8 was performed as follows. A 50 mM stock solution of oxalic 
acid in water was prepared and set to pH 0.8. A 4 µL aliquot was subsequently diluted in 
100 µL H2

18O, resulting in a final pH of 1.8. The reaction at pH 7.3 was performed as 
follows. A 25 mM stock solution of oxalic acid in water was prepared and set to pH 9.3. 
A 4 µL aliquot was subsequently diluted in 100 µL H2

18O, resulting in a final pH of 7.3. 
These final solutions were allowed to equilibrate at room temperature for 10 min, 2 h 
and 48 h and analyzed by high-resolution MS (flow-injection) on an LTQ Orbitrap XL 
(Thermo Fisher Scientific, Bremen, Germany). 

The results are reported in Supplementary Table 4. From these results it is evident 
that no significant (within the detection limit of the LTQ Orbitrap XL) exchange of 
carboxylate-oxygen of oxalic acid with solvent water occurs  at pH 7.3. Oxygen-
exchange does occur, but only under acidic conditions and after a lengthy incubation 
time. We therefore conclude that wash-out of 18O label from oxalic acid is not likely to 
occur under the enzymatic assay or HPLC conditions used. It thus seems that the 
proposed mechanism shown in Fig. 5 (see main text), which would result in fully 18O-
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labeled 3 both in H2
18O and in 18O2, is not the only mechanism that accounts for the 

formation of 3. 
 
Supplementary Table 4. Exchange of carboxylate-oxygen of oxalic acid with H2

18O at 22 oC at pH 
1.8 and pH 7.3 after 10 min, 2 h and 48 h incubation time as analyzed by high-resolution MS. 
 

pH Incubation time 
Observed mass 
(Da) 

Calculated mass 
(Da) 

Elemental 
composition 

1.8 10 min 88.98809 88.98803 C2HO4 

1.8 2 h 88.98812 88.98803 C2HO4 

1.8 48 h 

88.98817 
90.99239 
92.99650 
95.00070 
97.00495 

88.98803 
90.99228 
92.99652 
95.00077 
97.00502 

C2HO4  
C2HO3

18O  
C2HO2

18O2  
C2HO18O3  
C2H18O4 

7.3 10 min 88.98807 88.98803 C2HO4 

7.3 2 h 88.98807 88.98803 C2HO4 

7.3 48 h 88.98807 88.98803 C2HO4  

 
 
Spectroscopic data. 
 
4HPP 
 

 
 
1H NMR (500 MHz, D2O, 25°C) d 7.68 (d, J = 7.7 Hz, 2H), 6.94 (d, J = 7.7 Hz, 2H), 6.36 (s, 1H); HRMS 
(ESI): m/z = 179.03503  [M-H]- (calcd. 180.04226 for C9H8O4) 
 
4HPP (keto form) 
 

 
 
1H NMR (500 MHz, 10 mM Na2HPO4 buffer with 7.5% D2O v/v, 25°C) d 7.16 (d, J = 8.3 Hz, 2H), 6.91 
(d, J = 8.3 Hz, 2H), 4.03 (s, 2H); HRMS (ESI): m/z = 179.03508 [M-H]- (calcd. 180.04226 for C9H8O4) 
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3-Hydroxy-3-(4-hydroxyphenyl)pyruvate (1) 
 

 
 
1H NMR (500 MHz, 10 mM Na2HPO4 buffer with 7.5% D2O v/v, 25°C) d 7.27 (d, J = 9.0 Hz, 2H), 6.95 
(d, J = 9.0 Hz, 2H), 5.80 (s, 1H); 13C NMR (125 MHz, D2O, 25°C) d 202.0, 160.0, 159.2, 132.4, 132.4, 
130.4, 118.5, 118.5, 79.1; HRMS (ESI): m/z = 195.03001 [M-H]- (calcd. 196.03717 for C9H8O5) 
 
 

1H,13C-HSQC NMR (500 MHz, D2O, 25°C) 
 

 
 
1H,13C-HMBC NMR (500 MHz, D2O, 25°C) 
 

 
4-Hydroxybenzaldehyde (2) 
 

 
 
1H NMR (500 MHz, 10 mM Na2HPO4 buffer with 7.5% D2O v/v, 25°C) d 9.71 (s, 1H), 7.88 (d, J = 8.3 Hz, 
2H), 7.00 (d, J = 8.3 Hz, 2H); HRMS (ESI): m/z = 121.02956 [M-H]- (calcd. 122.03678 for C7H6O2) 
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Supplementary Table 5. Crystallographic data collection and refinement statistics of RhCC. 
 

 RhCC 
Data collection  
Spacegroup C2221 
Unit cell dimensions, a, b, c (Å) 54.7, 98.6, 188.5 
Resolution range (Å) 46 – 1.78 

(1.88 – 1.78) 
Rsym 0.084 (0.257) 
Nr of measurements 129204 
Nr of unique reflections  42398 
Completeness (%) 86.8 (88.7) 
Average I/σ 3 (2.9) 
  
Refinement  
R/ Rfree 0.152 / 0.187 
Composition of asymmetric unit (AU)  
 total number of atoms 4125 
 protein residues (3 chains) 1 – 141  
 solvent molecules 532 
 ions 1 Mg2+ 
 others 3 bis-tris-propane, 1 

glycerol 
Average B (Å2)  
R.m.s.d bonds (Å) /angles (˚) 0.005 / 0.95 
Ramachandran plot  
 % most favored 
 % allowed 
 % disallowed 

 
98.1 
1.9 
0.0 
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Supplementary Table 6. Crystallographic data collection and refinement statistics of mutant 
D106A. 
 

 Mutant D106A 
Data collection  
Spacegroup C2 
Unit cell dimensions, a, b, c (Å) 99.7, 57.7, 92.0,  β= 90.4° 
Resolution range (Å) 50.0 – 1.55 

(1.63 – 1.55) 
Rsym 0.084 (0.255) 
Nr of measurements 197991 
Nr of unique reflections  74309 
Completeness (%) 97.5 (92.0) 
Average I/σ 7.4 (3.5) 
  
Refinement  
R/ Rfree 0.160 / 0.174 
Composition of asymmetric unit (AU)  
 total number of atoms 4208 
 protein residues (3 chains) 1–151 (chain A,C), 

1-152 (chain B) 
 solvent molecules            466 
 ions           None 
 others 1 tris 
Average B (Å2) 19.5 
R.m.s.d bonds (Å) /angles (˚) 0.007 / 1.1 
Ramachandran plot  
 % most favored 
 % allowed 
 % disallowed 

 
97.6 
2.4 
0.0 
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Abstract  
The enzyme 4-oxalocrotonate tautomerase (4-OT) is part of a catabolic pathway for 
aromatic hydrocarbons in Pseudomonas putida mt-2, where it catalyzes the conversion 
of 2-hydroxy-2,4-hexadienedioate (1) to 2-oxo-3-hexenedioate (2). 4-OT is a member of 
the tautomerase superfamily, a group of homologous proteins that are characterized by 
a β-α-β structural fold and a catalytic amino-terminal proline. In the mechanism of 4-OT, 
Pro-1 is a general base that abstracts the 2-hydroxyl proton of 1 for delivery to the C-5 
position to yield 2. In the present study, 4-OT was explored for nucleophilic catalysis 
based on the mechanistic reasoning that its Pro-1 residue has the correct protonation 
state (pKa ~6.4) to be able to act as a nucleophile at pH 7.3. By using inhibition studies 
and mass spectrometry experiments it was first demonstrated that 4-OT can use Pro-1 
as a nucleophile to form an imine/enamine with various aldehyde and ketone 
compounds. The chemical potential of the smallest enamine, that generated from 
acetaldehyde, was then explored for further reactions using a small set of selected 
electrophiles. This systematic screening approach led to the discovery of a new 
promiscuous activity in wild-type 4-OT: the enzyme catalyzes the aldol condensation of 
acetaldehyde with benzaldehyde to form cinnamaldehyde. This low-level aldolase 
activity can be improved 16-fold with a single point mutation (L8R) in 4-OT’s active site. 
The proposed mechanism of the reaction mimicks that used by natural class I aldolases 
and designed catalytic aldolase antibodies. An important difference, however, is that 
these natural and designed aldolases use the primary amine of a lysine residue to form 
enamines with carbonyl substrates, whereas 4-OT uses the secondary amine of an 
active site proline as the nucleophile catalyst. Further systematic screening of 4-OT and 
related proline-based biocatalysts may prove to be a useful approach to discover new 
promiscuous carbonyl transformation activities that could be exploited to develop new 
biocatalysts for carbon-carbon bond formation. 
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Introduction 
The notion that many enzymes are catalytically promiscuous and can catalyze one or 
more alternative reactions in addition to the one they evolved for has become a source 
of inspiration for the design of useful biocatalysts.[1] However, in order to exploit the 
promiscuous activities of existing enzymes to develop new biocatalysts, an important 
consideration is how the usually low-level promiscuous activities of enzymes might be 
systematically characterized. So far most promiscuous activities have been discovered 
either by chance or by looking for a specific reaction based on an enzyme’s close 
relatives.[2,3] Herein, we have used a systematic screening strategy to discover new 
promiscuous activities in 4-oxalocrotonate tautomerase (4-OT). It is based on the 
mechanistic reasoning that the catalytic amino-terminal proline of this enzyme provides 
a unique chemical functionality in the active site that might be suitable for enamine 
catalysis. 

 
CO2-

CO2-

OH

CO2-

CO2-

O

1 2  
 
Scheme 1. The tautomerization reaction catalyzed by 4-OT. 

 
4-OT is part of a catabolic pathway for aromatic hydrocarbons in Pseudomonas 

putida mt-2, where it catalyzes the conversion of 2-hydroxy-2,4-hexadienedioate (1) to 
2-oxo-3-hexenedioate (2) (Scheme 1).[4] The enzyme is a member of the tautomerase 
superfamily, a group of homologous proteins that are characterized by a conserved 
catalytic amino-terminal proline embedded within a β-α-β structural fold.[5] In the 
mechanism of 4-OT, Pro-1 is a general base that abstracts the 2-hydroxyl proton of 1 for 
delivery to the C-5 position, yielding 2.[6] Pro-1 can function as a general base because 
the prolyl nitrogen has a pKa of ~6.4 so that it exists largely as the uncharged species at 
pH 7.3. Two other key catalytic residues are Arg-11 and Arg-39.[7] Arg-39 is proposed to 
interact with the 2-hydroxyl group of 1 and a C-1 carboxylate oxygen, whereas Arg-11 is 
proposed to interact with the C-6 carboxylate group in a bidentate fashion. The latter 
interaction may draw electron density toward C-5 for protonation by Pro-1. 

Dawson and coworkers demonstrated that by mutating Pro-1 to an alanine, 4-OT 
can be changed from an acid/base tautomerase into an enzyme that decarboxylates 
oxaloacetate through a nucleophilic imine mechanism.[8] This change in catalytic activity 
and mechanism is consistent with the expectation that the active site primary amine of 
Ala-1 would be less basic and more conformationally flexible than the secondary amine 
of Pro-1. This enables the nucleophilic addition of Ala-1 to oxaloacetate to form an 
iminium ion intermediate (i.e., a protonated Schiff base), which facilitates 
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decarboxylation. The decarboxylated product, pyruvate, is released from Ala-1 by 
hydrolysis.[8]  

Different from this earlier work on mutant 4-OT, we set out to test whether the 
active site secondary amine of Pro-1 in wild-type 4-OT might be suitable for nucleophilic 
catalysis. We reasoned that although Pro-1 functions as a base catalyst in 4-OT’s natural 
activity, it has the correct protonation state (pKa ~6.4) to be able to act as a nucleophile 
at pH 7.3.[9] Furthermore, being the only natural amino acid with a secondary amine 
group, Pro-1 may facilitate the reversible generation of enamines from carbonyl 
compounds (Scheme 2). Indeed, secondary amines react with carbonyl compounds to 
favor formation of enamine intermediates, while primary amines favor the imine 
tautomers.[10] The enzymatically generated enamine then could undergo a wide range 
of further reactions using different electrophiles, which might allow for the discovery of 
several new activities within the active site of wild-type 4-OT. This mechanistic reasoning 
is strengthened by a large body of literature that highlights the success of proline and 
related cyclic secondary amines as organocatalysts in asymmetric enamine catalysis.[11] 
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Scheme 2. Proposed mechanism of enamine formation in the active site of 4-OT. Reduction of the 
imine intermediate by NaCNBH3 leads to irreversible covalent modification and inactivation of the 
enzyme. 
 
Results and discussion 
In order to identify reactive carbonyl compounds, possibly giving rise to useful 
enamines, 4-OT was incubated with various aldehydes and ketones (in separate 
reactions) and the mixtures were treated with NaCNBH3. Reduction of the imine 
intermediate will covalently link the carbonyl compound to the enzyme and result in its 
inactivation (Scheme 2).[8, 12] When 4-OT was treated with NaCNBH3 in the presence of 
the selected aldehydes 3-7 (Scheme 3), enzymatic activity was almost completely lost 
(Table 1). Gel filtration chromatography did not restore activity, indicative of irreversible 
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covalent modification. Treatment of the enzyme with the aldehyde or NaCNBH3 alone 
did not result in the loss of enzymatic activity. These observations suggest that an imine 
can form between 4-OT and aldehydes 3-7. While these compounds are reactive 
aldehydes with the potential of forming imines or enamines with nearby amines, it is 
significant that inactivation and covalent modification of 4-OT also occurs with the less 
reactive ketones 8 and 9 (Scheme 3) (Table 1). The higher reactivity of 9 likely reflects its 
structural resemblance to the pyruvoyl moiety of 4-OT’s natural substrate 2. 
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Scheme 3. Carbonyl compounds tested as enamine donor (3-9) or as acceptor (10-13). 

 
The inactivated protein samples were analyzed by ESI-MS in order to determine 

whether the mass is consistent with the mechanism shown in Scheme 2 and to 
ascertain whether single or multiple modifications had occurred. The deconvoluted 
spectrum of the 4-OT sample inactivated by either 3-5, 7 or 9 displayed one major peak 
corresponding to the mass expected for the enzyme modified by a single molecule of 
the respective compound and reduced by NaCNBH3 (Table 1). Analysis of the 4-OT 
sample inactivated by either 6 or 8 showed two peaks, one corresponding to the mass 
of unmodified 4-OT and the other to the mass expected for the enzyme modified by a 
single molecule of 6 or 8, respectively, and reduced by NaCNBH3 (Table 1). These results 
indicate that the reaction between 4-OT and the carbonyl compounds is specific (and 
not the consequence of multiple nonspecific encounters between 4-OT and carbonyl 
compound), consistent with the proposed mechanism of enamine formation in the 
enzyme active site (Scheme 2). 
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Table 1. Inactivation and covalent modification of 4-OT by selected carbonyl compounds in the 
presence of NaCNBH3. 
 
Enamine 

donor 
Inactivation (%) Calculated mass 

(Da)[a] 
Observed 
mass (Da) 

Covalent labeling 
(%)[b] 

3 
4 
5 
6 
7 
8 
9 

95 
>99 
>99 
97 
79 
23 

>99 

6839 
6853 
6867 
6881 
6867 
6854 
6883 

6839 
6853 
6867 

6811[c],6881 
6867 

6811[c],6854 
6883 

>99 
>99 
>99 
60 
95 
29 

>99 
 
[a] Mass corresponding to reduced imine complex of donor substrate and 4-OT. [b] Estimated 
from relative peak heights in ESI-MS spectra. [c] Mass of unmodified 4-OT.   

 
We next investigated whether imine/enamine formation is an active site process 

that involves Pro-1. A 4-OT sample inactivated by 3 and a control sample (unmodified  
4-OT) were digested with endoproteinase Glu-C, and the resulting peptide mixtures 
were analyzed by nano-LC-MS. A comparison of the peaks of the 4-OT sample 
inactivated by 3 in the presence of NaCNBH3 to those of the unmodified 4-OT sample 
revealed a single modification by a species having a mass of 28 Da on the fragment Pro-
1 to Glu-9 (Table 2). The mass of this species corresponds to labeling by one 
acetaldehyde molecule. Analysis of the remaining peaks showed no modification of 
other fragments. 

 
Table 2. Identification of Pro-1 as the sole site of labeling by 3 using Glu-C digestion and nano-LC-
MS and MS/MS analyses. 
 

Peptide fragment Calculated mass 
(Da)[a] 

Observed mass 
(Da)[b] 

PIAQIHILE 
PIAQIH 
PIAQ 
PI 
C2H4-PIAQIHILE 
C2H4-PIAQIH 
C2H4-PIAQ 
C2H4-PI 

1033.6[c] 
660.4 
410.2 
211.1 

1061.6[c] 
688.4 
438.2 
239.1 

1032.5[c] 
660.4 
410.2 
211.1 

1060.6[c] 
688.4 
438.2 
239.1 

 

[a] These values are calculated using the average molecular mass. [b] The reported masses 
correspond to the b-ions. [c] These values correspond to the total mass of the parent ion. 

 
Within the amino-terminal fragment Pro-1 to Glu-9, the most likely targets for 

alkylation are Pro-1 and His-6. To identify the alkylated amino acid residue, the 
unmodified and modified peptides were subjected to nano-LC-MS/MS analysis. The 
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spectrum of the ion corresponding to the unlabeled peptide (PIAQIHILE) displayed 
characteristic b-ions resulting from the peptide fragments PIAQIH, PIAQ, and PI. MS/MS 
analysis of the ion corresponding to the modified peptide (C2H4-PIAQIHILE) revealed an 
increase in mass of 28 Da for these b-ions (Table 2). Because one of these fragment ions 
is generated by the dipeptide Pro-Ile, we conclude that the active site Pro-1 residue is 
the sole site of modification by 3. While the precise site of labeling of the other reactive 
carbonyl compounds (4-9) has not been determined by mass spectrometry, it can be 
inferred from these results that compounds 4-9 likely form imines/enamines with Pro-1. 

Encouraged by these findings, the chemical potential of the smallest enamine (that 
generated from 3) was explored for further reactions using four selected electrophiles 
(10-13, Scheme 3). These electrophiles were chosen as model substrates for screening 
because they show structural resemblance to the phenyl portion of phenylpyruvate, a 
known substrate of 4-OT.[6b] Accordingly, 4-OT (0.4 mg; 90 μM) was incubated with 3 (50 
mM) and each of the electrophiles (50 mM), and the four reactions were followed by 1H 
NMR spectroscopy. After incubation of 3 and 10 with 4-OT for 14 days at 22 °C (in 20 
mM phosphate buffer, pH 7.3), the intensity of the signals corresponding to these 
aldehyde substrates diminished and new signals corresponding to cinnamaldehyde (15, 
Scheme 4) appeared (Figure S1A, Supporting Information). Integration of the signals 
indicates that ~10% of 3 and 10 had been converted to 15. While 15 has characteristic 
1H NMR signals (at 6.70 and 9.44 ppm), its identity in the incubation mixture described 
above was further confirmed by GC/MS analysis (Figure S2, Supporting Information). In 
addition to the two substrate molecules, a major product was observed and identified 
as 15 based both on retention time comparison and the detection of fragment ions with 
masses identical to those found with an authentic standard. 

 
 

 
 
 
 
 

 
Scheme 4. The aldol condensation reaction catalyzed by 4-OT. 

 
The effect of enzyme concentration on the amount of 15 produced was also 

investigated. Accordingly, 3 and 10 (each at 20 mM) were incubated with either 90 µM 
or 180 µM of 4-OT, and the two reactions were followed by 1H NMR spectroscopy. Using 
90 µM of 4-OT, ~4% and ~10% of 3 and 10 had been converted to 15 after 7 and 14 
days, respectively. Using 180 µM of 4-OT, ~9% and ~16% of 3 and 10 had been 
converted to 15 after 7 and 14 days, respectively. These results show that doubling the 
enzyme concentration doubles the amount of product formed, strongly suggesting that 
the reaction is enzyme catalyzed. Notably, no significant enzyme inhibition occurs at 
these aldehyde concentrations. 

O O O OH O

3 10 14 15

H H H H

-H2O
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Control experiments further demonstrate that the aldol condensation reaction 
between 3 and 10 is an enzyme-catalyzed process. GC/MS and 1H NMR analyses of 3 
and 10 (each at 50 mM) incubated in 20 mM phosphate buffer (pH 7.3) for 14 days at  
22 °C showed no formation of 15, ruling out a nonenzymatic aldol condensation (Figure 
S1B, Supporting Information). Hence, the results show that the 4-OT-catalyzed aldol 
condensation of 3 with 10 generates 15. A likely scenario for the formation of 15 from 
these compounds involves the initial enzymatic cross coupling of 3 and 10 to generate 
the aldol product 14 (Scheme 4). Subsequent chemical or enzymatic dehydration of 14 
yields 15. The incubations of 3 and each of the electrophiles 11-13 with 4-OT showed no 
detectable conversion, demonstrating the high selectivity of 4-OT for substrate 10. As 
expected, incubation of only 10 (without 3) with 4-OT in 20 mM phosphate buffer  
(pH 7.3) for 14 days at 22 °C also showed no conversion, demonstrating that both 
substrates (3 and 10) are required for product formation. 

The preparation of 4-OT used in these experiments was highly purified, but it 
remained possible that a contaminating enzyme from the E. coli BL21(DE3) expression 
host could be responsible for the observed aldolase activity. To eliminate this concern, 
three control experiments were performed. First, incubation of 4-OT with  
3-bromopyruvate, an active-site directed irreversible inhibitor that alkylates Pro-1,[13] led 
to single-site modification of 4-OT (as shown by ESI-MS) and the concomitant loss of the 
aldolase activity (Figure S3C, Supporting Information). Second, a mock purification was 
performed from BL21(DE3) cells harboring an empty pET20b(+) vector. Incubation of an 
aliquot of this purification with 3 and 10 for 14 days at 22°C did not result in the 
formation of 15. Third, a 4-OT sample free of contaminating cellular enzymes was 
prepared by total chemical synthesis.[14] Incubation of 3 and 10 with synthetically 
prepared 4-OT for 14 days at 22 °C yielded product 15 in an amount comparable to that 
formed in the reaction catalyzed by purified recombinant 4-OT (Figure S3D, Supporting 
Information). 

We next investigated the importance of Pro-1, Arg-11 and Arg-39 to 4-OT’s aldolase 
activity by analyzing the kinetic properties of the corresponding alanine mutants.  
1H NMR spectroscopic analysis revealed that after a 14-day incubation period at 22 °C, 
the R39A-4-OT catalyzed reaction results in ~8% of 15, whereas the P1A-4-OT and R11A-
4-OT catalyzed reactions gave only a trace amount of 15 (<1%) (Figure S3, Supporting 
Information). These results provide further evidence indicating that 4-OT is responsible 
for the observed aldolase activity and that Pro-1 and Arg-11 are critical for the activity, 
whereas Arg-39 is not essential for the activity. 

It has previously been reported that 4-OT exhibits a promiscuous dehalogenase 
activity that can be significantly increased (50-fold in terms of kcat/Km) by the 
replacement of the active site residue Leu-8 with an arginine.[15] This observation 
prompted us to test whether this mutation may also affect the promiscuous aldolase 
activity of 4-OT. Accordingly, the L8R-4-OT mutant was constructed, purified, and tested 
for its ability to catalyze the aldol condensation of 3 with 10. To perform accurate rate 
measurements, an UV spectroscopy assay was developed that follows the decrease in 
substrate absorbance at 250 nm and the increase in product absorbance at 290 nm. 
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Incubation of 3 and 10 with L8R-4-OT resulted in a decrease in absorbance 
corresponding to 10 (λmax = 250 nm), accompanied by the appearance of a new 
absorbance peak at 290 nm, which corresponds to 15 (Figure 1B). When the rate of this 
reaction is compared to that catalyzed by wild-type 4-OT (Figure 1A), it is clear that the 
L8R-4-OT mutant has an improved aldolase activity. Analysis of the reaction by 1H NMR 
spectroscopy verified that the product of the L8R-4-OT catalyzed aldol condensation of 
3 with 10 is 15, as established for wild-type 4-OT (Figure S3F, Supporting Information). 
Again, no product formation was detected for the control reaction without enzyme. 
 
A           B 

 

            
Figure 1. UV spectra monitoring the aldol condensation of 3 with 10 catalyzed by either 4-OT (A) or 
L8R-4-OT (B). 

 
Having established that the L8R-4-OT mutant has a significantly improved aldolase 

activity, kinetic parameters were determined. The rates of the 4-OT and L8R-4-OT 
catalyzed reactions were dependent on the concentrations of both 3 and 10 (Figure S4, 
Supporting Information). Apparent kcat/Km values were estimated at a fixed 
concentration of 3 (50 mM) and varying concentrations of 10. A comparison of these 
values shows that the L8R-4-OT mutant (kcat/Km = 1.4 × 10-2 M-1 s-1) is 16-fold more 
efficient in catalyzing the aldol condensation of 3 with 10 than wild-type 4-OT (kcat/Km = 
8.5 × 10-4 M-1 s-1). The improved aldolase activity of L8R-4-OT can also be clearly 
visualized using a phloroglucinol-based colorimetric assay,[16] which monitors the 
formation of 15 (Figure S5, Supporting Information). 

In a possible mechanism that might explain the observed aldolase activity, Pro-1 
functions as a nucleophile and attacks the carbonyl carbon of 3 to form an iminium ion 
(Scheme S1, Supporting Information). Deprotonation of this ion leads to the generation 
of the reactive enamine intermediate, which is equivalent to a nucleophilic carbanion. 
Nucleophilic addition of the enamine to the carbonyl carbon of 10 gives a modified 
iminium ion. Dehydration and hydrolysis of this iminium ion intermediate yields the 
final product 15. The negative charge that develops on the carbonyl oxygen of 10 
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(and/or 3) could be stabilized by the active site arginine (i.e., Arg-11) known to be critical 
for the activity. This arginine may also serve as the source for a proton that would assist 
in formation of the hydroxyl group of the iminium ion intermediate. The additional 
arginine residue in the L8R-4-OT mutant may assist Arg-11 in charge stabilization, 
explaining the increased aldolase activity of this mutant enzyme.[17] 

Lineweaver-Burk plots at varying concentrations of 3 and different fixed values of 10 
give a series of intersecting lines (Figure S4, Supporting Information). This pattern is 
characteristic of a sequential bi-substrate mechanism. As only substrate 3 can serve as 
enamine donor (10 does not have enolisable hydrogens and can only act as enamine 
acceptor in the aldol reaction), the mechanism is expected to be sequential ordered 
rather than sequential random. This is supported by the relative rate of imine formation 
between 4-OT and 3 or 10. After incubation of 4-OT with either 3 or 10 (each at 1 mM) 
for 1 h at 22 °C, and subsequent reduction with NaCNBH3, 4-OT is found to be labeled 
only partially by 10, whereas covalent modification by 3 is almost complete (Figure S6, 
Supporting Information). Taken together, the kinetic and labeling results are consistent 
with a sequential ordered mechanism for the 4-OT catalyzed condensation of 3 with 10. 

Notably, the UV spectra monitoring the aldol reactions (Figure 1) also show a time-
dependent increase in absorbance at ~227 nm. Control experiments in which the 
nonenzymatic self-condensation of 3 was followed by UV and 1H NMR spectroscopy 
demonstrate that this absorbance corresponds to the formation of 2-butenal (16, 
Scheme S2, Supporting Information). While 4-OT may weakly catalyze this reaction, the 
activity appears to be more significant for the L8R-4-OT mutant (Figure 1). Indeed, 
additional signals corresponding to 16 were also observed in the 1H NMR spectra 
monitoring the incubations of 3 and 10 with either 4-OT (Figure S1, Supporting 
Information) or the L8R-4-OT mutant (Figure S3F, Supporting Information). Additional 
experiments with synthetically prepared 4-OT and L8R-4-OT are underway to verify 
whether these enzymes also catalyze the self-condensation of 3 (rather than a 
contaminating protein). 

In conclusion, we have used a systematic screening strategy to discover new 
promiscuous activities in wild-type 4-OT. The key strength of this strategy is the 
observation that the same N-terminal proline that is used to catalyze proton transfer (in 
4-OT’s natural activity) can be used to generate a range of structurally distinct 
enamines, which may undergo reactions with various electrophiles. As a proof of 
principle experiment, we have shown that the aldol condensation of 3 with 10 is 
catalyzed by 4-OT, and that this activity can be improved (16-fold) by a single point 
mutation (L8R) in the enzyme’s active site. The proposed mechanism of this reaction 
mimicks that used by natural class I aldolases,[18] catalytic aldolase antibodies,[19] and 
designed aldolase peptides.[20] However, an important mechanistic difference is that 
these catalysts use the primary amine of a lysine residue to form enamines with 
carbonyl substrates, whereas 4-OT uses the secondary amine of an active site proline as 
the nucleophile catalyst. 

Systematic screening of a protein scaffold in which an active site proline residue is 
present as a nucleophile and that has the reactivity to form enamines may prove to be 
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a useful approach to discover new promiscuous carbonyl transformation activities that 
may serve as starting activities to develop new biocatalysts for carbon-carbon bond 
formation. This approach does not copy something in Nature (i.e., proline-based 
enamine catalysis is not known to occur in Nature), but is based on the synthetic 
requirements of the desired bond-forming reactions.[21] Work is in progress to explore 
new enamine donors for 4-OT and to exploit the chemical potential of the various 
enamines that can be formed in 4-OT’s active site in order to find new promiscuous 
aldol, alkylation and Michael addition reactions in this fascinating enzyme. In addition, 
we have initiated studies aimed at screening known and putative tautomerase 
superfamily members (that share a nucleophilic active site proline) with various 
aldehyde and ketone probes for the presence of intrinsic, promiscuous carbonyl 
transformation activities. Directed evolution experiments could then be used to 
enhance the desired activities to a practical level. 
 
Experimental section 
Materials. All chemicals were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO), 
unless stated otherwise. The sources for the biochemicals, buffers, solvents, 
components of Luria-Bertani (LB) media as well as the materials, enzymes, and reagents 
used in the molecular biology procedures are reported elsewhere.[22] Sequencing grade 
endoproteinase Glu-C (protease V-8) was purchased from Roche Diagnostics 
(Mannheim, Germany). High-purity synthetic 4-OT (lyophilized, with Met-45 replaced by 
Nle to prevent oxidation upon sample handling) was obtained from GenScript USA Inc. 
(Piscataway, NY) and folded into the active homohexamer as described before.[23]  
2-Hydroxy-2,4-hexadienedioate (commonly known as 2-hydroxymuconate) was kindly 
provided by Prof. dr. Christian P. Whitman (University of Texas at Austin, TX). 

General methods. Techniques for restriction enzyme digestions, ligation, 
transformation, and other standard molecular biology manipulations were based on 
methods described elsewhere.[24] The PCR was carried out in a DNA thermal cycler 
(model GS-1) obtained from Biolegio (Nijmegen, The Netherlands). DNA sequencing was 
performed by Macrogen (Seoul, Korea). Protein was analyzed by polyacrylamide gel 
electrophoresis (PAGE) using sodium dodecyl sulfate (SDS) gels containing 
polyacrylamide (10%). The gels were stained with Coomassie brilliant blue. Protein 
concentrations were determined by the Waddell method.[25] Kinetic data were obtained 
on a V-650 spectrophotometer from Jasco (IJsselstein, The Netherlands). 1H NMR 
spectra were recorded on a Varian Inova 500 (500 MHz) spectrometer using a pulse 
sequence for selective presaturation of the water signal. Chemical shifts for protons are 
reported in parts per million scale (δ scale) downfield from tetramethylsilane and are 
referenced to protium (H2O: δ = 4.67). GC-MS spectra were recorded on an in-house 
Shimadzu GC-17A/GCMS-QP5000 system. The masses of 4-OT and 4-OT mutants were 
determined by ESI-MS using a Sciex API 3000 triple quadrupole mass spectrometer (AB 
Sciex, Concord, Ontario, Canada). The masses of peptide fragments in samples of Glu-C-
digested 4-OT were determined by nano-LC-MS/MS using a QSTAR XL mass 
spectrometer (AB/MDS-Sciex, Toronto, Canada) coupled to an Agilent 1100 nanoflow 
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system (Waldbronn, Germany). These mass spectrometers are housed in the Mass 
Spectrometry Facility Core in the Department of Pharmacy at the University of 
Groningen. 

Construction of the expression vector for the production of 4-OT. The gene encoding 
wild-type 4-OT was amplified from plasmid pET3b(4-OT)[15] using the following primers: 
5ʹ′- A TAG CAG GTA CAT ATG CCT ATT GCC CAG ATC CAC AT-3ʹ′ (primer F, NdeI site 
underlined) and 5ʹ′- G TGA TGT TAT GGA TCC TCA GCG TCT GAC CTT GCT GGC CAG TTC 
G-3ʹ′ (primer R, BamHI site underlined). The PCR product was gel-purified, digested with 
NdeI and BamHI, and cloned in frame with the ATG start codon of the pET20b(+) vector. 
The newly constructed expression vector was named pET20b(4-OT). 

Construction of the 4-OT mutants P1A, R11A, R39A and L8R. The four 4-OT mutants 
were constructed by PCR using the coding sequence for 4-OT in plasmid pET20b(4-OT) 
as the template. To introduce the P1A, L8R, and R11A mutations, the following 
oligonucleotides were used as forward primers: 5ʹ′-A TAG CAG GTA CAT ATG GCC ATT 
GCC CAG ATC CAC ATC CTT G-3ʹ′, 5ʹ′-A TAG CAG GTC CAT ATG CCT ATT GCC CAG ATC CAC 
ATC CGC GAA GGC CGC AGC-3ʹ′, and 5ʹ′- A TAG CAG GTA CAT ATG CCT ATT GCC CAG ATC 
CAC ATC CTT GAA GGC GCC AGC GAC GAG CAG-3ʹ′, respectively, where the NdeI site is 
underlined and the mutated codon is in bold. These primers correspond to the 5ʹ′-end 
of the wild-type coding sequence and were used in combination with primer R. For the 
construction of the R39A mutant the following oligonucleotide was used as the reverse 
primer: 5ʹ′-A TGT TAT GGA TCC TCA GCG TCT GAC CTT GCT GGC CAG TTC GCC GCC GAT 
GCC GAA GTG GCC CTT GGC CAT CTC CGT GAT AAT CAC GGC CAC GCT GG-3ʹ′, where the 
BamHI site is underlined and the mutated codon is in bold. This primer corresponds to 
the 3ʹ′-end of the wild-type coding sequence and was used in combination with primer F. 
The resulting PCR products were gel-purified, digested and cloned in frame with the 
ATG start codon of the pET20b(+) vector. All genes were fully sequenced to assure that 
only the desired mutations were introduced. 

Expression and purification of 4-OT wild-type and mutants. The 4-OT enzyme, either 
wild-type or mutant, was produced in E. coli BL21(DE3) using the pET20b(+) expression 
system. LB medium (5 mL) containing ampicillin (Ap, 100 µg/ml) was inoculated with 
cells from a glycerol stock of E. coli BL21(DE3) containing the appropriate expression 
vector using a sterile loop. After overnight growth at 37 oC, this culture was used to 
inoculate fresh LB/Ap medium (1 L) in a 3 L Erlenmeyer flask. Cultures were grown 
overnight at 37 oC with vigorous shaking to an OD600 of ~4.5. Cells were harvested by 
centrifugation (20 min, 4500 rpm), washed with 10 mM NaH2PO4 buffer (pH 8.0)  
(buffer A) and stored at -20 oC. 

The 4-OT protein, either wild-type or mutant, was purified using disposable hand-
packed columns. Typically, in this protocol, cells from 0.5 L of culture were suspended in 
~10 mL of Buffer A, sonicated and centrifuged as described above. Subsequently, the 
supernatant was loaded onto a DEAE-sepharose column (10 × 1.0 cm filled with ~8 mL 
of resin) that had been previously equilibrated with Buffer A. The column was first 
washed with Buffer A (3 × 10 mL) and then the protein was eluted by gravity flow using 
Buffer A containing 0.5 M Na2SO4 (8 mL). Fractions (~1.5 mL) were collected and 4-OT 
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was identified by SDS-PAGE. The appropriate fractions were pooled and made 1.6 M in 
(NH4)2SO4. After stirring for 2 hr at 4 °C, the precipitate was removed by centrifugation 
(20 min at 20,000 × g), and the supernatant was filtered and loaded onto a phenyl-
sepharose column (10 × 1.0 cm filled with ~8 mL of resin) that had been previously 
equilibrated with Buffer A containing 1.6 M (NH4)2SO4.  The column was first washed 
with the loading buffer (3 × 10 mL) and then the protein was eluted by gravity flow using 
Buffer A (8 mL). Fractions (~1.5 mL) were collected and analyzed as described above, 
and those that contained purified 4-OT protein were combined and the buffer was 
exchanged against 20 mM NaH2PO4 buffer (pH 7.3) using a pre-packed PD-10 Sephadex 
G-25 gelfiltration column. The purified protein was stored at −80 °C until further use. 

Wild-type 4-OT and the P1A and R11A mutant proteins had little interaction with the 
phenyl-sepharose column and eluted as homogeneous proteins (>95% purity as 
assessed by SDS-PAGE) in the first washing step. The R39A mutant interacted more 
strongly with the phenyl-sepharose column and eluted in the second and third washing 
step, as well as in one of the first elution fractions. The R39A protein that eluted in the 
washing steps (~85% purity) was used in the assays. The L8R mutant eluted from the 
DEAE-Sepharose column in the second washing step as homogenous protein (>95% 
purity), and no further purification on the Phenyl-Sepharose column was performed. 

The masses of the purified wild-type and mutant proteins were determined with ESI-
MS to confirm that the proteins had been processed correctly and the initiating 
methionine had been removed. The observed monomer mass for wild-type 4-OT was 
6811 Da (calc. 6810 Da). The observed monomer mass for the P1A mutant was 6786 Da 
(calc. 6785 Da), that of the R11A mutant was 6727 Da (calc. 6726 Da), and that of the 
R39A mutant was 6727 Da (calc. 6726 Da). 

In addition, a mock purification was performed from BL21(DE3) cells harboring an 
empty pET20b(+) vector according to the procedure described above for wild-type 4-OT. 
An aliquot of this sample was used as a control in the colorimetric and 1H NMR assays 
for aldolase activity (see below). 

Spectrophotometric assay for tautomerase activity. The ketonization of  
2-hydroxymuconate (1) by 4-OT was monitored by following the depletion of the 
absorbance of 1 at 288 nm (ε = 20 mM-1 cm-1) in 20 mM NaH2PO4 buffer (pH 7.3). A small 
aliquot (1 μl) of a 1.1 μM (monomer concentration) stock solution of 4-OT was added to 
a cuvette containing 1 mL of buffer. To initiate the assay, 2 μl of a stock solution of 1  
(50 mM in ethanol) was added. 

Labeling of 4-OT with 3-bromopyruvate. An amount of 4-OT (2 mg) was incubated with 
3-bromopyruvate (3-BP; final concentration 20 mM) in 20 mM NaH2PO4 buffer (pH 7.3) 
for 1 h at 22 °C (total volume of 1 ml). Subsequently, NaBH4 was added to a final 
concentration of 25 mM and the sample was incubated at 22 °C for 1 h. In a separate 
control experiment, the same quantity of 4-OT was incubated without inhibitor under 
otherwise identical conditions. The two incubation mixtures were loaded onto separate 
PD-10 Sephadex G-25 gel filtration columns, which had previously been equilibrated 
with 20 mM NaH2PO4 buffer (pH 7.3). The proteins were eluted by gravity flow using the 
same buffer. Fractions (~0.5 mL) were analyzed for the presence of protein by UV 
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absorbance at 214 nm. The appropriate fractions containing the purified proteins were 
combined and assayed for tautomerase activity as described above. The 4-OT sample 
treated with 3-BP had no residual tautomerase activity. Incubation of 4-OT without 
inhibitor under the same conditions had no effect on activity. The covalent modification 
of 4-OT resulting from the incubation with 3-BP was confirmed by ESI-MS. The observed 
monomer mass for the covalently modified 4-OT was 6901 Da (calc. 6900 Da). This 4-OT 
protein inactivated by 3-BP was used as a control in the 1H NMR assay for aldolase 
activity (see below). 

Sodium cyanoborohydride treatment of 4-OT in the presence of carbonyl compounds  
(3-10, 15). An amount of 4-OT (1 mg) was incubated with 1 mM of compounds 3-7, 10, or 
15 or 10 mM of compounds 8 or 9 in a final volume of 1 mL of 20 mM NaH2PO4 buffer 
(pH 7.3) for 1-3 h at 22 °C (in separate reactions). Subsequently, an aliquot of a 100 mM 
stock solution of NaCNBH3 in water was added to give a final concentration of 25 mM. 
After incubation for 1 h at 22 °C, the buffer was exchanged against 5 mM NH4HCO3 
buffer (pH 8.0) using a pre-packed PD-10 Sephadex G-25 gelfiltration column. The 
purified 4-OT proteins were assayed for residual tautomerase activity using the 
spectrophotometric assay described above. To assess the extent and specificity of the 
covalent labeling, the purified proteins were also analyzed by ESI-MS.  

Control reactions containing enzyme, buffer, and carbonyl compound, or enzyme, 
buffer, and NaCNBH3 were carried out under identical conditions. These mixtures did 
not lead to inactivation of 4-OT. 

Mass spectral analysis of modified 4-OT and peptide mapping. An amount of 4-OT  
(0.5 mg) was incubated with 1 mM of acetaldehyde (3) in 20 mM NaH2PO4 buffer (pH 
7.3) for 1 h at 22 °C (total volume of 1 mL). A second 4-OT sample was not treated with 3 
and was used as the control sample. An aliquot from a 100 mM stock solution of 
NaCNBH3 in water was added to both samples to give a final concentration of 25 mM. 
After incubation for 1 h at 22 °C, the buffer was exchanged against 10 mM NaH2PO4 
buffer (pH 8.0) using a pre-packed PD-10 Sephadex G-25 gelfiltration column. The two 
purified 4-OT proteins were assayed for tautomerase activity, analyzed by ESI-MS, and 
used in the following peptide mapping experiments. 

For the peptide mapping studies, a quantity (50 μg) of unmodified 4-OT and 4-OT 
modified by 3 was vacuum-dried. The individual protein pellets from the two samples 
were dissolved in 10 μL of 10 M guanidine-HCl and incubated for 2 hrs at 37 oC. 
Subsequently, the samples were diluted by addition of 90 μL of 100 mM NH4HCO3 
buffer (pH 8.0) and incubated for 2 days at 37 oC with protease GluC (2.5 μL from a 10 
mg/mL stock solution in water). These two digested samples were analyzed by nano-
LC/MS to identify the labeled peptide fragment. Selected ions of both samples were 
subjected to MS/MS analysis. 

1H NMR spectroscopic screening for carbonyl transformations by 4-OT. The 1H NMR 
spectra montoring the reactions between 3 and the four selected electrophiles were 
recorded as follows. A reaction mixture of 3 (50 mM) and either benzaldehyde (10), 
acetophenone (11), cyclohexanecarboxyaldehyde (12) or cyclopentanecarboxyaldehyde 
(13) (each at ~50 mM) in 20 mM NaH2PO4 buffer (0.55 mL, pH 7.3) was placed in an NMR 
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tube, along with D2O (0.05 mL) and 0.4 mg 4-OT (0.05 mL from a 8 mg/mL solution). 
Similar mixtures without 4-OT (the control samples) were prepared as well in order to 
analyze the non-enzymatic (uncatalyzed) reaction. 1H NMR spectra were recorded 
directly after mixing, and then after 1, 7 and 14 days. 

The 1H NMR signals for 3, 10, 11, 12, and 13 are as follows. 1H NMR (500 MHz, 20 mM 
phosphate/D2O buffer, pH 7.3) of 3 and its hydrate: δ = 1.19 (d, J = 4.5 Hz, 3H), 2.09 (d, J 
= 3.0 Hz, 3H), 5.11 (q, J = 5.0 Hz, 1H), 9.52 (q, J = 3.0 Hz, 1H). 1H NMR (500 MHz, 20 mM 
phosphate/D2O buffer, pH 7.3) of 10: δ = 7.46 (t, J = 7.5 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 
7.79 (d, J = 8.0 Hz, 2H), 9.77 (s, 1H). 1H NMR (500 MHz, 20 mM phosphate/D2O buffer, pH 
7.3) of 11: δ = 2.52 (s, 3H), 7.42 (t, J = 7.5 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.85 (d, J = 8.5 Hz, 
2H). 1H NMR (500 MHz, 20 mM phosphate/D2O buffer, pH 7.3) of 12: δ = 1.06-1.40 (m, 
6H), 1.50-1.70 (m, 4H), 1.77 (m, 1H), 9.41 (s, 1H). 1H NMR (500 MHz, 20 mM 
phosphate/D2O buffer, pH 7.3) of 13: δ = 1.20-1.54 (m, 6H), 1.58-1.76 (m, 2H), 2.27 (m, 
1H), 9.45 (d, J = 2.0 Hz, 1H). 

In the incubation containing 3, 10, and 4-OT, extra signals were detected after 1 day, 
indicating the formation of cinnamaldehyde (15). The 1H NMR signals for 15 are as 
follows: 1H NMR (500 MHz, 20 mM phosphate/D2O buffer, pH 7.3) of trans-15: δ = 6.70 
(dd, J = 8 Hz, 1H), 7.29 (m, 1H), 7.38 (m, 2H), 7.59 (d, J = 6.5 Hz, 2H), 7.66 (d, J = 16 Hz, 1H), 
9.44 (d, J = 8 Hz, 1H). Furthermore, in all samples (with or without enzyme) the following 
extra signals were detected after 1 week: 1H NMR (500 MHz, 20 mM phosphate/D2O 
buffer, pH 7.3): δ = 1.91 (d, J = 7.0 Hz, 3H), 6.07 (dd, J = 8.0 Hz, 1H), 7.03 (m, 1H), 9.22 (d, J 
= 8.5 Hz, 1H). These signals correspond to the formation of 2-butenal (16). This self-
condensation product of 3 is formed in slightly higher amounts in the incubations 
containing 4-OT as compared to the control reactions without enzyme. [Reference 
spectra of 3 (and its hydrate), 10, 15, and 16 are given in Figure S7, Supporting 
Information]. 

Detection of 15 by UV spectroscopy and GC/MS analysis. While 15 has characteristic 1H 
NMR signals, its identity in the incubation mixture described above was further 
confirmed by UV spectroscopy and GC/MS analysis. Accordingly, after 14 days of 
incubation, a small aliquot was removed from the mixture containing 3, 10, and 4-OT 
and diluted 200-fold in 20 mM NaH2PO4 buffer (pH 7.3). In addition, a small aliquot was 
removed from the control mixture (3 and 10 incubated without enzyme) and also 
diluted 200-fold in the same buffer. Subsequently, UV/Vis spectra were recorded from 
the diluted samples. Apart from the characteristic absorbance peak of 10 (λmax = 250 
nm, ε250= 15 mM-1 cm-1), the sample containing 4-OT showed extra peaks at λmax = 290 
nm (15, ε290= 26.7 mM-1 cm-1) and around λmax = 227 nm (16, ε227= 19 mM-1 cm-1). The 
absorbance peak corresponding to 15 was lacking in the control sample without 
enzyme. 

For detection of 15 by GC/MS analysis, the remaining part (~0.6 mL) of the reaction 
mixture containing 3, 10, and 4-OT was removed from the NMR tube and extracted with 
1.8 ml of ethylacetate. The ethylacetate layer was dried over MgSO4 and subsequently 
analyzed by GC/MS. The control sample (3 and 10 incubated without enzyme) was 
prepared and analyzed in the same way, but did not show the presence of 15. 
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1H NMR spectroscopy assay for aldolase activity. 1H NMR spectra monitoring the aldol 
condensation of 3 with 10 catalyzed by either wild-type 4-OT, L8R-4-OT, P1A-4-OT, R11A-
4-OT, R39A-4-OT, 4-OT inactivated by 3-BP, or synthetic 4-OT, were recorded as follows. 
In an NMR tube, the enzyme (90 μM) was incubated with 3 and 10 (50 mM each, unless 
stated otherwise) in 0.6 mL of 20 mM NaH2PO4 buffer (pH 7.3) at 22 °C. In addition, to 
each tube 0.05 mL of D2O was added. In two additional control experiments, 3 and 10 
were incubated without enzyme or with an aliquot from a mock purification under 
otherwise identical conditions. The first 1H NMR spectrum was recorded immediately 
after mixing, and then after 7 and 14 days. The formation of 15 is indicative of the 
presence of aldolase activity. The 1H NMR signals for 3 (and its hydrate), 10 and 15 are 
described above. 

Colorimetric assay for aldolase activity. Purified wild-type 4-OT, 4-OT mutants, and 
synthetic 4-OT were assayed for aldolase activity by monitoring production of 
cinnamaldehyde (15) upon incubation with acetaldehyde (3) and benzaldehyde (10). 
Accordingly, an amount (200 μg) of wild-type 4-OT, P1A-4-OT, R11A-4-OT, R39A-4-OT, 
L8R-4-OT, or synthetic 4-OT was incubated (in separate vials) with 3 and 10 (30 mM 
each) in 1.2 mL of 20 mM NaH2PO4 buffer (pH 7.3) at 22 °C. In two separate control 
experiments, 3 and 10 were incubated without enzyme or with an aliquot of a mock 
purification. After incubation of the reaction mixtures at 22 °C for 3 days, a sample of  
50 μL was removed and mixed with 150 μL of 0.2% (w/v) phloroglucinol in 25/75 % (v/v) 
HCl/EtOH. Compound 15 forms a short-lived yellow-colored complex with 
phloroglucinol, indicative of the presence of aldolase activity. 

UV spectrophotometric assay for aldolase activity. The kinetic assays were performed 
at 22 °C by following the increase in absorbance at 290 nm, which corresponds to the 
formation of 15. An aliquot of 4-OT was added to 0.3 mL of 20 mM NaH2PO4 buffer  
(pH 7.3) in a 1 mm cuvette, yielding a final enzyme concentration of 587 μM (146 µM for 
the L8R-4-OT mutant). The enzyme activity was assayed by the addition of 3 (at a fixed 
concentration of 50 mM) and 10 (in concentrations varying from 0.5 to 10 mM). The 
initial rates (mM/s) were plotted versus the concentration of 10 (mM) (Figure S4, 
Supporting Information). The slope of this plot is a straight line that equals (kcat × [E])/Km. 
Dividing the slope by the enzyme concentration results in a value for the apparent 
kcat/Km (for benzaldehyde). 

Additional kinetic assays using the L8R-4-OT mutant were performed to 
demonstrate that the initial rate is dependent on both substrate concentrations, and to 
verify that the kinetic mechanism is sequential. An aliquot of L8R-4-OT was added to  
0.3 mL of 20 mM NaH2PO4 buffer (pH 7.3) in a 1 mm cuvette, yielding a final enzyme 
concentration of 292 µM. The enzyme activity was assayed by the addition of 3 (in 
concentrations varying from 10 to 50 mM) and 10 (in concentrations varying from 1 to  
8 mM). The resulting data were plotted as the reciprocal value of the initial rate (s/mM) 
versus the reciprocal value of the concentration of 3 (mM-1) (Figure S4, Supporting 
Information). 
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Supplementary information 
Figures S1 – S7, schemes S1 and S2, and the corresponding legends, are provided 
below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S1. Partial 1H NMR spectra of the 4-OT-catalyzed (A) and uncatalyzed (B) aldol condensation 
of 3 with 10. Signals corresponding to the cross-condensation product cinnamaldehyde (15) are 
only observed in spectrum A, whereas signals corresponding to the self-condensation product  
2-butenal (16) are observed in both spectra. The 1H NMR signals for 3, 10, 15 and 16 are reported 
in the experimental procedures. 
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Figure S2. GC-MS fragmentation pattern of the product formed in the incubation of 3 and 10 with 
4-OT (top panel). The product was identified as cinnamaldehyde (15) based on the detection of 
fragment ions with masses highly similar to those found in MS/MS spectra of 15 in the NIST107 
mass spectral reference library (two lower panels). 
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Figure S3. Partial 1H NMR spectra of the condensation of 3 with 10 catalyzed by P1A-4-OT (A), R11A-
4-OT (B), 4-OT inactivated with 3-bromopyruvate (C), synthetic 4-OT (D), R39A-4-OT (E), and L8R-4-
OT (F). Signals corresponding to the cross-condensation product cinnamaldehyde (15) are 
observed only in spectra D-F, whereas signals corresponding to the self-condensation product  
2-butenal (16) are observed in all spectra. The 1H NMR signals for 3, 10, 15 and 16 are reported in 
the experimental procedures. 
 
 
 

 
 
Figure S4. Kinetic analysis of the L8R-4-OT catalyzed condensation of 3 with 10. Left panel: a series 
of Lineweaver Burk plots of the reaction of 3 (AA) and 10 (BZ) catalyzed by L8R-4-OT (292 μM). The 
concentration of 10 is varying from 1 to 8 mM and the concentration of 3 is varying from 10 to  
50 mM. Right panel: Michaelis-Menten plot of the reaction of 3 and 10 catalyzed by L8R-4-OT  
(145 μM). The initial rates were measured at a fixed concentration of 3 (50 mM) and varying 
concentrations of 10 (0.5 to 2 mM). The slope of this plot is a straight line that equals (kcat × [E])/Km. 
Dividing the slope by the enzyme concentration results in a value for the apparent kcat/Km (for 
benzaldehyde). For wild-type 4-OT, the apparent kcat/Km was determined in the same way. 
 
 
 

 
 
Figure S5. Phloroglucinol-based colorimetric assay for the detection of cinnamaldehyde (15) in 
reaction mixtures of 3 and 10 incubated for 3 days with either a) an aliquot from a mock 
purification, b) 4-OT, c) L8R-4-OT, d) P1A-4-OT, e) R11A-4-OT, f) R39A-4-OT, g) synthetic 4-OT, and h) 
no enzyme added. A yellow color indicates the presence of 15. 
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Figure S6. ESI-MS spectra of 4-OT treated with A) 3 (1 mM; expected mass 6839 Da), B) 10 (1 mM; 
expected mass 6901 Da), and C) 15 (10 mM; expected mass 6930 Da). The mass of unlabeled 4-OT 
is 6810 Da. The deconvoluted spectra display a singly charged state. 
 
 

6810

6901

Mw (amu)
6700 6800 6900 7000 7100

In
te

ns
ity

 (c
ps

)

0

1e6

2e6

3e6

4e6

5e6

Mw (amu)
6700 6800 6900 7000 7100

In
te

ns
ity

 (c
ps

)

0

4e6

8e6

1.2e7

6810

6930

Mw (amu)
6700 6800 6900 7000 7100

In
te

ns
ity

 (c
ps

)

0

1e6

2e6

3e6

4e6

6839

6810



 154 

 
 

 
 
Figure S7A. 1H NMR  reference spectra of 3 and its hydrate (upper panel) and 10 (lower panel). The 
1H NMR signals are reported in the experimental procedures. 
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Figure S7B. 1H NMR  reference spectra of 15 (upper panel) and 16 (lower panel). The 1H NMR 
signals are reported in the experimental procedures. 
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Scheme S1. Proposed mechanism for the 4-OT-catalyzed condensation of 3 with 10 to yield 15. 
 
 
 
 
 

 
 
Scheme S2. The self-condensation of acetaldehyde (3) to yield 2-butenal (16). 
 
 
 
 
 
 
 
 

 



 157 



 158 



 159 

Chapter 6 
 

 
 

Demethionylation of Pro-1 variants of 4-oxalocrotonate 
tautomerase in Escherichia coli by co-expression with an 
engineered methionine aminopeptidase. 
 
Bert-Jan Baas, Ellen Zandvoort, Anna A. Wasiel, and Gerrit J. Poelarends* 

 
Department of Pharmaceutical Biology, Groningen Research Institute of Pharmacy, 
University of Groningen, Antonius Deusinglaan 1, 9713 AV Groningen, The Netherlands. 
 
Published in FEBS Open Bio (2014) 4, 651-658. 
 
 
 
 
 
 
 
 



 160 

Abstract 
4-Oxalocrotonate tautomerase (4-OT) catalyzes the enol-keto tautomerization of  
2-hydroxymuconate, utilizing its N-terminal proline (Pro-1) as general base catalyst. 
Substituting Pro-1 with bulky or charged residues will result in poor or no post-
translational removal of the translation-initiating methionine by the methionine 
aminopeptidase (MetAP) of the E. coli expression host. Here, we set out to investigate 
whether co-expression with previously engineered aminopeptidase MetAP-*TG can be 
used to produce the P1S, P1H and P1Q variants of 4-OT in a demethionylated form. The 
P1S variant, which carries a small residue at the penultimate position (the first position 
after the initiating methionine), was found to be fully processed by wild-type MetAP. 
The P1S variant has low-level 2-hydroxymuconate tautomerase and promiscuous 
oxaloacetate decarboxylase activity. The P1Q and P1H variants of 4-OT, which carry 
bulky residues at the penultimate position, could only be obtained in a demethionylated 
form (a minor fraction of the purified protein is still composed of methionylated 
enzyme) by co-expression with MetAP-*TG. Interestingly, the Gln-1 residue of the 
demethionylated P1Q variant undergoes intramolecular cyclization to form 
pyroglutamate (pE), yielding variant P1pE. Whereas the P1H/M1P2H mixture has low-
level tautomerase activity, the P1pE/M1P2Q mixture has robust tautomerase activity. 
The substitution of Pro-1 by Gln, followed by removal of the initiating Met and 
cyclization of Gln-1 to form pE, is a unique way to obtain a structural analogue of 
proline on the N-terminus of 4-OT. This opens up new possibilities to study the 
importance of Pro-1 in recently discovered C-C bond-forming activities of this highly 
promiscuous tautomerase. 
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Introduction 
The enzyme 4-oxalocrotonate tautomerase (EC 5.3.2.6; 4-OT) from the soil bacterium 
Pseudomonas putida mt-2 catalyzes the enol-keto tautomerization of 2-hydroxyhexa-2,4-
dienedioate to yield 2-oxohex-3-enedioate (Figure 1) as part of a degradative pathway 
for aromatic hydrocarbons.[1-3] 4-OT is a member of the tautomerase superfamily, a 
group of homologous proteins characterized by a structural β-α-β-fold and a catalytic 
amino-terminal proline residue (Pro-1).[4,5,6] Pro-1 was found to be crucial for both the 
natural and various promiscuous activities of the enzyme, which include the hydrolytic 
dehalogenation of trans-3-chloroacrylic acid,[7,8,9] the aldol condensation of 
acetaldehyde with benzaldehyde,[10,11] the Michael-type addition of linear aliphatic 
aldehydes to a variety of aliphatic and aromatic nitroolefins,[12,13,14] and the cis-trans 
isomerization of nitrostyrene.[15] The chemical versatility of the amino-terminal proline 
is the core of the catalytic diversity displayed by 4-OT; Pro-1 has been proposed to act 
as a general base (tautomerase activity), a general acid (dehalogenase activity), or as a 
nucleophile (aldol condensation, cis-trans isomerization, and Michael-type additions).[7-

16]  
 

 
 
Figure 1. The 4-OT-catalyzed tautomerization of 2-hydroxymuconate (i.e., 2-hydroxyhexa-2,4-
dienedioate) to 2-oxo-hex-3-enedioate.  
 

In order to gain insight into the structural and mechanistic roles of Pro-1 in the 
native tautomerase activity of 4-OT, Whitman and coworkers have studied mutants in 
which Pro-1 has been replaced by an alanine, glycine, leucine or valine.[17] From this 
work it was concluded that the stronger basicity of the secondary amine functionality of 
proline compared to the primary amine functionality of the introduced residue, and the 
rigidity of the pyrrolidine-ring, are key determinants for the catalytic efficiency of the 
enzyme towards its native substrate. During this study, mass spectral analysis of the 
P1L and P1V variants revealed that the translation-initiating methionine was either not 
or incompletely removed by the expression host E. coli. As a result, the P1L variant was 
obtained as the M1P2L protein showing that no demethionylation had occurred. The 
P1V variant was obtained as a mixture of P1V and M1P2V proteins, of which 55% was 
constituted by demethionylated protein. It was found that the presence of the initiating 
methionine had a pronounced effect on the kcat of these variants towards the native 
tautomerase activity of 4-OT.[17] Overall the kcat dropped by more than three orders of 
magnitude, which is likely caused by the structural effects the methionine imposes on 
the active site resulting in unfavorable positioning of the amino-terminus to act as a 
general base. These findings clearly show that the removal of the initiating methionine 
is a prerequisite in the study of Pro-1 variants of 4-OT. 
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One way of obtaining Pro-1 variants of 4-OT in a pure and fully demethionylated 
form is by peptide synthesis.[18] Drawbacks of this method are the high costs involved 
and the fact that the synthetic protein needs to be reconstituted in buffer in a properly 
folded and active form. While this is an experimental challenge, it has been 
demonstrated to work for 4-OT.[10,11,18] Dawson and coworkers chemically synthesized 
the P1G and P1A variants of 4-OT, thereby introducing a primary amine functionality at 
the amino-terminus of the enzyme replacing the secondary amine functionality of Pro-
1.[18] Interestingly, both the P1G and P1A variants were found to promiscuously catalyze 
the decarboxylation of oxaloacetate through a covalent imine-mechanism, yielding 
pyruvate and carbon dioxide as the products (Figure 2). 

In order to develop an alternative manner of producing demethionylated Pro-1 
variants of 4-OT and to avoid possible problems with respect to reconstitution, we 
explored the possibility to demethionylate new Pro-1 variants of 4-OT by biological 
means. The enzyme in E. coli responsible for the removal of the initiating methionine 
from newly synthesized proteins is methionine aminopeptidase (MetAP).[19] A key 
determinant in the substrate specificity of MetAP is the nature of the penultimate 
residue (i.e., the residue following the initiating methionine) of the substrate 
protein.[20,21] MetAP only accepts polypeptides with an amino-terminal methionine as 
substrate when the side chain of the penultimate residue is small (e.g. Gly, Ala or Pro). 
As a result, about 40% of the endogenous cytosolic proteins of E. coli are not 
demethionylated and likewise the size of the side chain of the penultimate residue of 
recombinant proteins produced by E. coli will determine whether demethionylation 
occurs or not.[19] As demethionylation for recombinant proteins is often required, Liao 
and coworkers have engineered MetAP towards a larger substrate scope by increasing 
the size of the substrate binding pocket of the enzyme.[22] This work has resulted in an 
engineered MetAP (termed MetAP-*TG) that is capable of removing the initiating 
methionine from recombinant proteins with bulkier or charged penultimate residues.  

 

 
 
Figure 2. Proposed mechanism of the 4-OT P1A and 4-OT P1S catalyzed decarboxylation of 
oxaloacetate involving a covalent imine intermediate, which can be trapped using NaCNBH3. 
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Inspired by the work of Liao and coworkers, we set out to investigate whether the 
engineered variant MetAP-*TG can be used to demethionylate Pro-1 variants of 4-OT 
that could not be studied in the past due to the reason described above. We have 
chosen to construct the 4-OT variants P1S, P1H and P1Q. The serine substitution was 
selected because of the relatively small side chain of serine, which may allow 
demethionylation of the P1S protein by wild-type MetAP.[22] In addition, the mutation to 
serine may introduce a new functional group at the amino-terminus of 4-OT. The 
variants P1H and P1Q were selected because wild-type MetAP does not accept peptide 
substrates with a histidine or glutamine at the penultimate position.[22] Additionally, the 
side chains of these residues offer interesting features. The imidazole functionality of 
the side chain of histidine could act as a catalytic base, possibly mimicking the role of 
Pro-1 of wild-type 4-OT. Following demethionylation of the P1Q variant, the amino-
terminal glutamine could undergo an intramolecular cyclization reaction (deamination) 
yielding pyroglutamate (pE), which is an interesting proline analogue (5-oxoproline, 
Figure 3).[23] The formation of amino-terminal pyroglutamate, either from a glutamine 
or glutamate residue, is a known post-translational modification that is important for 
the stability or activity of a variety of proteins, e.g. in human immunoglobulin gamma 
antibodies.[24,25] Proteins harboring an amino-terminal pyroglutamate are less 
susceptible to proteolytic degradation.[23, 26]  Examples where an amino-terminal 
pyroglutamate is essential for catalysis in enzymes are rare, a notable example being a 
family of amphibian ribonucleases.[27,28] In bullfrog (Rana catesbeiana) ribonuclease 3, an 
amino-terminal pyroglutamate assists in catalysis by perturbing the pKa of two catalytic 
histidine residues.[27,28] Given that the amide-nitrogen of the γ-lactam ring of 
pyroglutamate is not likely to be able to function as a general base catalyst, it would be 
interesting to investigate whether a P1pE variant of 4-OT is catalytically active. 

Herein, we describe the expression, purification and characterization of the P1S, 
P1H and P1pE variants of 4-OT. The purified proteins were subjected to ESI-MS analysis 
to establish their level of demethionylation and characterized for their  
2-hydroxymuconate tautomerase activities. Additionally, the P1S variant was subjected 
to labeling studies with oxaloacetate and characterized towards its oxaloacetate 
decarboxylase activity, parallel to the work of Dawson and coworkers on the P1A and 
P1G variants of 4-OT (Figure 2). 
 
Results and discussion 
Purification and characterization of 4-OT variants co-expressed with MetAP-*TG.  The genes 
encoding the 4-OT variants (P1S, P1Q and P1H) were expressed separately, or co-
expressed with the gene encoding MetAP-*TG, in E. coli BL21 (DE3). All genes are under 
transcriptional control of the T7 promoter and the enzymes were produced either 
constitutively (pET-20b(+) based expression vectors) or under control of the lac operator 
(pET-26 and pET-29 based expression vectors). The 4-OT variants were purified to near 
homogeneity by a two-step column chromatography protocol. The typical yield of the  
4-OT variants was 10 to 25 mg per liter of cell culture. MetAP-*TG was used only as an 
in-vivo catalyst in the co-production experiments and as such was not purified from the 
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expression host. The over-production of MetAP-*TG was evaluated by analyzing the 
total soluble protein fraction on SDS-PAGE gels, and the band corresponding to MetAP-
*TG is observed around 30 kDa. The level of over-production of MetAP-*TG that has 
been observed was assumed to be sufficient for the removal of the amino-terminal 
methionine residue of the 4-OT variants.  

The demethionylation efficiency of the 4-OT variants was determined by analyzing 
the purified proteins by electrospray ionization mass spectrometry (ESI-MS). The ratio of 
the peak area corresponding to the processed and non-processed (+131 Da) fraction 
was used to calculate the percentage of processed (demethionylated) 4-OT variant in 
each batch (Table 1). The 4-OT P1S variant was found to be fully processed by wild-type 
MetAP from the expression host, thus co-expression with the engineered MetAP-*TG 
was not necessary. The variants 4-OT P1H and 4-OT P1Q, however, were found not to 
be processed by wild-type MetAP. Co-expression of these variants with the engineered 
MetAP-*TG showed that post-translational processing can be achieved in-vivo; however, 
the efficiency of methionine removal differed significantly between purified protein 
samples from different growth experiments. 

 
Table 1. The monomer masses of the 4-OT P1S, 4-OT P1Q, and 4-OT P1H variants with and without 
the initiating methionine, as determined by ESI-MS, and the calculated relative amounts of 
methionylated and demethionylated monomers.  
 

Enzyme 
Mw +Met1  
(Da)a 

Relative amount 
(%)b 

Mw -Met1  
(Da)a 

Relative amount 
(%)b 

4-OT P1S N.D.  0 6802 100 

4-OT P1Q 6973 32 6825c 68 

4-OT P1H 6982 13 6851 87 
aThe reported values are accurate to ± 1 Da. bCalculated from the integration of the peaks in the 
reconstructed mass spectrum. cMass corresponding to P1pE instead of P1Q due to (spontaneous) 
intramolecular cyclization of glutamine-1 forming pyroglutamate. N.D., not detected. 

 
For the 4-OT P1H variant, 20-80% methionine removal was generally observed. The 

highest percentage of processing (87%, Table 1) was obtained by expressing 4-OT P1H 
constitutively (pET-20b(+)-based expression vector) and MetAP-*TG under control of the 
lac operator (pET-29b(+)-based expression vector). IPTG was added to the growth 
medium prior to the inoculation of the medium, to ensure expression of MetAP-*TG 
from the start as the 4-OT variant to be processed is expressed constitutively. For the  
4-OT P1Q variant, the highest percentage of processing (68%, Table 1) was achieved by 
expressing MetAP-*TG constitutively (pET-20b(+)-based expression vector) and the 4-OT 
P1Q variant under control of the lac operator (pET-26b(+)-based expression vector). This 
alternative way of co-expressing the 4-OT P1Q variant with MetAP-*TG with respect to 
the system used for the P1H variant was developed because of low demethionylation 
efficiencies (<20%) for the P1Q variant using the original method. Reasoning that an 
ample amount of MetAP-*TG needs to be present at the start of production of the 4-OT 
P1Q variant, the gene of 4-OT P1Q was cloned into an alternative vector under control 
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of the lac operator. Instead, cloning the gene of MetAP-*TG in the pET-20b(+) vector 
ensured constitutive expression of the demethionylation catalyst. Using this expression 
system, the production of MetAP-*TG prior to that of the 4-OT P1Q variant can be 
guaranteed and up to 68% methionine removal was achieved. 

An interesting observation made from the ESI-MS analysis of the P1Q variant is that 
the demethionylated protein was found to have a mass of 6825 ± 1 Da, instead of 6842 
Da, which is the calculated mass of the demethionylated P1Q variant. The mass 
difference of 17 Da can be explained by the expulsion of ammonia upon intramolecular 
cyclization of the amino-terminal glutamine (deamination) to form the proline analogue 
pyroglutamate (Figure 3). Since a peak corresponding to a mass of 6842 Da (amino-
terminal glutamine) is absent in the ESI-MS spectrum of this purified batch, the 
demethionylated fraction of this protein appears to harbor exclusively a pyroglutamate 
at the amino-terminus. 

 
 
 
 
 
 

Figure 3. Formation of pyroglutamate (i.e., 5-oxoproline) by deamination of an amino-terminal 
glutamine.  

 
To investigate whether the loss of 17 Da indeed occurs at the amino-terminal 

position and not somewhere else in the protein,  a new purified batch of the P1Q 
variant was produced, which by ESI-MS analysis was shown to consist of a mixture of 
three proteins with masses of 6825 ± 1 Da, 6842 ± 1 Da and 6973 ± 1 Da, which 
correspond to the P1pE, P1Q and M1P2Q variants, respectively. This protein mixture 
was digested with endoproteinase GluC and the resulting peptides were analyzed by 
nano-LC-MS (Table 2). The results clearly demonstrate that the modification that leads 
to a loss of 17 Da was exclusively associated with the peptide corresponding to the 
amino-terminus of the protein (note the 17 kDa difference in the masses of the 
QIAQIHILE and pEIAQIHILE peptides). Subsequent nano-LC-MS/MS analysis of the 
QIAQIHILE and pEIAQIHILE peptides gave characteristic sets of b-ions, which revealed 
that the net loss of 17 Da occurs at the N-terminal residue (Table 2). Thus, the protein 
species with a mass of 6825 Da observed in reconstructed ESI mass spectra of the 4-OT 
P1Q variant most likely corresponds to a protein harboring an amino-terminal 
pyroglutamate.  

To provide further evidence for the formation of an amino-terminal pyroglutamate, 
we have used the mixture of P1pE, P1Q and M1P2Q variants in labeling studies with  
3-bromopyruvate (3BP). This compound is a well-studied affinity probe for 4-OT, with 
the amino-terminal proline (Pro-1) being the sole target of modification.[33,34] Incubation 
of wild-type 4-OT with 3BP leads to alkylation of the prolyl-nitrogen with a pyruvoyl-
group, which is the result of nucleophilic attack of Pro-1 on the C3-carbon of 3BP, 
leading to the expulsion of bromide and alkylation of Pro-1.[33,34] Interestingly, 
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incubation of the protein mixture with 3BP did not result in labeling of the protein 
fraction with an observed mass of 6825 Da, whereas the fractions with a mass of 6842 
Da and 6973 Da were partially labeled (Table 3). In a separate control reaction using 
identical conditions, wild-type 4-OT was found to be completely labeled (Table 3). The 
partial labeling of the P1Q (6842 Da) and M1P2Q (6973 Da) proteins harboring a 
primary amine functionality at their amino-terminus, follows the trend in reduced 
nucleophilicity of a primary amine versus a secondary amine (i.e, proline). Moreover, 
the complete loss of reactivity towards 3BP of the protein species with a mass of 6825 
Da is indicative of an amino-terminal residue with poor nucleophilicity, which is 
consistent with the expected low reactivity of pyroglutamate. Taken together, the 
results provide convincing evidence that the substitution of Pro-1 by Gln, followed by 
removal of the initiating Met, results in cyclization of Gln-1 to form pyroglutamate at the 
N-terminus. 

 
Table 2. Identification, by nano-LC-MS and MS/MS, of pyroglutamate (pE) as the amino-terminal 
residue of the demethionylated 4-OT P1Q variant. 
 
Peptide fragment Masscalcd (Da)a Massobs (Da)b 

MQIAQIHILE 1194.64c 1194.64c 

QIAQIHILE 1063.60c 1063.60c 

QIAQIH 691.4 691.3 

QIAQ 441.2 441.1 

QI 242.2 242.1 

pEIAQIHILE 1046.58c 1046.58c 

pEIAQIH 674.4 674.5 

pEIAQ 424.2 424.2 

pEI 225.1 225.2 
aThese values are calculated using the average molecular mass. bThe reported masses correspond 
to the b-ions. cThese values correspond to the total mass of the parent ion.   
 
Table 3. The monomer masses as determined by ESI-MS of wild-type 4-OT and a batch of the 4-OT 
P1Q variant composed of a mixture of P1pE, P1Q and M1P2Q, untreated and treated with 3BP. The 
samples were treated with NaBH4 prior to ESI-MS analysis to ensure reduction of the pyruvoyl-
adduct to its lactyl-derivative, resulting in irreversible alkylation and the net addition of 87 Da to 
the total mass of the protein.  
 
Protein Mass (Da)a, untreated with 3BP Mass (Da)a, treated with 3BP 

4-OT 6812 6900 

P1pE 6825 6825 

P1Q 6842 6843, 6930 

M1P2Q 6973 6974, 7061 
aThe reported values are accurate to ± 1 Da. 
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The demethionylation efficiencies of the 4-OT P1Q and 4-OT P1H variants are slightly 
lower than those reported by Liao and coworkers for glutamine and histidine 
substitutions at the penultimate position of their target proteins.[22] SDS-PAGE analysis 
of the E. coli cell lysate showed that the level of expression of MetAP-*TG when co-
expressed with the variants 4-OT P1Q and 4-OT P1H is similar to that reported by Liao 
et al.[22] The slightly lower efficiency of methionine removal for the 4-OT variants is 
therefore unlikely to be due to an insufficient amount of demethionylation catalyst. As 
MetAP-*TG utilizes a pair of Co++ ions as a cofactor, the amount of MetAP-*TG produced 
by overexpression might exceed the trace amount of Co++ ions that is present in the 
growth medium.[22] To eliminate this concern, the 4-OT P1Q and 4-OT P1H variants were 
co-expressed with MetAP-*TG under conditions that were found to result in the best 
achievable methionine removal, and the growth medium was supplemented with 100 
μM CoCl2. However, the addition of additional Co++ ions to the growth medium did not 
result in an increased efficiency of methionine removal from either the 4-OT P1Q or  
4-OT P1H variant. 

Tautomerase activities of the 4-OT variants. The tautomerase activities of the P1S, P1Q 
and P1H variants were assayed using 2-hydroxyhexa-2,4-dienedioate as the substrate 
(Figure 1). All three variants were found to catalyze the tautomerization reaction, albeit 
with markedly different catalytic efficiencies (Table 4). Before comparing the kinetic 
parameters, the issue of incomplete removal of the initiating methionine in the case of 
the 4-OT P1Q and 4-OT P1H variants needs to be considered. Neither the structural 
consequences of the presence of the initiating methionine in the active site of 4-OT nor 
the effect it has on the manner in which the monomers assemble into homohexameric 
oligomers are known. The kinetic parameters of the 4-OT P1Q and 4-OT P1H variants 
reported in Table 4 likely represent those observed for a mixture of active sites with and 
without the amino-terminal methionine. The purified batches of each variant that 
showed the highest percentage of methionine removal (Table 1) were used for the 
activity assay. The 4-OT P1S variant was found to be fully demethionylated, thus the 
kinetic parameters reported in Table 4 for this variant may be directly compared to 
those of the wild-type enzyme. 

All three Pro-1 variants of 4-OT show a significant decrease in kcat, whereas the Km 
values are little affected, confirming that Pro-1 is a critical residue for catalysis. The 4-OT 
P1Q variant, purified as the mixture P1pE/M1P2Q, was found to be the most efficient 
tautomerase of the three 4-OT mutants with a kcat of 133 s-1. The overall catalytic 
efficiency (in terms of kcat/Km) is only ~25-fold lower than that of wild-type 4-OT. Of all 
Pro-1 variants of 4-OT that have been characterized to date, the P1pE/M1P2Q protein 
exhibits the highest catalytic efficiency towards the native tautomerase substrate.[17,18] 
To address how much M1P2Q contributes to the tautomerase activity of the 
P1pE/M1P2Q mixture, we produced the P1Q variant without co-expression of MetAP-
*TG. ESI-MS analysis of the purified protein revealed a single peak in the reconstructed 
mass spectrum corresponding to 6973 ± 1 Da, which shows that the protein was 
isolated solely as the M1P2Q species (calculated mass: 6973 Da). This allowed us to 
characterize the tautomerase activity of the non-demethionylated M1P2Q protein, 
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which catalyzed the tautomerization reaction with a kcat of 45 s-1 and a Km of 130 µM 
(Table 4). Interestingly, when comparing these kinetic parameters to those obtained for 
the same reaction catalyzed by the P1pE/M1P2Q mixture, no change in Km was 
observed but the kcat was found to be lowered about 3-fold. As the M1P2Q fraction only 
constitutes about 30% of the total of the P1pE/M1P2Q mixture, these kinetic data 
suggest that the P1pE-fraction makes a contribution to the observed kcat of the 
P1pE/M1P2Q mixture. However, it is important to emphasize that the electron-
withdrawing property of the carbonyl functionality of pyroglutamate results in a much  

 
Table 4. Kinetic Parameters for the 4-OT P1S, 4-OT P1Q, and 4-OT P1H catalyzed enol-keto 
tautomerization of 2-hydroxyhexa-2,4-dienedioate and for the 4-OT P1S, 4-OT P1A, and 4-OT P1G 
catalyzed decarboxylation of oxaloacetate. 
 

Enzyme Substrate kcat (s-1) Km (µM) 
kcat/Km 
(M-1 s-1) 

wt4-OTa 
-O2C

CO2-
OH

 

1330 ± 36 50 ± 4 2.66 × 107 

4-OT P1Sa 
-O2C

CO2-
OH

 

15.3 ± 0.4 47 ± 4 3.25 × 105 

4-OT P1pE/M1P2Qa 
-O2C

CO2-
OH

 

133 ± 2 127 ± 7 1.05 × 106 

4-OT M1P2Qa 
-O2C

CO2-
OH

 

45 ± 1 130 ± 9 3.46 × 105 

4-OT P1H/M1P2Ha 
-O2C

CO2-
OH

 

0.07 ± 0.003 73 ± 9 959 

4-OT P1Sb 
-O2C

CO2-
O

 

8.1 ± 0.7× 10-3 3.0 ± 0.7 × 103 2.7 

4-OT P1Ac 
-O2C

CO2-
O

 

0.08 700 114 

4-OT P1Gc 
-O2C

CO2-
O

 

0.02 2.0 × 103 10 

     

a These steady-state kinetic parameters were measured in 10 mM NaH2PO4 buffer (pH 7.3) at  
22 oC. b These steady-state kinetic parameters were measured in 50 mM NaH2PO4 buffer (pH 7.3) 
at 22 oC. c These kinetic data were obtained from Brik et al.18 Errors are standard deviations. For 
all enzymes, including the protein mixtures P1pE/M1P2Q and P1H/M1P2H, the kcat values are 
calculated on basis of the total protein monomer concentration. 
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lowered basicity of its γ-lactam nitrogen with respect to the secondary amine 
functionality of proline, making it highly unlikely that pyroglutamate plays a direct role 
in catalysis. 

The kinetic parameters determined for the P1S variant show that it functions as a 
tautomerase with a kcat of 15 s-1. As the Km was found to be unaffected by the P1S 
substitution and the 4-OT P1S mutant was found to be fully demethionylated, the 
detrimental effect on kcat with respect to wild-type is likely due to either poor 
positioning and/or activation of the serine-1 hydroxyl as a catalytic base or the weaker 
basicity of the primary amine functionality of this residue. The significant decrease in 
kcat and unaffected Km are consistent with the trends observed for the P1G and P1A 
variants analyzed by Whitman and coworkers.[17] Thus, the weaker basicity of the 
primary amine functionality of Ser-1 as compared to the secondary amine functionality 
of Pro-1 is likely to be the cause for the observed decrease in kcat.  

The 4-OT P1H variant, purified as the mixture P1H/M1P2H, has very low-level activity 
with a kcat of  0.07 s-1. The Km is little affected by the histidine substitution, as it is 
increased only ~1.5 fold with respect to that of the wild-type enzyme. As the batch of 
enzyme used in this kinetic assay consists for 87% of demethionylated enzyme, the 
large decrease in kcat cannot be explained by the presence of the initiating methionine 
on the remaining 13% of enzyme. Therefore, the large decrease in kcat is likely due to 
the presence of the histidine residue at the amino terminus. Hence, either the 
secondary amine functionality of His-1 functions as a poor catalytic base, or the 
relatively large side chain of His-1 causes a poor positioning of the amino-terminal 
primary amine functionality, thereby impairing its ability to function as the catalytic 
base. 

Oxaloacetate decarboxylase activity of 4-OT P1S. Dawson and coworkers have 
previously shown that the P1A and P1G mutants of 4-OT exhibit promiscuous 
decarboxylase activity using oxaloacetate as the substrate.[18] This prompted us to test 
whether the P1S mutant of 4-OT, the variant that is fully processed, has oxaloacetate 
decarboxylase activity (Table 4). Indeed, the P1S mutant possesses decarboxylase 
activity, but its catalytic efficiency is ~40- and ~4-fold lower than that reported for the 
P1A and P1G variants, respectively.  

The mechanism of oxaloacetate decarboxylation by 4-OT P1A was proposed to 
involve covalent catalysis.[18] A reductive amination performed on a reaction mixture 
containing oxaloacetate and the P1A variant resulted in alkylation of the amino-
terminus of the protein by a species with a mass consistent with that of the covalent 
adduct of one pyruvate molecule.[18] This finding is consistent with a mechanism in 
which the amino-terminal primary amine functionality acts as a nucleophile and attacks 
the carbonyl carbon atom of the substrate, forming a covalent imine intermediate that 
acts as an electron sink, thereby facilitating decarboxylation of the C4-carboxylate 
group. The resulting product, pyruvate, can be liberated from the amino-terminus by 
hydrolysis.[18] A similar reductive amination experiment was performed with the P1S 
variant (and the P1A variant as a control), followed by ESI-MS analysis of the protein to 
reveal the presence of a covalent adduct. Incubation of the P1S variant (1 mg) with 
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oxaloacetate (10 mM) and subsequent reduction by NaCNBH3 showed a major peak at 
6874 ± 1 Da and a minor peak at 6802 ± 1 Da (P1S monomer) in the ESI-MS spectrum 
with a ratio of 5 to 1. The major peak corresponds to the monomer modified by a single 
adduct of 72 Da. The same modification of 72 Da was observed for the control 
experiment performed with the P1A mutant. Incubation of the P1S variant (1 mg) with 
pyruvate (10 mM), however, yielded an ESI-MS spectrum that showed a major peak at 
6802 ± 1 Da (P1S monomer) and a minor peak at 6874 ± 1 Da (P1S monomer + 72 Da) in 
a ratio of 5 to 1. These findings are consistent with the observations reported by 
Dawson and coworkers, the 72 Da adduct corresponding to pyruvate.[18] The reversal of 
the ratio between the native and the alkylated monomer that was observed when the 
P1S variant was incubated with pyruvate (instead of oxaloacetate), strongly suggests 
that the pyruvate-adduct that is observed when the protein is incubated with 
oxaloacetate is an intermediate of the decarboxylation reaction, rather than the result 
of alkylation by pyruvate (as a product of decarboxylation) that is released into solution.  

Concluding remarks. In conclusion, the P1S variant of 4-OT, which carries a relatively 
small residue at the penultimate position, was found to be fully demethionylated by 
wild-type methionine aminopeptidase (MetAP) from the E. coli expression host. Like the 
previously studied P1G and P1A variants of 4-OT, the P1S variant has low-level  
2-hydroxymuconate tautomerase and promiscuous oxaloacetate decarboxylase activity. 
The latter activity likely involves the formation of a covalent imine intermediate 
between the amino-terminal amine functionality of Ser-1 and the ketoacid substrate. 
The P1Q and P1H variants of 4-OT, which carry bulky penultimate residues, could only 
be obtained in a demethionylated form (a minor fraction of the purified protein is 
composed of methionylated enzyme) by co-expression with an engineered variant of 
MetAP, termed MetAP-*TG. Whereas the P1H variant (i.e., the mixture of P1H/M1P2H) 
has very low-level tautomerase activity, both the methionylated P1Q variant of 4-OT 
(M1P2Q; kcat = 45 s-1) and the demethionylated P1Q variant of 4-OT, which by 
spontaneous intramolecular cyclization is converted into the P1pE variant, appear to 
function as 2-hydroxymuconate tautomerases (P1pE/M1P2Q mixture; kcat = 133 s-1). The 
precise catalytic activity of the 4-OT P1pE variant, and which residue of 4-OT P1pE is 
responsible for deprotonating the enol functionality of the substrate, remains to be 
determined, which awaits the preparation of homogenous P1pE enzyme. In future 
work, we therefore aim to produce 4-OT P1pE in E. coli via intracellular cleavage of a  
N-terminal fusion tag with tobacco etch virus (TEV) protease, according to a recently 
published method for overproduction of N-terminal pE-modified proteins.[35] 

The substitution of Pro-1 by a glutamine, followed by in-vivo removal of the initiating 
methionine and cyclization (i.e, deamination) of the glutamine, is a unique way to obtain 
a structural analogue of proline (5-oxoproline, Figure 3) on the amino-terminus of 4-OT. 
This opens up new possibilities to study the catalytic importance of Pro-1 in the recently 
discovered promiscuous C-C bond-forming aldolase and ‘Michaelase’ activities of  
4-OT.[10-14] Labeling studies performed with the affinity probe 3BP demonstrate that 
pyroglutamate is less nucleophilic than proline in the active site of 4-OT. This makes the 
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P1pE variant an excellent negative control in the study of nucleophilic addition reactions 
catalyzed by 4-OT.   

 
Materials and methods 
Materials. The sources of the chemicals, biochemicals, components of buffers and 
media, PCR purification, gel extraction and miniprep kits, DEAE- and phenylsepharose, 
pre-packed PD-10 Sephadex G-25 columns, and the oligonucleotides, enzymes and 
reagents used in the molecular biology procedures are reported elsewhere.[29,30] All 
chemicals were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) unless 
stated otherwise. 2-Hydroxymuconate was a kind gift of Professor dr. C.P. Whitman 
(University of Texas at Austin, TX). The plasmid pET-29(MetAP-*TG) harboring the gene 
coding for the engineered E. coli methionine aminopeptidase was kindly supplied by dr. 
Y.-D. Liao (Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan). 

General methods. Techniques for restriction enzyme digestions, ligation, 
transformation, and other standard molecular biology manipulations were based on 
methods described elsewhere[31] or as suggested by the manufacturer. The PCR was 
carried out in a DNA thermal cycler (model GS-1) obtained from Biolegio (Nijmegen, The 
Netherlands). DNA sequencing was performed by ServiceXS (Leiden, The Netherlands) 
or Macrogen (Seoul, Korea). Protein was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on gels containing 10% polyacrylamide. 
The gels were stained with Coomassie brilliant blue. Protein concentrations were 
determined by the method of Waddell.[32] Kinetic data were obtained on a V-650 or  
V-660 spectrophotometer from Jasco (IJsselstein, The Netherlands). The kinetic data 
were fitted by nonlinear regression data analysis using the Grafit program (Erithacus, 
Software Ltd., Horley, U.K.) obtained from Sigma Chemical Co. ESI-MS and MS/MS 
spectra were recorded using an LCQ electrospray mass spectrometer (Applied 
Biosystems, Foster City, CA). 

Construction of pET20b(+)-based expression vectors for the production of 4-OT P1S, 4-OT-
P1Q, and 4-OT P1H. The mutant genes of 4-OT were generated by PCR using plasmid 
pET-3b(4-OT) as the template.[8] The forward primers, which contain a NdeI restriction 
site (underlined) and the desired mutation (in bold) followed by 22 bases corresponding 
to the coding sequence of the 4-OT gene, were as follows: 5’-A TAG CAG GT C CAT ATG 
TCG ATT GCC CAG ATC CAC ATC CTT G-3’ (P1S-F), 5’-A TAG CAG GTC CAT ATG CAG ATT 
GCC CAG ATC CAC ATC CTT G-3’ (P1Q-F) and 5’-A TAG CAG GTC CAT ATG CAT ATT GCC 
CAG ATC CAC ATC CTT G-3’ (P1H-F). In all cases, the following reverse primer was used: 
5’-G TGA TGT TAT GGA TCC TCA GCG TCT GAC CTT GCT-3’ (BamHI restriction site 
underlined). The amplification mixture was made up in Phusion High-Fidelity buffer and 
contained 250 μM of each dNTP, 150 ng of each primer, 50 ng of pET-3b(4-OT), and 1 U 
of Phusion DNA polymerase. The cycling parameters were 95 oC for 5 min followed by 
35 cycles of 98 oC for 30 s, 45 oC for 30 s and 72 oC for 20 s, with a final elongation step 
of 72 oC for 10 min. The resulting PCR product and the pET-20b(+) vector (Novagen) 
were digested with NdeI and BamHI restriction enzymes, after which the vector was 
dephosphorylated with alkaline phosphatase. Following purification, the PCR product 
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and vector were ligated using T4 DNA ligase. An aliquot of the ligation mixture was 
transformed into competent E. coli DH10B cells. Transformants were selected at 37 oC 
on LB/ampicillin plates. Plasmid DNA was isolated from several colonies and analyzed 
by restriction analysis for the presence of the insert. The cloned gene was sequenced to 
verify that no mutations had been introduced during the amplification of the gene. The 
newly constructed expression vectors were named pET-20b(4-OT/P1S),  pET-20b(4-
OT/P1Q) and pET-20b(4-OT/P1H). 

Construction of the pET-26b(4-OT/P1Q), pET-26b(4-OT/P1H) and pET-20b(MetAP*TG) 
expression vectors. In order to obtain the genes coding for the 4-OT P1Q and 4-OT P1H 
variants for the recloning procedure, sufficient amounts of the plasmids pET-20b 
(4-OT/P1Q) and pET-20b(4-OT/P1H) were digested with NdeI and BamHI restriction 
enzymes (in separate experiments), and the mutant genes of 4-OT were subsequently 
purified from 1% agarose gels. The pET-26b vector was digested with NdeI and BamHI 
restriction enzymes, dephosphorylated with alkaline phosphatase, and purified. The  
4-OT P1Q and 4-OT P1H genes and the vector were ligated using T4 DNA ligase. The 
pET-20b(MetAP*TG) expression vector was constructed using the same procedure with 
the following modification. The MetAP-*TG gene used for the recloning procedure was 
obtained by digesting a sufficient amount of the pET-29(MetAP*TG) plasmid with SacI 
and HindIII restriction enzymes, followed by gel-based purification. The pET-20b(+) 
vector was digested with SacI and HindIII restriction enzymes, dephosphorylated with 
alkaline phosphatase, and purified. The MetAP-*TG gene and the vector were ligated 
using T4 DNA ligase. Of each ligation mixture an aliquot was transformed into 
competent E. coli DH10B cells. Transformants were selected at 37 oC on LB/ampicillin 
plates. Plasmid DNA was isolated from several colonies and analyzed by restriction 
analysis for the presence of the insert. The cloned gene was sequenced to verify that no 
mutations had been introduced during the recloning procedure. 

Expression and purification of mutant 4-OT proteins. The mutant 4-OT proteins and 
MetAP-*TG were co-produced in E. coli BL21(DE3) using the T7 expression system. The 
4-OT P1S and 4-OT P1H mutants were expressed as follows. Fresh BL21(DE3) 
transformants containing the appropriate expression plasmid (or plasmids) were 
collected from an LB agar plate and used to inoculate LB medium (10 mL). After growth 
for 3-6 h at 37 oC, this culture was used to inoculate fresh LB medium (1 L) to a starting 
OD600 of about 0.01. LB agar plates and LB medium were supplemented with ampicillin 
(100 μg/mL), or with ampicillin (100 μg/mL) in combination with kanamycin (30 μg/mL) 
and IPTG (100 μM) when the 4-OT variants were co-produced with MetAP-*TG. After 
overnight growth at 37 oC, with vigorous shaking, cells were harvested by centrifugation 
(10 min at 2300g) and resuspended in 10 mM NaH2PO4 buffer, pH 7.3, to a total volume 
of about 10 mL.  

The 4-OT P1Q variant was expressed using the same protocol with the following 
modification. When expressed using the vector pET-20(4-OT P1Q), the host organism 
was grown in LB medium as described above, yielding non-demethionylated 4-OT P1Q 
(M1P2Q). When using the pET-26(4-OT P1Q) vector, auto-induction (ZYM) medium  
(10 g/L tryptone, 5 g/L yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4, 5 mM Na2SO4,  
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pH 6.7) was used, supplemented with 0.5% (v/v) glycerol, 0.05% (w/v) glucose, MgSO4  
(2 mM), kanamycin (30 μg/mL), and 0.2% (w/v) lactose. When co-produced with  
MetAP-*TG using the vector pET-20b(MetAP-*TG), the medium was further 
supplemented with ampicillin (100 μg/mL). Co-production with MetAP-*TG resulted in 
the production of the 4-OT P1Q variant as a mixture of P1pE/P1Q/M1P2Q or 
P1pE/M1P2Q proteins.  

The purification of the mutant 4-OT proteins is identical to that of wild-type 4-OT, 
which has been reported elsewhere.[10,11] Purified proteins were concentrated to  
~10 mg/mL in 10 mM NaH2PO4 buffer (pH 7.3), frozen in liquid nitrogen, and stored at  
-80 oC until further use.  

Enzyme assays. The tautomerization activity of wild-type 4-OT and the mutant 4-OT 
proteins were measured by monitoring the ketonization of 2-hydroxymuconate to  
2-oxohex-3-enedioate in 10 mM NaH2PO4 buffer (pH 7.3) at 22 oC. Stock solutions of  
2-hydroxymuconate were generated by dissolving the appropriate amount of  
2-hydroxymuconate in absolute ethanol. The assay buffer was prepared by diluting the 
appropriate amount of enzyme (from a ~10 mg/mL stock solution) in 50 mL of 10 mM 
NaH2PO4 buffer (pH 7.3). The enzyme was allowed to equilibrate for one hour at 22 oC. 
The ketonization of 2-hydroxymuconate to 2-oxohex-3-enedioate was monitored by 
following the increase in absorbance at 236 nm (ε = 6,58 × 103 M-1 cm-1).[2] The assay was 
initiated by the addition of a small aliquot of substrate (2-15 μL) to 1 mL of the assay 
buffer in a quartz cuvette. At all substrate concentrations, the nonenzymatic rate was 
subtracted from the enzymatic rate of ketonization.  

The oxaloacetate decarboxylase activity of the 4-OT P1S and 4-OT P1A variants was 
measured by following the depletion of the enol-form of oxaloacetate (oxobutanedioic 
acid) in 50 mM NaH2PO4 buffer (pH 7.3) at 22 oC.[18] A stock solution (1 M) of 
oxaloacetate was made by dissolving the crystalline free acid in absolute ethanol 
directly before use. The assay buffer was prepared by diluting the appropriate amount 
of enzyme (from a ~10 mg/mL stock solution) in 30 mL of 50 mM NaH2PO4 buffer  
(pH 7.3) and allowed to equilibrate for one hour at 22 oC. The assay was initiated by 
adding a small aliquot of substrate (2-15 μL) to 1 mL of the assay buffer in a quartz 
cuvette. The decarboxylation of the keto-form of oxaloacetate was monitored by 
following the decrease of absorbance of the enol-form at 295 nm (ε = 3,0 × 102 M-1 cm-1). 
Upon addition of the substrate to the assay buffer and the establishment of the enol-
keto equilibrium, the rate of decarboxylation of the keto-form may be assumed to be 
equal to the rate of depletion (i.e., ketonization) of the enol-form, as the keto-form of 
the substrate exists in rapid equilibrium with the enol-form under the assay conditions. 
At all substrate concentrations, the nonenzymatic rate was subtracted from the 
enzymatic rate of decarboxylation. 

Mass spectral analysis of mutant 4-OT proteins and peptide mapping. The protein 
samples for ESI-MS analysis were made up as follows. A protein sample stored in 10 
mM NaH2PO4 buffer (pH 7.3) was exchanged against 5 mM NH4HCO3 buffer (pH 7.3) 
using a pre-packed PD-10 Sephadex G-25 gelfiltration column. The protein was 
concentrated to a concentration of 0.5 - 1 mg/mL using a Vivaspin centrifugal 
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concentrator equipped with a 5000 Da molecular weight cut-off filtration membrane 
(Sartorius Stedim Biotech S.A., France). An appropriate amount of protein was 
subsequently diluted to a final concentration of 25 μM in a sample volume of 100 μL. 
Samples were frozen in liquid nitrogen and stored at -20 oC prior to ESI-MS analysis.  

For peptide mapping studies, samples were prepared as described elsewhere.[10]  
LC-MS/MS analysis and data processing were performed as follows. The obtained 
peptide fractions were introduced into an LC-MS/MS system using an Ultimate 3000 
nano (Dionex, Amsterdam, The Netherlands) in-line connected to an LTQ Orbitrap XL 
(Thermo Fisher Scientific, Bremen, Germany). The sample mixture was subsequently 
loaded on a trapping column (Acclaim PepMap C18, 5 mm length x 300 μm I.D., 5 μm 
particle size, 100 Å porosity, Dionex, Thermo Fisher Scientific Inc.). After back-flushing 
from the trapping column, the sample was loaded on a reverse-phase column (Acclaim 
PepMap C18, 15 cm length x 75 μm I.D. x 3 μm particle size, 100 Å porosity, Dionex, 
Thermo Fisher Scientific Inc.). Peptides were loaded in 0.1% formic acid, and were 
separated with a linear gradient from 1% solvent A ( 0.1% formic acid) to 90% solvent B 
(0.1% formic acid in acetonitrile) at a flow rate of 250 nL/min. The mass spectrometer 
was operated in data dependent mode, automatically switching between MS and 
MS/MS acquisition for the five most abundant doubly and triply charged ions with a 
minimal signal of 2500 in a given MS spectrum. Full scan MS spectra were acquired in 
the Orbitrap at a target value of 1.0 × 106 with a resolution of 60,000. The five most 
intense ions which meet the set criteria were then isolated for fragmentation in the 
linear ion trap, with a dynamic exclusion of 10 seconds. Peptides were fragmented after 
filling the ion trap at a target value of 1.0 × 104  ion counts. Data was analyzed using 
Peak6 software (Bioinformatics Solutions Inc., Waterloo, ON, Canada). 

Irreversible alkylation of 4-OT and 4-OT P1Q with 3-bromopyruvate. The irreversible 
alkylation of wild-type 4-OT and 4-OT variants with 3BP and subsequent sample 
preparation for ESI-MS analysis was performed as described elsewhere.[29]  

Reductive amination of 4-OT P1S and 4-OT P1A. Imine formation of 4-OT mutants with 
oxaloacetate or pyruvate was determined as follows. Stock solutions of oxaloacetate 
(100 mM) and pyruvate (200 mM) were made up in 10 mM NaH2PO4 buffer (pH adjusted 
to 7.3). The enzyme (1 mg, 147 μM) was incubated for 5 minutes at 22 oC in the 
presence of oxaloacetate (10 mM) or pyruvate (10 mM) in 1 mL of 10 mM NaH2PO4 

buffer (pH 7.3). The reaction mixture was subsequently made 4 mM in NaCNBH3 (from a 
1 M stock solution in H2O) and incubated for 10 minutes at 22 oC, thus irreversibly 
trapping iminium ions by reduction to their respective amines. The reaction mixture 
was then exchanged to 5 mM NH4HCO2 buffer (pH 7.3) for ESI-MS analysis of the 
modified proteins, as described above. 
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Chapter 7 
 
 
 
 

 
Summary and future perspectives 
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Catalytic promiscuity and the divergent evolution of enzyme function. 
The textbook ‘lock and key’ paradigm that describes the general mechanism of enzyme 
catalysis has been shown to be too limited a view. In recent years, many examples of 
enzymes that catalyze more than one distinct reaction have been found; hence, not just 
one key fit’s the lock. Enzyme promiscuity in terms of a broad substrate scope – i.e. 
substrate promiscuity – has been known for many years. More recently, however, it was 
found that the same enzyme can catalyze different chemical transformations, a feature 
which has been termed catalytic promiscuity. The study of catalytic promiscuity can 
provide valuable insights into the mechanism of enzyme evolution and resolve the 
contribution of active site residues to the mechanism of enzymatic activities. This, in 
turn, challenges researchers to predict new catalytic properties based on these 
mechanistic insights. These issues are discussed in Chapter 1 using the tautomerase 
superfamily of enzymes as a model system. 

Members of the tautomerase superfamily are characterized by a structural β-α-β-
fold and a catalytic amino-terminal proline. The various chemical transformations 
catalyzed by members of this superfamily include the formation and/or cleavage of 
carbon-hydrogen (enol-keto tautomerizations), carbon-halogen (dehalogenase 
activities), carbon-oxygen (hydration and oxygenase activities) and carbon-carbon (aldol 
condensation and Michael-type addition activities) bonds. Catalytic promiscuity is a core 
feature of most, if not all, members of the tautomerase superfamily. Often the primary 
activity of one member is found to be a low-level promiscuous activity of another. 
These latent abilities may be vestiges from an evolutionary past, indicating that the 
activity of the specialist enzyme we see today has been nurtured during a course of 
evolution that started off with a generalist enzyme. Hence, an enzyme that features a 
promiscuous activity that fit’s an evolutionary niche, may be selected as the starting 
template for the evolution of a new highly specialized enzyme. Thus, catalytic 
promiscuity may play a key role in the divergent evolution of function within enzyme 
families and superfamilies, which according to the studies reported in this thesis, might 
indeed be the case for the tautomerase superfamily.  

Unraveling the mechanism of natural divergent evolution, and the analysis of the 
mechanistic roles which active site residues might play, challenges us to predict 
inherent catalytic abilities by mechanistic reasoning. This has allowed us to predict the 
ability of Pro-1 in 4-OT to act as a nucleophile in carbonyl-transformation reactions. As 
such, 4-OT was found to catalyze carbon-carbon bond-forming reactions, such as the 
aldol-condensation of acetaldehyde and benzaldehyde and the Michael-type addition 
of acetaldehyde to trans-nitrostyrene. In the laboratory, these activities can be further 
evolved by introducing strategic mutations in the active site that boost the rate at which 
these non-natural activities are catalyzed by 4-OT.  
 
Two new examples of catalytic promiscuity: the dehalogenase activity of MsCCH2 
and MIF.  
The dehalogenation of the trans- and cis-isomer of 3-chloroacrylic acid (3-CAA) by a 
number of tautomerase superfamily members has been established in the past. These 
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chemically highly stable xenobiotics are rapidly converted into hydrochloric acid and 
malonate semialdehyde by two isomer-specific dehalogenases, CaaD and cis-CaaD, 
respectively. These organohalogens were first introduced into the environment in 1946, 
which raises the intriguing question of how nature has seemingly evolved two 
functional dehalogenases in a matter of a few decades. 

Chapter 2 describes the identification, cloning and characterization of MsCCH2, a 
cis-CaaD homologue from Mycobacterium smegmatis stain MC2 155. The catalytic 
machinery of cis-CaaD was found to be only partially conserved in MsCCH2. MsCCH2 
was found to act as a dehalogenase towards both isomers of 3-CAA, albeit with low 
catalytic efficiency. Instead, the enzyme was found to act as a robust 
phenylenolpyruvate tautomerase, by which the dehalogenase activity can be 
categorized as a case of catalytic promiscuity. Intriguingly, cis-CaaD functions as a 
promiscuous phenenolpyruvate tautomerase. The switched preferences of MsCCH2 
and cis-CaaD indicate that MsCCH2 may be viewed as a look-a-like of an ancestral 
enzyme of cis-CaaD on the evolutionary route of becoming a full-fletched 
dehalogenase. This finding provides additional evidence for the crucial role of catalytic 
promiscuity in the evolution of new enzymatic activities in the tautomerase 
superfamily.  

The question remained whether enhancing a low-level promiscuous activity is a 
facile evolutionary process or requires drastic – and hence more time consuming – 
changes to an enzyme. The work described in Chapter 3 provides insight into this 
question by the discovery of low-level promiscuous dehalogenase activity in the mouse 
cytokine MIF and the 200-fold enhancement of this activity by the introduction of just 
two amino acid substitutions (I64V/V106L) in the active site pocket. This finding 
demonstrates that only a few changes to a cytokine are required to significantly boost 
its promiscuous dehalogenase activity. As MIF also functions as a phenylenolpyruvate 
tautomerase, and exhibits promiscuous dehalogenase activity, these findings again hint 
to an evolutionary route for the dehalogenase activity within the tautomerase 
superfamily where a tautomerase with promiscuous dehalogenase activity may have 
been recruited as the starting template for the evolution of fully active dehalogenase 
such as CaaD or cis-CaaD. 
 
A unique member of the tautomerase superfamily: the cofactor-independent 
oxygenase RhCC.  
The chemical versatility that is displayed by the various members of the tautomerase 
superfamily that have been characterized to date, is well illustrated by e.g. the 
remarkable rate-enhancement achieved by the dehalogenase activities of various 
members, and the recently discovered carbon-carbon bond-forming activities of 4-OT. 
The cis-CaaD homologue RhCC, from the soil-dwelling bacterium Rhodococcus jostii 
RHA1, is perhaps one of the most remarkable and unusual tautomerase superfamily 
members known; it’s catalytic and structural characterization is described in Chapter 4. 
The enzyme was found to catalyze a cofactor-independent oxygenation reaction 
utilizing 4-hydroxyphenylenolpyruvate as substrate, which yields a complex mixture of 
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products. RhCC is part of a small group of cofactor-independent O2-utilizing enzymes 
that is currently known to science. The complex mechanism which this enzyme employs 
to carry out the oxygenation reaction, which likely involves a feature termed ‘substrate-
assisted catalysis’, presumably leads to the formation of a hydroperoxide intermediate. 
This highly reactive and unstable intermediate subsequently undergoes downstream 
reactions giving rise to various products. The mechanism of formation of three 
identified products is discussed as well as the presumed mechanism of hydroperoxide 
formation. The lack of control of RhCC to direct the chemistry of the reactive initial 
hydroperoxide to one (or two) oxygenation product(s), indicates that 4HPP is unlikely 
the natural substrate for RhCC. However, RhCC may very well be functional as an 
oxygenase towards a yet unknown substrate. Up to this date, RhCC stands alone in the 
tautomerase superfamily as a unique enzyme which has the remarkable capacity to 
activate molecular oxygen without the use of a redox-cofactor, finding a back-door to 
circumvent the thermodynamic as well as the chemical barrier that precludes the direct 
reaction between O2 and organic substrates.  
 
Discovery of the ability of 4-OT to catalyze carbon-carbon bond-forming reactions. 
The analysis of the mechanistic details of promiscuous activities has provided a wealth 
of insight into the various roles which active site residues might play during catalysis. 
The discovery of promiscuous activities is mainly a chance event. However, the 
mechanistic knowledge gathered during past studies challenges us to predict catalytic 
abilities in a rational manner. This has led us to postulate that Pro-1 in 4-OT may act as 
a nucleophile, facilitated by the low pKa value of ~6.4 of its secondary amine group. 
Chapter 5 describes the screening of the reactivity of Pro-1 of 4-OT towards various 
carbonyl compounds and the discovery of the 4-OT catalyzed aldol-condensation of 
acetaldehyde and benzaldehyde yielding cinnamaldehyde as the final product.   
 
Investigating Pro-1 mutants of 4-OT. 
The role of Pro-1 in the catalytic mechanism of members of the tautomerase 
superfamily achieved much attention in the past. Generally, Pro-1 is mutated to an 
alanine in order to show the essential role which Pro-1 plays in the catalytic 
mechanism. The study of amino acid substitutions other than alanine or glycine is 
severely limited, as problems arise in the post-translational removal of the translation-
initiating methionine. Recently, an engineered variant of E. coli methionine 
aminopeptidase (MetAP-*TG) was generated, which has the ability to remove the 
initiating methionine of peptide substrates with bulky or charged residues following 
Met-1. Chapter 6 describes the production of the Pro-1 variants P1S, P1H and P1Q of  
4-OT. P1S was found to be demethionylated by wild type MetAP; the 4-OT P1S enzyme 
shows low-level tautomerase activity towards the native substrate of 4-OT  
(2-hydroxymuconate, 2-HM) as well as decarboxylase activity towards oxaloacetate  
(a feature it shares with variants P1A and P1G). Both variants P1H and P1Q were 
obtained to a large extent in a demethionylated form by co-expression with MetAP-*TG; 
only a minor fraction of the total protein still harbors Met-1. The P1H/M1P2H mixture 
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was found to be almost catalytically inactive as a tautomerase towards 2-HM. An 
interesting feature observed for the P1Q variant is that glutamine exposed at the 
amino-terminus following demethionylation, undergoes an intramolecular cyclization 
reaction that yields pyroglutamate (pE). This is a unique way of introducing a proline 
analog at the amino-terminus of 4-OT by fermentation. The P1pE/M1P2Q mixture was 
found to still act as a robust tautomerase towards 2-HM.  
 
General remarks and future perspectives.  
The work reported in this thesis has shown that the identification and characterization 
of new members of the tautomerase superfamily can further extend our knowledge 
about the chemical versatility displayed by its members, as well as provide additional 
insight into the mechanistic diversity that is present. Catalytic promiscuity is a recurring 
feature among superfamily members and is likely to play a role in the divergent 
evolution of function within the superfamily. The promiscuous dehalogenase activity 
identified in MsCCH2 and MIF, the rather facile evolvability of which was shown for the 
latter, sets the stage to further investigate the past evolutionary routes that have 
resulted in the enzymes CaaD and cis-CaaD. The identification and characterization of 
new members of the cis-CaaD branch of the superfamily may fill the gaps between 
MsCCH2, Cg10062 and cis-CaaD and further shed light on the details of the evolutionary 
pathway that led to the functional cis-CaaD enzyme in a short time frame. An ultimate 
and highly informative goal would be to take MsCCH2 or the MIF I64V/V106L variant as 
a template for laboratory evolution towards a dehalogenase which displays similar 
catalytic parameters as the functional dehalogenases that evolved in nature. Do the 
catalytic properties of the intermediate enzymes generated during the course of 
laboratory evolution match with those of enzymes found in nature that are related to 
CaaD and cis-CaaD? Are these laboratory evolved intermediate enzymes characteristic 
of intermediates along the past evolutionary route from a tautomerase to 
dehalogenase? Such a study would provide key insights into the divergent evolution of 
function within an enzyme superfamily and the role which catalytic promiscuity might 
play in this process, and shed light on the requirements of the evolvability of this type 
of latent functions.    

The work reported in this thesis on RhCC, the first member of the tautomerase 
superfamily which was found to catalyze an O2-dependent reaction and to be cofactor-
independent, sets the stage for further research into this unique phenomenon within 
the context of this superfamily. Homologues of RhCC present in R. jostii RHA1 and other 
organisms can be identified based on sequence similarity. 4HPP is an excellent 
mechanism-based probe to screen for new oxygenases within the superfamily, as this 
substrate supports the key mechanistic feature termed ‘substrate-assisted catalysis’, 
which is emerging as a common mechanistic requirement in the cofactor-less activation 
of molecular oxygen by different protein folds and families. Additionally, analogs of 
4HPP can be used to probe the substrate scope of RhCC and related enzymes and may 
provide additional insights into the mechanistic details of the reaction. Mutagenesis 
and structural data will provide further insights into the mechanism of the cofactor-
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independent activation of molecular oxygen within the β-α-β-fold architecture. 
Furthermore, it would be highly interesting to identify a homologue of RhCC of which its 
cofactor-independent oxygenase activity is of direct physiological relevance, and in 
which pathway such an activity may play an essential role. RhCC may represent the 
proverbial ‘tip of the iceberg’ in the exploration of the unusual cofactor-independent 
activation of molecular oxygen within the tautomerase superfamily of enzymes. 
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Chapter 8 
 
 
 
 

 
Nederlandse samenvatting voor de geïnteresseerde leek 
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De vinken van Darwin. 
 
Op 27 december 1831 zeilde het schip de H.M. Beagle uit de haven van het Engelse 
Devonport (bij Plymouth) met als doel het opmeten en in kaart brengen van Patagonië 
en Vuurland. Een ambitieus plan voor die tijd, maar toch zou de reis van de Beagle niet 
hierom, maar vanwege iets heel anders wereldberoemd worden. Aan boord bevond 
zich namelijk een jonge – hij was toen pas 22 jaar – natuuronderzoeker genaamd 
Charles Darwin (afb.1, links). Tijdens de reis van de Beagle die vijf jaar zou duren, 
bestudeerde hij overal waar hij onderweg aan land kwam de locale natuur. Darwin 
verzamelde vele specimina aan planten en dieren en bestudeerde de natuurlijke 
historie van iedere plaats aan de hand van de geologie. Tijdens de reis verwonderde hij 
zich over de enorme diversiteit aan plant- en diersoorten die hij zag en hoe goed deze 
voor hun specifieke leefomgeving geschikt waren.  
Zo gebeurde het dat de Beagle in september 1834 aankwam bij de Galápagos-archipel, 
een eilandengroep in de Stille Oceaan, 600 mijl voor de kust van Ecuador, ter hoogte 
van de evenaar. Naast het feit dat hij er ritjes maakte op de ruggen van enorme 
reuzenschildpadden, viel Darwin’s oog op de geologie van de eilanden en de bijzondere 
varianten van bekende diersoorten die er leefden. Darwin wist dat de eilandengroep 
door vulkanische werking was gevormd en dat ze geologisch gezien relatief jong was. 
Hij concludeerde dat de dieren en planten die er leefden er ooit vanaf het vaste land 
(Zuid-Amerika), door de lucht of via zeestromingen, terecht waren gekomen. Maar, de 
soorten van de Galápagos-archipel waren niet meer dezelfde als diegene die op het 
vaste land voorkwamen. Vooral de vinken (afb.1, rechts), die van eiland tot eiland een 
anders gevormde snavel hebben, vielen Darwin op en dat deed een idee in zijn hoofd 
ontkiemen, hoewel hij er op dat moment zelf nog niet in geloofde: 
 
“Die verschillende overgangen in bouw bij eene zoo kleine nauw verwante vogelgroep, 
zouden ons werkelijk in den waan kunnen laten dat uit een oorspronkelijk klein aantal vogels 
ééne soort was uitgenomen en voor verschillende doeleinden gewijzigd.” 
 
Waanbeeld of niet, het idee schoot wortel in het brein van Darwin; het werd de basis 
van de zogenaamde evolutietheorie waar hij beroemd om is geworden. Na terugkomst 
in Engeland in 1836 ging Darwin zijn observaties en ideeën verder uitwerken. De 
kernvraag waar hij zich mee bezig hield was hoe al die verschillende diersoorten waren 
ontstaan die hij tijdens zijn reis had gezien. Darwin werkte 24 jaar aan het vinden en 
uitwerken van een verklaring, die de evolutietheorie wordt genoemd. In 1859 verscheen 
zijn grote levenswerk onder een titel die in het kort de hele evolutietheorie samenvat. 
Deze luidde:  
 
“On the Origin of Species by means of Natural Selection. Or the Preservation of Favoured 
Races in the Struggle for Life.” 
(Het ontstaan van soorten door natuurlijke selectie. Ofwel het bewaard blijven van rassen die 
in het voordeel zijn in de strijd om het bestaan) 
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Afbeelding 1. Links, portretfoto van Charles Darwin (1809-1882) gemaakt rond 1874. Bron: 
Portraits of Charles Darwin, www.wikipedia.org. Rechts, vier soorten vinken die Darwin tegenkwam 
op de Galápagos-archipel, let op de verschillende vormen van de bek. Bron: C. Darwin, De reis om 
de wereld : dagboek van onderzoekingen in de natuurlijke geschiedenis en aardkunde van de 
landen, bezocht op de reis rondom de wereld van H. M. vaartuig "The Beagle". Amsterdam, 
Maatschappij voor de goede en goedkope lectuur, 1911.  
 
De evolutietheorie gaat ervan uit dat er kleine verschillen bestaan tussen individuen van 
een bepaalde soort, net zoals ook mensen allemaal verschillend zijn. Het ene individu is 
beter aangepast aan zijn omgeving dan het andere. In de strijd om het bestaan zal het 
best aangepaste individu de meeste nakomelingen achterlaten, noem dit het recht van 
de sterkste of beter gezegd, natuurlijke selectie. De eigenschappen van het best 
aangepaste individu blijven zodoende bewaard en die van de minder aangepaste zullen 
verdwijnen. Na veel generaties worden zo bepaalde eigenschappen geselecteerd en 
verandert een soort gaandeweg. Uiteindelijk kan dit leiden tot het ontstaan van een 
geheel nieuwe soort die totaal verschillend is van dat ene individu waar deze stamboom 
ooit mee begonnen is.  
Dit proces wordt wel ‘divergente evolutie’ genoemd en het idee had zich al in 1837 in 
Darwin’s hoofd gevormd. In een aantekenboekje getiteld ‘Transmutatie van soorten’ 
schetste hij als eerste wetenschapper in de geschiedenis een evolutionaire stamboom 
om dit idee vast te leggen (afb. 2).  
 
Evolutie op moleculair niveau, hoe werkt dat? 
Darwin’s evolutietheorie is een algemene theorie over het ontstaan van soorten en hele 
populaties daarvan, maar evolutie is een proces dat zich uiteindelijk afspeelt binnen 
individuen van deze soorten. Per individu zijn er verschillen die de basis vormen van het 
proces van natuurlijke selectie. Waar komen deze verschillen vandaan? 
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Afbeelding 2. De eerste schets die Darwin maakte van een stamboom of ‘tree of life’ zoals het 
wordt genoemd, waarin hij het idee – hij schreef erboven letterlijk ‘I think’ – van divergente evolutie 
gevat heeft. Uit een oorspronkelijke voorouder 1, ontstaan door evolutie verschillende andere 
families van soorten A t/m D, die in meer of mindere mate aan elkaar verwant zijn. Bron: 
http://miocyon.tumblr.com/post/199569831/jasonpermenter-darwins-tree-of-life-sketch-via.  
 
De clou zit hem in de genetica, in het DNA dat al het leven op de aarde in zich draagt. 
Op het DNA ligt de genetische code die bepaalt of we een mens, olifant of graspol zijn, 
maar ook onderlinge verschillen bijvoorbeeld van mens tot mens liggen erin 
opgeslagen. De code op het DNA is verdeeld in stukjes die ‘genen’ worden genoemd en 
ieder ‘gen’ bevat in codevorm de informatie voor het aanmaken van een specifiek eiwit 
(afb. 3). Eiwitten zijn moleculen die de bouwstoffen van cellen vormen, organismen zijn 
op hun beurt weer opgebouwd uit cellen. Eiwitten zijn dus eigenlijk de bouwstoffen van 
organismen en daarmee de bouwstoffen van de levende natuur, de informatie over hoe  
de eiwitten moeten worden gemaakt ligt in codevorm opgeslagen op het DNA. Deze 
informatie kan ook worden overgedragen op nakomelingen. Dit is de reden dat DNA 
voor het leven op aarde van zo’n fundamenteel belang is.  
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Afbeelding 3. Van DNA naar eiwit. DNA bevat gecodeerde stukjes informatie om eiwitten te 
maken. Deze stukjes code worden genen genoemd. De code wordt eerst afgelezen – transcriptie – 
wat een afschrift genaamd ‘mRNA’ oplevert. Het ‘mRNA’ wordt vervolgens vertaald – translatie – 
naar een daadwerkelijk eiwitmolecuul (protein). Bron: G. Johnson, The Living World, 6e editie 
(2010), McGraw-Hill, gereproduceerd met toestemming van McGraw-Hill Education. 
 
Darwin’s evolutietheorie beschrijft het ontstaan van soorten in dit grote geheel van het 
leven op aarde. Maar is zijn theorie ook terug te voeren tot de kleine bouwstenen van 
het leven, de eiwitten in onze cellen? Zo ja, hoe zou de evolutie op het microscopisch 
kleine, het moleculair niveau van eiwitten, dan in zijn werk gaan? Verschillen tussen 
individuen van een bepaalde soort kunnen vaak teruggevoerd worden tot verschillen in 
bepaalde eiwitten. Het gen dat voor zo’n eiwit in codevorm ligt opgeslagen op het DNA, 
is dus ook nèt iets verschillend tussen deze individuen. Een dergelijk verschil wordt een 
genetische mutatie genoemd en deze mutaties vormen de fundamentele basis voor het 
evolutieproces. Genetische mutaties ontstaan namelijk spontaan en wanneer een 
mutatie een eigenschap van een individu positief beïnvloedt, dan is dit individu ‘sterker’ 
of, in de woorden van Darwin, beter aangepast aan zijn leefomgeving. Een dergelijke 
eigenschap zal tijdens het evolutieproces bewaard blijven. Het samenspel van vele 
gunstige genetische mutaties kan zo uiteindelijk na vele generaties een nieuwe soort 
opleveren. 
Zo’n theorie op papier is mooi, maar kunnen we het in de praktijk ook daadwerkelijk 
waarnemen? En daarmee de werking van de evolutietheorie van Darwin op moleculair 
niveau ontrafelen?  
 
De evolutie van enzymen. 
Wat zijn enzymen? In de eerste plaats zijn enzymen eiwitten. In onze cellen zitten 
duizenden verschillende eiwitten die allemaal een specifieke functie hebben, het ene 
eiwit dient als bouwsteen en geeft de cel stevigheid, weer anderen zorgen ervoor dat 
cellen voedingstoffen kunnen opnemen, enzovoort. Enzymen vormen een speciale 
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groep eiwitten die chemische reacties uitvoeren. Ze zetten de chemische stof A om in 
stof B, zonder dat ze daarbij zelf verbruikt worden. Deze bijzondere eigenschap wordt 
in de chemie ‘katalyse’ genoemd. Enzymen zijn zogenaamde ‘katalysatoren’. Denk 
bijvoorbeeld aan de afbraak van voedsel in ons lichaam, daarbij spelen enzymen een 
cruciale rol. Zij breken het voedsel dat wij eten af en zetten het om in nuttige stoffen die 
de cellen in ons lichaam kunnen gebruiken als energiebron. Enzymen, net als alle 
andere soorten eiwitten, vormen zo een basisonderdeel van het leven op aarde. Als het 
leven op aarde evolueert, dan betekent dit dus uiteindelijk dat ook enzymen evolueren. 
Kunnen we de theorie van de evolutie van eiwitten toetsen door in het laboratorium te 
onderzoeken hoe enzymen evolueren? 
 Hoe werken enzymen? Dit is een vraag waar chemici en biologen zich al ruim een 
eeuw mee bezig houden. Als snel kwam men op een idee dat aardig dicht bij de 
werkelijkheid komt. Men stelde het ‘lock and key’ mechanisme ( afb. 4) voor: het enzym 
dat stof A omzet bevat een bindingsplaats waar stof A precies in past. Stof A wordt ook 
wel het substraat van het enzym genoemd en de bindingsplaats de ‘active site’. Zodra 
stof A en het enzym een complex hebben gevormd, vindt er katalyse plaats en wordt A 
omgezet naar B. Als het enzym stof B heeft losgelaten, dan kan het weer een nieuw 
molecuul van stof A binden, enzovoort.  
 

 
Afbeelding 4. Het ‘lock and key’ mechanisme. Een enzymmolecuul bevat een bindingsplaats – de 
‘active site’ – waar het substraatmolecuul waar het enzym een reactie mee katalyseert precies in 
past. Eerst vormen de beide een complex, waarna de chemische reactie optreedt die door het 
enzym wordt gekatalyseerd. Het resultaat is een complex tussen het enzym en de 
reactieproducten. Het enzym laat de producten vervolgens los. Wat opvalt is dat het enzym tijdens 
het hele proces niet verandert; het kan na afloop weer een nieuw substraatmolecuul binden en 
weer een nieuwe reactie katalyseren, enz. enz. Een enzym is dus een heel efficiënt hulpmiddel om 
chemische reacties uit te voeren. Bron: Induced fit diagram, by Tim Vickers, www.wikipedia.org.  
 
Maar nu terug naar de evolutie. Evolutie vindt plaats door veranderingen in de 
omgeving van levende organismen. In termen van chemische reacties voor enzymen 
komt dit er bijvoorbeeld op neer dat door zo’n verandering plotseling geen stof A meer 
voor handen is, maar stof X. En daarnaast is stof B niet meer nodig, maar nu stof Y. Er is 
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nu dus geen enzym nodig dat A omzet naar B, maar X naar Y! Maar, waar moet zo’n 
enzym dan vandaan komen? Kan het zo zijn dat het enzym dat A naar B omzet, 
geëvolueerd kan worden tot een enzym dat X omzet naar Y? 
Om hier een antwoord op te vinden, moeten we weer terug naar het ‘lock and key’ 
mechanisme. Hoe strikt is dit mechanisme? Kan een enzym dat specifiek stof A bindt 
echt alleen maar een reactie met stof A katalyseren? In de afgelopen twintig jaar is een 
aantal enzymen ontdekt dat het niet zo strikt neemt, deze katalyseren een reactie met 
meer dan één substraat. Sterker nog, ze blijken in staat om verschillende soorten 
reacties met verschillende substraten uit te voeren. Deze enzymen zijn dus niet zo 
specifiek, het is een eigenschap die ‘katalytische promiscuïteit’ wordt genoemd. Dit 
bleek een zeer relevante ontdekking te zijn geweest en in de jaren nadat het eerste 
voorbeeld werd ontdekt, bleek het voor veel meer enzymen het geval te zijn. 
Momenteel is duidelijk dat het een vrij algemene eigenschap van enzymen is. Dit deed 
wetenschappers op het idee komen dat katalytische promiscuïteit wellicht een rol zou 
kunnen spelen in de evolutie van enzymen. Alleen was ook hier weer de vraag, hoe 
dan? 

Uit onderzoek bleek dat enzymen in cellen een specifieke hoofdtaak hebben, dat is 
vaak het uitvoeren van één specifieke chemische reactie en het enzym is hiervoor 
volledig geoptimaliseerd (het resultaat van evolutie). De reacties die als promiscuïteit 
worden gekatalyseerd, hebben geen direct nut voor de cel en het enzym werkt hiervoor 
dan ook niet optimaal. Maar wat als er een verandering optreedt in de leefomgeving 
van het organisme waar dit enzym in voorkomt waardoor niet stof A maar stof X 
omgezet moet worden? Stel je voor dat er al een enzym is dat stof X naar Y kan 
omzetten als vorm van katalytische promiscuïteit, het is daar dan alleen nog niet voor 
geoptimaliseerd. Wat er dan zou kunnen gebeuren, is dat dit enzym geëvolueerd kan 
worden om deze gewenste reactie optimaal te kunnen katalyseren. Dan zou blijken dat 
katalytische promiscuïteit, wat als eigenschap van nature in enzymen voorkomt, voor de 
evolutie van enzymen een cruciale rol speelt. Zou de wetenschap hiermee een 
fundamenteel onderdeel van het evolutiemechanisme van enzymen hebben 
blootgelegd? 
 
Tautomerases, een superfamilie van enzymen.  
Enzymen die in de natuur voorkomen zijn te groeperen in families en zogenaamde 
superfamilies, wat een groep van aan elkaar verwante enzymenfamilies is. Duidelijk is 
dat dergelijke superfamilies een gevolg zijn van een evolutieproces, zogenaamde 
divergente evolutie, dat eerder al ter sprake is gekomen. Deze enzymen stammen 
uiteindelijk af van één gezamenlijke voorouder. Enzymen die tot een bepaalde 
superfamilie behoren, zijn vaak niet in één en hetzelfde organisme te vinden, ze komen 
juist voor in verschillende organismen. Ook dit is een logisch gevolg van een 
evolutieproces, terwijl de enzymen veranderden gebeurde dit met de organismen zelf 
ook, met als gevolg het ontstaan van nieuwe soorten. Des te ouder een familie van 
enzymen is, des te wijder verspreid is dan ook hun voorkomen. De tautomerase 
superfamilie is oeroud, omdat familieleden ervan in praktisch alle vormen van leven op 
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aarde voorkomen, van mens tot dier, van plant tot bacterie. Dit geeft aan dat 
tautomerases een lange evolutionaire geschiedenis hebben, maar ook dat ze goed te 
evolueren zijn; ze zijn met het leven op aarde in miljoenen jaren ook telkens mee 
veranderd. Dit alles maakt de tautomerase superfamilie de ideale kandidaat om de 
evolutie van enzymen te bestuderen.  

Wat zijn tautomerases? Om deze vraag te kunnen beantwoorden moeten we eerst 
kijken hoe enzymen zijn opgebouwd. Enzymen bestaan uit zogenaamde aminozuren, 
daar bestaan er in de natuur twintig verschillende van. Aminozuren kunnen als kralen 
aan een ketting aan elkaar geregen worden, het wordt dan als het ware een ketting met 
kralen in twintig verschillende kleuren. Het ene enzym verschilt van het andere door de 
volgorde waarin de verschillende aminozuren aan elkaar geregen zijn en in de lengte 
van de uiteindelijke keten van aminozuren. Met een dergelijke keten van aminozuren 
gebeurt vervolgens iets bijzonders: het vouwt zich in een specifieke manier op doordat 
bepaalde aminozuren in de keten een interactie aan kunnen gaan, ze plakken als het 
ware aan elkaar vast. Het is dan ook voor te stellen dat de volgorde van de diverse 
aminozuren in de keten meteen ook bepaalt hoe de keten zich opvouwt: is de volgorde 
anders dan is de vouwing ook anders. De langgerekte keten van aminozuren wordt zo 
een driedimensionaal ‘kluwen’, maar niet een die in de knoop zit maar een die precies 
op die manier in elkaar moet zitten (afb. 5). In deze driedimensionale structuur zit 
ergens een plek waar een enzym het molecuul kan binden waar het een chemische 
reactie op uitvoert (stof A wordt omgezet naar stof B), de ‘active site’.  
Een tautomerase die tot de tautomerase superfamilie behoort onderscheidt zich van 
andere enzymen door een specifieke driedimensionale vorm (de vouwing van de 
aminozuurketen) in combinatie met één specifiek aminozuur dat altijd in de ‘active site’ 
is te vinden, het aminozuur proline. Door deze twee karakteristieke eigenschappen 
kunnen tautomerases verschillende chemische reacties katalyseren. Nog steeds 
worden nieuwe leden van deze superfamilie ontdekt en dan is het telkens spannend 
om te ontdekken welke reacties ze katalyseren. In dit proefschrift worden ook twee 
nieuw ontdekte tautomerases beschreven.  
 
Hoe een schadelijk landbouwvergif inzicht geeft in de evolutie van enzymen.   
Zoals gezegd, is de tautomerase superfamilie een ideaal modelsysteem om te 
onderzoeken hoe evolutie plaatsvindt voor enzymen en daarmee hoe evolutie op 
moleculair niveau werkt. Tautomerases zijn als superfamilie al erg oud, maar toch 
ontstaan door evolutie nog steeds nieuwe varianten. Een frappant geval trok de 
aandacht van de wetenschap. In de 20e eeuw zijn boeren landbouwvergif gaan 
toepassen om onkruid of ongedierte te bestrijden. Een van deze was Telon-II, een vergif 
dat grondwormen (nematoden) in aardappelvelden doodt. Enorme hoeveelheden 
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Afbeelding 5. Van aminozuurketen tot functioneel eiwit (enzym). De door het DNA bepaalde 
volgorde van 20 verschillende aminozuren in een keten is het resultaat van een proces dat 
translatie wordt genoemd (zie afb. 3). De ‘kralensnoer’ van aminozuren (A), de primaire structuur, 
gaat zich opvouwen doordat bepaalde aminozuren een interactie met elkaar aangaan. Dit levert in 
eerste instantie een secundaire structuur op door interacties van aminozuren die in de keten bij 
elkaar in de buurt zitten (B). Vervolgens vormt zich een tertiaire structuur (C) door interacties 
tussen aminozuren die verder van elkaar verwijderd zijn in de keten, dit zorgt er echt voor dat de 
keten zich ruimtelijk opvouwt. Verschillende losse ketens kunnen vervolgens nog een complex 
vormen (quaternaire structuur) en kunnen ook nog hulpstoffen binden, zogenaamde cofactoren 
(‘heme units’ in dit geval). Uiteindelijk leidt dit proces tot een functioneel enzym of eiwit, zoals in dit 
voorbeeld hemoglobine, het eiwit in de rode bloedcellen in ons bloed, dat zuurstof bindt.  
Bron: http://en.wikipedia.org/wiki/Protein  
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hiervan zijn vanaf 1946 ook in ons land in de bodem terecht gekomen. Telon-II bevat als 
werkzame stof de chemische verbinding 1,3-dichloorpropeen; een fractie van wat in de 
grond geïnjecteerd werd doodde wormen en de rest verviel al snel naar een eveneens 
giftige stof die 3-chlooracrylzuur heet. Dit is een nare verbinding omdat het nog steeds 
chloor bevat maar vooral ook omdat het ontzettend stabiel is: het heeft een 
halfwaardetijd van maar liefst ca. 20.000 jaar. Telon-II is als vergif al lang verboden, 
maar over 20.000 jaar zal nog steeds ongeveer de helft van het giftige afbraakproduct 
3-chlooracrylzuur in de bodem zitten.  
 

 
Afbeelding 6. De afbraakroute van 1,3-dichloorpropeen (stof 1, linksboven) zoals deze voorkomt in 
bepaalde grondbacteriën. Chloor is weergegeven door het chemische symbool ‘Cl’. Ook in deze 
afbraakroute wordt 3-chlooracrylzuur (stof 3, rechtsboven) gevormd, maar deze kan onder andere 
door het enzym cis-CaaD worden afgebroken naar de stof malonaat semialdehyde (stof 4, 
linksonder). Zie dat beide chlooratomen van het 1,3-dichloorpropeen nu zijn verwijderd. 
Uiteindelijk is acetaldehyde (stof 5, rechtsonder) het eindproduct van de afbraakroute, dat als 
voedsel voor de bacteriën dient. Bron: Poelarends, G.J. en Whitman, C.P. Evolution of enzymatic 
activity in the tautomerase superfamily: mechanistic and structural studies of the  
1,3-dichloropropene catabolic enzymes. Bioorganic Chemistry (2004), 32, p. 376-392. 
 
Toch is er hoop, de natuur is flexibel. Wat blijkt, in de bodem van de aardappelvelden 
komen bacteriën voor die het 3-chlooracrylzuur kunnen afbreken. Sterker nog, ze 
gebruiken het als voedselbron! Hoe is dit mogelijk? De stof 3-chlooracrylzuur is geen 
verbinding die van nature in de grond voorkomt, het is iets dat pas recent door toedoen 
van de mens in de natuur geïntroduceerd is. Hoe kan het dat er nu al bacteriën zijn die 
zich hebben aangepast om het 3-chlooracrylzuur als voedsel te kunnen gebruiken? Dit 
betekent dat ze over een of meerdere enzymen moeten beschikken om het 3-
chlooracrylzuur te kunnen verteren. Maar waar komen deze enzymen dan zo snel 
vandaan? Zijn ze misschien door een snel evolutieproces gevormd? Zo ja, kan dit dan 
licht werpen op hoe enzymen kunnen evolueren? 
 Uit onderzoek is gebleken dat een van de enzymen die in deze bacteriën bij de 
afbraak van 3-chlooracrylzuur is betrokken, tot de tautomerase superfamilie behoort. 
Het gaat om het enzym met de ingewikkelde naam cis-3-chlooracrylzuur dehalogenase, 
afgekort ‘cis-CaaD’. De naam geeft aan wat het enzym doet: een ‘dé-halogenase’ ontdoet 
een molecuul van een ‘halogeen’. Chloor behoort chemisch gezien tot de halogenen: cis-
CaaD is een enzym dat het chloor verwijdert van 3-chlooracrylzuur. Het gebruikt 
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daarvoor water en de producten zijn zoutzuur en een molecuul dat uiteindelijk als 
energiebron voor de bacterie dient (afb. 6). Het zoutzuur klinkt schadelijk, maar als het 
door de bacterie eenmaal is uitgescheiden en in de grond terecht komt, wordt het daar 
vanzelf tot onschadelijk zout omgevormd.  

cis-CaaD is een bijzonder krachtig enzym, omdat het een zeer stabiel molecuul als  
3-chlooracrylzuur (vandaar de lange levensduur ervan) kan afbreken. cis-CaaD versnelt 
de afbraak maar liefst met een factor ±2.000.000.000.000, oftewel tweeduizend miljard 
maal. Chemisch en biologisch gezien is dit een hoogstandje, men zou verwachten dat 
het de evolutie wel even een tijdje heeft gekost om zo’n krachtig enzym te ontwikkelen. 
Het tegendeel is waarschijnlijk waar en dát is nou juist het intrigerende aan cis-CaaD.  
Hoe kunnen we onderzoeken hoe cis-CaaD is geëvolueerd? We kunnen helaas niet 
terug gaan in de tijd om te observeren hoe het is gebeurd. Maar zijn er in de natuur 
misschien nog aanwijzingen te vinden? cis-CaaD is vermoedelijk het resultaat van 
divergente evolutie, dat betekent dat er een voorouderenzym moet zijn geweest. Zijn er 
nog enzymen te vinden die vergelijkbare eigenschappen hebben als dit 
voorouderenzym en zo ja, wat zijn die eigenschappen dan? Om deze vragen te 
beantwoorden kunnen we het beste op zoek gaan naar bestaande familieleden van cis-
CaaD. Misschien geven de eigenschappen van deze familieleden ons enig inzicht in de 
stamboom van deze familie van enzymen. Eén familielid is al bekend, het enzym 
Cg10062. Een nieuwe zoektocht leverde nog een kandidaat op: het enzym MsCCH2. Dit 
enzym is net als cis-CaaD afkomstig uit een bacterie en bleek in staat om  
3-chlooracrylzuur af te breken, maar niet heel efficiënt. Onderzoek heeft uitgewezen 
dat MsCCH2 een robuuste tautomerase activiteit bezit met als substraat de stof 
phenylpyruvaat. De dehalogenase activiteit van MsCCH2 is duidelijk een voorbeeld van 
katalytische promiscuïteit: het enzym is ‘toevallig’ in staat om 3-chlooracrylzuur af te 
breken maar de eigenlijke hoofdfunctie is iets anders. Toch stelt MsCCH2 ons in staat 
om het evolutieproces dat tot cis-CaaD heeft geleid, te reconstrueren. Katalytische 
promiscuïteit kan inderdaad een eigenschap zijn die een cruciale rol in het 
evolutieproces speelt.  

MsCCH2 is minder efficiënt als dehalogenase dan het enzym Cg10062 dat al bekend 
was. Omgekeerd is MsCCH2 een efficiënter tautomerase dan Cg10062. Wanneer we nu 
kijken naar de aminozuren waaruit MsCCH2 en Cg10062 zijn opgebouwd, dan blijkt dat 
MsCCH2 meer verschilt van cis-CaaD dan Cg10062. Al met al blijkt dat MsCCH2 aardig 
moet lijken op het voorouderenzym waar de evolutie van cis-CaaD mee begonnen is en 
dat Cg10062 als het ware een intermediair is uit het evolutieproces, een soort 
momentopname. Cg10062 is al het ware al een eindje op weg om een cis-CaaD te 
worden, maar het evolutieproces is nog niet helemaal compleet. Zo is nu het idee 
ontstaan dat een enzym als cis-CaaD is geëvolueerd uit een voorouderenzym dat een 
tautomerase met promiscue dehalogenase activiteit was. In afbeelding 7 wordt dit 
proces samengevat.  
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Afbeelding 7. Een schematische weergave van hoe het evolutieproces voor het enzym cis-CaaD 
eruit zou hebben kunnen zien. Links begint het met een tautomerase als voorouderenzym, door 
het inbouwen van mutaties worden de eigenschappen gaandeweg veranderd en kan bijvoorbeeld 
een dehalogenase activiteit worden verhoogd. Uiteindelijk leidt dit tot de vorming van een enzym 
dat volledig een dehalogenase is. Bron: B. J. Baas, E. Zandvoort, A. A. Wasiel, W. J. Quax, G. J. 
Poelarends, Biochemistry 2011, 50, 2889-2899. 
 
Hoe vindt de verandering van een enzym als MsCCH2, via een intermediair zoals 
Cg10062, naar een echt cis-CaaD dan plaats? Hiervoor moeten mutaties plaatsvinden 
die specifieke aminozuren in deze enzymen veranderen en dan juist diegene die ervoor 
zorgen dat de dehalogenase activiteit verhoogd wordt. Kan de lage dehalogenase 
activiteit van een tautomerase verhoogd worden met slechts enkele mutaties? Om deze 
vraag te beantwoorden, komt een heel ander tautomerase superfamilielid, mMIF, om 
de hoek kijken. Onderzoek aan dit enzym heeft laten zien dat het eveneens promiscue 
dehalogenase activiteit bezit. Verassend genoeg bleek dat er slechts enkele mutaties 
nodig zijn om de dehalogenase activiteit drastisch te verhogen. De conclusie is, zodra 
een enzym al een beetje dehalogenase activiteit bezit in de vorm van katalytische 
promiscuïteit, deze dan middels enkele mutaties al significant verhoogd kan worden.  

Dit is een belangrijke vondst: het betekent dat de evolutie van enzymen op een 
evolutionaire tijdschaal snel kan plaatsvinden. Het inbouwen van spontane mutaties in 
het DNA, wat uiteindelijk leidt tot een verandering in de aminozuren waaruit een enzym 
is opgebouwd, kost tijd. Het inbouwen van tientallen mutaties zou met de gemiddelde 
snelheid waarmee dit proces plaatsvindt, eeuwen kosten. Nu is gebleken dat de 
dehalogenase activiteit van een promiscue dehalogenase zoals mMIF al middels enkele 
mutaties significant verhoogd kan worden, dan betekent dit dat het evolutieproces van 
een tautomerase voorouderenzym naar cis-CaaD wellicht ook snel plaats heeft kunnen 
vinden. Dit kan verklaren waarom er in bacteriën in de bodem van aardappelvelden na 
enkele decennia al een enzym als cis-CaaD voorkomt, dat dus binnen enkele tientallen 
jaren moet zijn geëvolueerd.  
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Het voorspellen van nieuwe activiteiten voor bestaande enzymen. 
Nu we dankzij de enzymen MsCCH2 en mMIF inzicht hebben gekregen in het 
mechanisme van enzymevolutie, kunnen we deze kennis misschien ook toepassen in 
het laboratorium om een enzym te ontwikkelen dat een reactie katalyseert die een 
nuttig product oplevert, bijvoorbeeld iets dat kan worden gebruikt om een bepaald 
medicijn te maken. Het inbouwen van mutaties in het gen van een enzym is namelijk 
iets dat we op het laboratorium ook kunnen doen, zo kunnen we zelf selectief een 
enzym evolueren. De vraag is alleen, welke mutaties moeten we aanbrengen en met 
welk enzym moeten we beginnen? 

Eerder in dit hoofdstuk is uitgelegd dat tautomerases die tot de tautomerase 
superfamilie behoren twee kenmerkende eigenschappen bezitten, één daarvan is het 
hebben van het aminozuur proline in de ‘active site’. Het onderzoek naar katalytische 
promiscuïteit heeft ons veel inzicht opgeleverd in welke chemische rol de verschillende 
aminozuren kunnen vervullen in een ‘active site’. Vanuit de chemie weten we ook wat 
aminozuren allemaal zouden moeten kunnen, in theorie. In de natuur worden al deze 
mogelijkheden niet noodzakelijkerwijs benut: enzymen zijn geëvolueerd voor een 
specifieke functie en een specifieke reactie. Dat sluit niet uit dat de betrokken 
aminozuren in de ‘active site’ meer zouden kunnen dan alleen dat, in de natuur wordt 
er simpelweg nog geen gebruik van gemaakt. Zouden wij deze verborgen 
mogelijkheden van bestaande enzymen misschien kunnen ontdekken? 

Om dit te onderzoeken hebben we het enzym 4-oxalocrotonaat tautomerase – 
afgekort 4-OT – genomen. Van dit enzym is al veel bekend qua eigenschappen en het 
laat makkelijk met zich werken op het laboratorium. Als lid van de tautomerase 
superfamilie heeft het een proline in de ‘active site’. De natuurlijke activiteit van 4-OT is 
het verplaatsen van een waterstofatoom van de ene plek in het substraatmolecuul  
2-hydroxymuconaat, naar het andere. Dit is een klassieke ‘tautomerisatiereactie’. De 
proline in de active site van 4-OT speelt hierbij een cruciale rol: het verplaatst het 
waterstofatoom. Maar proline heeft meer in petto dan dit, het zou namelijk in theorie 
ook een verbinding tussen twee koolstofatomen tot stand kunnen brengen en dat is 
interessant. Het verbinden van koolstofatomen is namelijk een cruciale reactie in het 
bouwen van allerlei voor de mens nuttige stoffen, waaronder medicijnen. Op deze 
manier zijn bouwstenen voor medicijnen op de juiste manier met elkaar te verbinden 
tot de werkzame stof van een bepaald medicijn. Omdat het aminozuur proline dit tot 
stand kan brengen, zou dat dan betekenen dat 4-OT als enzym een reactie kan 
katalyseren waarbij het twee koolstofatomen met elkaar verbindt?  

Om dit te onderzoeken is er een modelreactie gekozen die 4-OT wellicht zou kunnen 
katalyseren. Het is een reactie waarbij twee kleine moleculen – acetaldehyde en 
benzaldehyde – aan elkaar worden gekoppeld, met als resultaat een molecuul 
cinnamaldehyde (afb. 8). De naam zegt het al: dit product ruikt naar kaneel (Engels: 
cinnamon). Dit bewijst dat 4-OT inderdaad een reactie kan katalyseren waarbij een 
binding tussen twee koolstofatomen tot stand komt.  

Onderzoek toonde aan dat 4-OT inderdaad deze reactie kan katalyseren. Na verloop 
van tijd vormde het enzym cinnamaldehyde en dit was op het laboratorium ook goed te  



 202 

 
Afbeelding 8. Een reactie waarbij een koolstof-koolstof binding tot stand komt, gekatalyseerd door 
het enzym 4-OT. De moleculen zijn schematisch getekend, daar waar een knik in de lijn zit, bevindt 
zich een koolstofatoom. Moleculen 1 (acetaldehyde) en 2 (benzaldehyde) worden aan elkaar 
gekoppeld door 4-OT, wat uiteindelijk 3 (cinnamaldehyde) als product oplevert. Er komt daarbij 
ook een molecuul water (H2O) vrij. Bron: E. Zandvoort, B. J. Baas, W. J. Quax, G. J. Poelarends, 
Chembiochem 2011, 12, 602-609. 
 
ruiken! Het hoofdstuk hierover dat in dit proefschrift is opgenomen is slechts het eerste 
begin, inmiddels zijn anderen met dit onderzoek verder gegaan en momenteel is het al 
zo ver dat 4-OT daadwerkelijk interessante producten kan maken, die voor het maken 
van medicijnen van groot belang zijn. Wellicht dat 4-OT in de toekomst toepassing kan 
vinden in een productieproces voor een bepaald medicijn. Het is nog toekomstmuziek, 
maar de basis die is er.  
 
RhCC, het zwarte schaap in de tautomerase superfamilie. 
De zoektocht naar nog bestaande familieleden van cis-CaaD verliep voorspoedig. Al snel 
werd MsCCH2 gevonden maar uit het onderzoek kwam nog een tweede kandidaat, 
genaamd RhCC, naar voren. Deze bleek evolutionair gezien nog verder verwijderd te 
zijn van cis-CaaD dan MsCCH2 en zou dus nog een stapje dichter bij het oorspronkelijke 
voorouderenzym van cis-CaaD kunnen staan. Uitermate interessant en een goede 
reden om RhCC op het laboratorium te gaan onderzoeken.  

Het eerste resultaat was al binnen enkele maanden een feit: het was bij de eerste 
poging al gelukt om de driedimensionale structuur van het enzym op te helderen. Uit 
onderzoek bleek ook dat RhCC geen dehalogenase activiteit bezit, wat wellicht ook niet 
verwonderlijk is omdat het zo weinig op cis-CaaD lijkt. Met de andere moleculen 
waarvan we vermoedden dat RhCC er iets mee zou moeten kunnen, bleek het echter 
niet katalytisch actief te zijn. Ook kon niet worden vastgesteld dat RhCC als tautomerase 
actief was, iets dat wel in de lijn der verwachting lag. Enige tijd later werden de analyses 
nog eens herhaald en toen viel plotseling iets op: RhCC deed wel degelijk iets met een 
van de al eerder geteste moleculen. Dit was bij de eerdere analyses niet opgevallen 
omdat het product van de reactie niet datgene was wat je voor een tautomerase 
superfamilielid als RhCC zou verwachten. Er bleek iets vreemds aan de hand te zijn, 
RhCC voerde een reactie uit op een molecuul waar andere tautomerases een standaard 
tautomerisatiereactie op uitvoerden, maar dat was niet wat RhCC deed. Welke soort 
reactie katalyseerde het dan? Het heeft uiteindelijk een aantal jaren gekost om dat te 
achterhalen. 
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Het molecuul in kwestie waar RhCC iets mee bleek te doen is  
4-hydroxyphenylenolpyruvaat, afgekort 4HPP. Uit analyse bleek dat er niet één 
reactieproduct werd gevormd, zoals normaliter het geval is voor een enzymreactie, 
maar een mengsel van veel verschillende producten. Wat was hier aan de hand? Om 
erachter te komen welke reactie werd gekatalyseerd door RhCC, moesten de producten 
worden geïdentificeerd, om welke chemische stoffen ging het? Aan de hand hiervan 
zouden we dan kunnen beredeneren welke soort reactie RhCC katalyseert.  
 

 
Afbeelding 9. De reactie die door RhCC wordt gekatalyseerd. Links voor de pijl zien we het 
substraat 4HPP en een molecuul zuurstof (O2). Boven de pijl zien we het enzym RhCC als 
katalysator van de reactie en rechts van de pijl de reactieproducten die geïdentificeerd zijn. Let op 
het aantal zuurstofatomen (extra O’s) na de pijl ten opzichte van voor de pijl. RhCC is een 
oxygenase, dat is een enzym dat een atoom zuurstof inbouwt in het substraatmolecuul.  
 
Wat bleek het geval. Inmiddels hebben we RhCC kunnen scharen in een zeldzaam 
groepje enzymen die voor de wetenschap nog relatief onbekend zijn. Het gaat om 
zogenaamde ‘cofactor-onafhankelijke oxygenases’. Deze enzymen katalyseren een 
reactie tussen een substraatmolecuul en zuurstof uit de lucht. Dit klinkt niet bijzonder, 
immers, zuurstof laat ijzer spontaan roesten en het is nodig voor het verbranden van 
benzine in de motor van onze auto’s om maar eens iets te noemen. Dit zijn toch 
uiteindelijk allemaal chemische reacties waarbij zuurstof uit de lucht betrokken is? Ja, 
dat klopt, maar met deze reacties is iets bijzonders aan de hand dat met het zuurstof te 
maken heeft. Zuurstof is namelijk een bijzonder molecuul, de wetten van de 
kwantummechanica bepalen dat zuurstof niet zomaar aan chemische reacties kan 
deelnemen. Het gaat te ver om dit in detail uit te leggen, maar het komt erop neer dat 
zuurstof altijd hulp nodig heeft om te kunnen reageren. Dit kan een vonk zijn die een 
ontbranding start, maar ook een bepaalde hulpstof. Enzymen die een reactie 
katalyseren met zuurstof uit de lucht, gebruiken daarvoor altijd een bepaalde hulpstof, 
een zogenaamde ‘cofactor’ (zie afb. 5). Zonder een cofactor is het onmogelijk om een 
reactie met zuurstof uit te voeren. En nu komt het: RhCC bleek onomstotelijk een 
reactie met zuurstof uit te voeren terwijl het helemaal geen cofactor gebruikt!  
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Een zoektocht in de bestaande literatuur leerde ons dat er toch enkele enzymen 
bekend zijn die dit doen, ze worden daarom ‘cofactor onafhankelijk’ genoemd. 
Daarnaast heten ze oxygenases, dit zijn enzymen die een atoom zuurstof inbouwen in 
het eigenlijke substraatmolecuul. RhCC doet iets vergelijkbaars met het substraat 4HPP 
(afb. 9), maar het product dat het in eerste instantie vormt moet onstabiel zijn, het 
vervalt op verschillende manieren tot een serie afbraakproducten, wat de producten 
zijn die wij uiteindelijk konden detecteren. Dit bemoeilijkte het onderzoek enorm.  

Uiteindelijk is het gelukt om erachter te komen welke reactie RhCC katalyseert en op 
het moment is het nu zover dat de resultaten van het onderzoek rijp zijn voor 
publicatie. Het onderzoek naar RhCC is verre van afgerond. Hoe RhCC er precies in 
slaagt om zonder cofactor een reactie met zuurstof te katalyseren is bijvoorbeeld nog 
niet geheel duidelijk. RhCC trok in eerste instantie onze aandacht omdat het lijkt op cis-
CaaD, maar het kan goed zijn dat RhCC het eerste voorbeeld is van een nog geheel 
onbekende tak van de tautomerase superfamilie. Kortom, het is nog maar het topje van 
de ijsberg dat we nu in beeld hebben. RhCC vertelt ons eens te meer hoe weinig we 
eigenlijk weten. Maar het is tegelijk ook een stimulans en een opzet voor toekomstig 
onderzoek waarin we nog veel meer kunnen leren over de enzymen van de 
tautomerase superfamilie.  
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