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 Members of the tautomerase superfamily are characterized by a ß-α-ß structural 

fold motif as well as a catalytic N-terminal proline (Pro-1).  Three members of the 

superfamily are involved in the degradation of the nematocide 1,3-dichloropopene; trans-

3-chloroacrylic acid dehalogenase (CaaD), cis-3-chloroacrylic acid dehalogenase (cis-

CaaD) and malonate semialdehyde decarboxylase (MSAD). CaaD and cis-CaaD are 

involved in the hydration of their respective 3-chloroacrylic acid isomers to generate 

malonate semialdehyde. Subsequently, MSAD is responsible for catalyzing the 

decarboxylation of malonate semialdehyde to generate acetaldehyde. All three of these 

enzymes contain an N-terminal proline (Pro-1) that functions as a general acid, in 

contrast to other tautomerase superfamily members, such as 4-oxalocrotonate 

tautomerase (4-OT) and macrophage migration inhibitory factor (MIF), where Pro-1 acts 

as a catalytic base.  Two new members of the tautomerase superfamily have been cloned 

and characterized; FG41 MSAD, a homologue of MSAD from Coryneform Bacterium 

strain FG41, and Cg10062, a homologue of cis-CaaD from Corynebacterium 

glutamicum, with low-level cis-CaaD and CaaD activities.  As part of an effort to 
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delineate the mechanisms of CaaD, cis-CaaD and Cg10062, secondary activities for all 

three enzymes were characterized.  The three enzymes function as efficient 

phenylpyruvate tautomerases (PPT), converting phenylenolpyruvate to phenylpyruvate.  

The activity also indicates that the active site of these three enzymes can ketonize enol 

compounds, thereby providing evidence for the presence of an enediolate intermediate. 

The characterization of FG41 MSAD uncovered an activity it shares with MSAD.  FG41 

MSAD catalyzes the hydration of 2-oxo-3-pentynoate, but at a rate that is 50-fold less 

efficient than that of MSAD (as assessed by kcat/Km values).  Mutagenesis studies of 

FG41 MSAD revealed that a single mutation resulted in a 8-fold increase in the activity.  

The characterization of Cg10062 and attempts to enhance the low-level cis-CaaD activity 

demonstrated the need for a bacterial screen that could screen a library of mutants.  The 

resulting bacterial screen could be used to screen other members of the superfamily for 

dehalogenase activity.  An in-depth exploration of the Cg10062 and FG41 MSAD 

activities may lead to a better understanding of the mechanism of cis-CaaD and MSAD 

and further delineate the evolutionary pathway for the tautomerase superfamily. 
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Chapter 1: Introduction 

1.1 Overview of the Tautomerase Superfamily 

 Members of the tautomerase superfamily are characterized by a ß-α-ß structural 

fold motif as well as a catalytic N-terminal proline (Pro-1).  Three members of the 

superfamily are involved in the degradation of the nematocide 1,3-dichloropopene (1). 

The enzymes are trans-3-chloroacrylic acid dehalogenase (CaaD), cis-3-chloroacrylic 

acid dehalogenase (cis-CaaD) and malonate semialdehyde decarboxylase (MSAD) 

(Scheme 1.1). CaaD and cis-CaaD are involved in the hydration of their respective 3-

chloroacrylic acid isomers (2) to generate malonate semialdehyde (3) [1-3]. 

Subsequently, MSAD is responsible for catalyzing the decarboxylation of 3 to generate 

acetaldehyde (4). All three of these enzymes contain an N-terminal proline (Pro-1) that 

functions as a general acid, in contrast to other tautomerase superfamily members, such 

as 4-oxalocrotonate tautomerase (4-OT) and macrophage migration inhibitory factor 

(MIF), where Pro-1 acts as a catalytic base [4-6]. 
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 Two new members of the tautomerase superfamily have been cloned and 

characterized; FG41 MSAD, a homologue of MSAD from Coryneform Bacterium strain 

FG41, and Cg10062, a homologue of cis-CaaD from Corynebacterium glutamicum, with 

low-level cis-CaaD and CaaD activities.  An in-depth investigation into the activities of 

these two homologues may shed light on the evolution of new activities within the 

tautomerase superfamily. Furthermore, mutational studies on these enzymes may provide 

clues about the mechanisms of cis-CaaD and MSAD.  
 

1.2 trans-3-Chloroacrylic Acid Dehalogenase (CaaD) 

 trans-3-Chloroacrylic acid dehalogenase, CaaD, is a highly studied enzyme 

within the tautomerase superfamily [1, 7-11]. The gene encoding CaaD was cloned from 

Pseudomonas pavonaceae 170, a bacteria that can utilize 1,3-dichloropopene (1) as its 

sole source of carbon [1].  The enzyme is a heterohexemer consisting of 3 α-subunits and 

3 β-subunits of 75 and 70 residues, respectively [1, 8]. CaaD is a dehalogenase that is 

responsible for the isomer-specific dehalogenation of trans-3-chloroacrylic acid (Scheme 

1).  A ß-P1A mutation of CaaD shows a complete loss of enzymatic activity, while the α-

P1A displays no change in activity, indicating that the catalytic N-terminal proline 

resides on the ß-subunit [1, 12].  

 Initially, two possible paths for the CaaD mechanism were proposed, both 

involving the addition of water at the C-2/C-3 position of trans-2 (Scheme 1.2A) [11].  In 

the first mechanism, Pro-1 functions as a general base, directly activating water [1, 7]. In 

the second mechanism, Pro-1 functions as a general acid, donating a proton to C-2 

(Scheme 1.2B) [7]. 
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 In order to delineate which path CaaD follows, the protonation state of the active 

site proline, ß-Pro-1 was determined. This was done by an 15N-NMR titration of the 

uniformly [15N]-labeled enzyme.  In the experiment, the chemical shift of Pro-1 was 

followed as a function of pH. The NMR titration showed that the pKa of ß-Pro-1 for 

CaaD is 9.2 [7] (Figure 1.1).  At physiological conditions, the ß-Pro-1 is cationic and 

charged, which would prevent direct activation of water by Pro-1.  The results of this 

experiment point to the second of the two proposed pathways for CaaD (Scheme 1.2, path 

B).   

 

Scheme 1.2 

 

(A) (B)
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Figure 1.1: 15N-NMR titration of CaaD. Panel A shows the pH titration curves for the 
amino nitrogen atoms of α-Pro1 (open circles) and β-Pro1 (closed squares) in wild-type 
CaaD.  Panel B shows the pH titration curve for the amino nitrogen atoms of β-Pro1 
(closed squares) in the α-P1A mutant of CaaD. From reference [7] 
 
 CaaD is a promiscuous enzyme,  able to utilize 2-oxo-3-pentynoate (2-OP, 5) as a 

substrate, whereas 2-OP is an inhibitor for 4-oxalocrotonate tautomerase (4-OT) [11].  In 

4-OT, Pro-1 has a pKa of 6.4 allowing it to function as a catalytic base.  A nucleophilic 

attack by Pro-1 at the C-3 position of 5 forms a covalent bond, irreversibly inhibiting 4-

OT (Scheme 1.3) [11]. CaaD, on the other hand, converts 5 to acetopyruvate (6, Scheme 

1.4). 
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Scheme 1.3: Inactivation of 4-OT by 5 
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 The 15N-NMR titration experiments can also explain the reaction of CaaD and 4-

OT with 2-OP. For 4-OT, Pro-1 has a pKa of ~6.4, so that at physiological conditions, 

Pro-1 is largely unprotonated and can function as a base.  Accordingly, it attacks the 

triple bond of 2-OP rendering the enzyme covalently modified (Scheme 1.3).  Because 

the pKa of the proline in CaaD is 9.2, it cannot function as a base.  Instead, the CaaD-

catalyzed addition of water to 5 results in the initial formation of an allenol species, 

which is protonated to an enol species. Subsequent ketonization of this species produces 

acetopyruvate (6) (Scheme 1.4) [11].  

 A crystal structure of CaaD after its incubation with 3-bromopropiolate, and 

inactivated by 3-oxoproponoate, was solved [8]. Based on the interactions seen in this 
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structure, two arginines, at position 8 and 11 (on the α-subunit), are proposed to bind the 

negative portion of the substrate while a glutamate at position 52 on the α-subunit is 

proposed to activate a water molecule (Figure 1.2).  The N-terminal proline on the ß-subunit 

is believed to provide the proton to C-2. A mutation of one of these residues eliminates most 

(αR8A or αR11A) or all (βP1A or αE52A) dehalogenase activity [1, 8]. 

 

 

Figure 1.2: Image of active site of CaaD with propyl nitrogen (Pro-1) covalently bound to 

3-oxopropanoate 

 

 Based on crystallographic, mechanistic, and mutagenesis studies, two 

mechanisms for the dehalogenation of trans-3-chloroacrylic acid are proposed (Scheme 

1.5).  In both mechanisms, polarization of the C-1 carboxylate by the two arginines 

allows for the addition of water at the C-3 position.  This results in an enediolate 
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intermediate. In the first mechanism [1, 2, 11](Scheme 1.5A), the enediolate intermediate 

could ketonize resulting in ß-Pro-1 protonating the C-2 position.  The resulting 

halohydrin can then undergo either an enzymatic or non-enzymatic event to produce 3.  

In the second proposed mechanism (Scheme 1.5B) ketonization of the enediolate 

intermediate would result in the elimination of the chloride ion, yielding an enol.  Finally, 

C-2 protonation by β−Pro-1 results in 3. αArg-8/αArg-11 are proposed to assist in 

binding the carboxylate group of the substrate while αGlu-52 activates the water 

molecule. ßPro-1 is proposed to donate the proton to the C-2 position in the final product.   
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1.3 cis-3-Chloroacrylic Acid Dehalogenase (cis-CaaD) 

The gene that codes for cis-CaaD was cloned from Coryneform bacterium strain 

FG41 [2].  The native protein, a 149-amino subunit polypeptide, is a homotrimer, unlike 

the heterohexamer CaaD. cis-CaaD is a dehalogenase that is responsible for the isomer-

specific dehalogenation of cis-2 to 3. The identification of the four catalytic residues of 

cis-CaaD was determined from sequence alignment with CaaD. The residues identified in 

cis-CaaD were Pro-1, Arg-70, Arg-73, and Glu-114. The alanine mutants of these 

residues results in loss of enzymatic activity for all, except the Glu-114 residue, which 

only showed an 8-fold decrease in kcat/Km [2] 

Like ßPro-1 in CaaD, Pro-1 in cis-CaaD is believed to be protonated at pH 7.3.  The 

evidence for this was provided by a pH rate profile and utilization of 2-oxo-3-pentynoate 

(2-OP) as a molecular probe [2, 13]. The pH rate profile of wild-type cis-CaaD identified 

two ionizable groups, one with a pKa of ~8.1 and a second with a pKa of ~9.2 [13].  A 

second pH rate profile for E114Q revealed only one ionizable group with a pKa of ~9.2, 

which was assigned to Pro-1 (data not published). In a similar fashion to CaaD, cis-CaaD 

can hydrate 2-OP, forming acetopyruvate.  This observation suggests that it too may have 

a pKa for Pro-1 that allows it to be protonated at physiological conditions [2].   

 Examination of a crystal structure of cis-CaaD inactivated by (R)-oxirane-2-

carboxylate identified two other residues that play a role in catalysis, His-28 and Tyr-103 

[14]. Based on mutational studies, His-28 is proposed to assist Arg-70 and Arg-73 in the 

binding and activation of substrate while Tyr-103 assists Glu-114 in the activation of the 

water molecule for attack at C-3 [14]. Like CaaD, cis-CaaD is believed to catalyze the 
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reaction by two possible mechanisms [2, 14] (Scheme 1.6).  In both mechanisms, 

polarization of the C-1 carboxylates by the two arginines allows for the addition of water 

at the C-3 position.  This results in an enediolate intermediate. In the first mechanism 

(Scheme 1.6A), the enediolate intermediate could ketonize resulting in Pro-1 protonating 

the C-2 position.  The resulting halohydrin can then undergo either an enzymatic or non-

enzymatic event to produce 3.  In the second proposed mechanism (Scheme 1.6B) 

ketonization of the enediolate intermediate would result in the elimination of the chloride 

ion, yielding an enol.  Finally, C-2 protonation by Pro-1 results in 3.  It is not known 

which path cis-CaaD utilizes.  
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1.4 Malonate Semialdehyde Decarboxylase (MSAD) 

 The gene for MSAD was cloned from the same bacterial strain as CaaD, 

Pseudomonas pavonaceae 170 [3].  The enzyme, a homotrimer of 129 amino acids, is 

responsible for the decarboxylation of malonate semialdehyde (3) to acetaldehyde (4, 

Scheme 1.1).  Like CaaD and cis-CaaD, MSAD has both a catalytic Pro-1 that functions 

as a general acid and is able to hydrate 2-OP to generate acetopyruvate [6].   

Three mechanisms were initially proposed for the catalytic decarboxylation of 

malonate semialdehyde [3] (Scheme 1.7). In the first, a metal-ion cofactor was proposed 

to polarize the 3-carbonyl group (Scheme 1.7A).   This mechanism was shown to be 

unlikely for three reasons. First, the addition of various metal ions did not increase the 

enzymatic activity [3]. Second, the dialysis with buffer containing EDTA did not 

decrease activity [3]. Finally, a crystal structure of the enzyme did not contain a metal-ion 

or a metal-ion binding site [15]. 
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The second proposed mechanism involves the formation of a Schiff base between 

the aldehyde and the enzyme (Scheme 1.7B).  For this mechanism to work, the N-

terminal proline would have to function as a base at physiological conditions.  Two 

experiments showed that this scheme is unfavorable. First, 15N-NMR-titration assigned 

the pKa of the active site proline as 9.2 +/- 0.2 [6]. Second, 2-OP was found to be a 

substrate, which was hydrated by MSAD to form acetopyruvate [6].  Because of these 

two key experiments, it is unlikely that MSAD can function in a Schiff base mechanism.    

Based on the 15N-NMR-titration experiment and the crystal structure lacking any 

evidence for a metal-ion cofactor, a final mechanism was proposed where a charged Pro-

1 polarizes the C-3 carbonyl group of malonate semialdehyde by hydrogen bonding or 

electrostatic interactions [3].  These interactions would then facilitate the decarboxylation 

step (Scheme 1.7C).  

A crystal structure of MSAD has been solved [15].  This structure revealed the 

active site residues and gave a more thorough picture of the mechanism for MSAD.  The 

active site residues identified were Pro-1, Asp-37, Arg-73 and Arg-75.  As stated before, 

Pro-1 is believed to polarize the C-3 carbonyl group of 3 (Scheme 1.8A). It is also a 

likely candidate to provide the proton for the hydration of 2-OP.  Asp-37 has been 

implicated in both activities for MSAD.  For the decarboxylase activity, it is believed that 

it plays a role in a network of water molecules keeping the proline in a charged state 

(Scheme 1.8A).  This is supported by a 15N-NMR-titration experiment of the active site 

proline in the D37A mutant (Darty, J.E. and Whitman, C.P. unpublished results). A 

mutation from Asp to Ala at position 37 has been shown to lower the pKa of the active 

site proline from 9.2 to 6.4.  In the hydration of 2-OP, it is believed that Asp-37 directly 
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activates water for the hydration of 2-OP (Scheme 1.8B).  Arg-73 and Arg-75 are 

proposed to either assist Pro-1 in stabilizing the developing charge on the enolate anion 

or position the carboxylate group of the substrate in the active site.  An Arg to Ala 

mutation eliminated both activities, demonstrating the need for these residues. 
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1.5 FG41 Malonate Semialdehyde Decarboxylase from Coryneform 

Bacterium strain FG41 

 The gene for a MSAD homologue (~37% pairwise sequence identity) from 

coryneform bacterium strain FG41 (FG41 MSAD) has now been cloned and the protein 

over expressed. The initial assignment of this protein as a decarboxylase was based on a 

sequence alignment (Figure 1.3).  This assignment was confirmed by the observation that 

FG41 MSAD decarboxylates  malonate semialdehyde to acetaldehyde at a comparable 

rate to that of MSAD. Decarboxylation was also confirmed by 1H-NMR spectroscopy.  

The enzyme is also able to hydrate 2-OP, albeit at a less efficient rate (50-fold decrease in 

kcat/Km,). FG41 MSAD has three of the four key catalytic residues that have been 

identified in MSAD; Pro-1, Asp-37, Arg-75 (Arg-76 in FG41 MSAD).  Arg-73 in MSAD 

is replaced with a glutamine (Highlighted yellow and green, Figure 1.3).   
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MSAD         -------------PLLKFDIFYGRTDAQIKSLLDAAHGAMVDAFGVPANDRYQTVSQHRP 47 
FG41_MSAD    -------------PLIRIDLTSDRSREQRRAIADAVHDALVEVLAIPARDRFQILTAHDP 47 
B. sp. 383   PCRHYPAPGENPVPMLKFDLIEGRTDEQVRTLLDAAHQAMVQAFDVPATDRYQSVTQHRP 60 
M. mag MS-1  -------------PLMRFDLIEGRSDAELKALLDAAHEAMLEAFQVPPGDRYQIVTEHKP 47 
E. sib. 255  -------------PLLRFDVIEGRSDEELKLLLDTAHEAMLEAFDVPERDRYQIVHTHKA 47 
B. sub.      -------------PLLRFDLIEGRDQSSLKKLLDVAHNVVVEAFDVPQQDRYQIVHEHPE 47 
G. oxy. 621H -------------PLIRFDLLEGRSETELAAILDTAHQAVLDAFHVPPRDRYQIVYEHRK 47 
                          *::::*:  .*   .   : *..* .:::.: :*  **:* :  *   
 
MSAD         GEMVLEDTGLGYGRSSAVVLLTVISRP-RSEEQKVCFYKLLTGALERDCGISPDDVIVAL 106 
FG41_MSAD    SDIIAEDAGLGFQRSPSVVIIHVFTQAGRTIETKQRVFAAITESLAP-IGVAGSDVFIAI 106 
B. sp. 383   GELVVEDTGLGYPRSRDVVLLTAVSRQ-RTEPQKLAFYRLLVENLQTQCGISPDDVIVSI 119 
M. mag MS-1  SRMIVEDTGLDIPRTRDVVVVQMITRP-RGREKKELFYRLLTEKLQAACGIAPADVMVST 106 
E. sib. 255  NEMIIEDTGLGLTRSNQVVVISVTSKT-RTEEKKQALYRLLAERLEAVCGLSPADLMVSI 106 
B. sub.      NHMIIEDTGLGFNRTKNLVVLSVTSKS-RPEEKKQKFYRLLAERLESECGIASTDLIVSI 106 
G. oxy. 621H SRVRIEDTGLGIPRTDDVMILSITTRP-RSVEEKTAFFRILTEALSEKCGIAPSDVMVNY 106 
             . :  **:**.  *:  ::::   ::  *    *  .:  :.  *    *::  *:::   
 
MSAD         VENSDADWSFGRGRAEFLTGDLV------- 129 
FG41_MSAD    TENAPHDWSFGFGSAQYVTGELAIPATGAA 136 
B. sp. 383   VENGDADWSFGRGRAQFITGELI------- 142 
M. mag MS-1  VENTDEDWSFGHGRAQFLTGEL-------- 128 
E. sib. 255  VENDAADWSFGLGKAQFLTGDL-------- 128 
B. sub.      VENDNADWSFGLGEAQFLTGKL-------- 128 
G. oxy. 621H VENTDADWSFGNGEAQFLNGKLGTPKAP-- 134 
             .**   ***** * *:::.*.*         
 
Figure 1.3: Sequence alignment of MSAD, FG41 MSAD and 5 homologues of MSAD 
identified by a PSI-BLAST search.  The coded proteins, none of which have been 
characterized, are from the following organisms: B. sp. 383: Burkholderia sp. 383,  M. 
mag MS-1: Magnetospirillum magnetotacticum MS-1,  E. sib. 255: Exiguobacterium 
sibiricum 255-15,  B. sub.: Bacillus subtilis subsp. Subtilis, and G. oxy. 621H:  
Gluconobacter oxydans 621H. 
 
 
 The crystal structure of FG41 MSAD has now been solved, which allows for a 

comparison of the active sites of FG41 MSAD and MSAD (Guo, Serrano, Whitman and 

Hackert, unpublished results).  A superposition of the active site of MSAD with that of 

FG41 MSAD shows that the previously identified essential residues for MSAD (Pro1, 

Asp-37, Arg-73 and Arg-75) align with the comparable residues on FG41 MSAD (Figure 

1.4).  Along with these four residues, another three new residues have been identified in 

the active site as being different.  They are at positions 39, 55 and 123 (Figure 1.5).  

Residue 55 is a threonine in MSAD and an alanine for FG41 MSAD.  This residue may 

play a role in hydrogen bonding of the incoming substrate. Residue 39 in MSAD is a 
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tyrosine and residue 123 is a phenylalanine.  In FG41 MSAD, these positions are 

switched. In the sequence alignment of FG41 MSAD with MSAD, five other potential 

decarboxylases have been identified (Residues highlighted in grey, Figure 1.3).  The 

three residues discovered in the structural alignment are all conserved among these 

potential decarboxylases, with the exception of FG41 MSAD.  What roles these residues 

play in MSAD and FG41 MSAD in their two activities is unknown. 

 

 

Figure 1.4:  Superposition of the active sites of MSAD (Blue) and FG41 MSAD (Green). 

Residues shown are Pro-1, Asp-37, Arg-73 (Gln-73 for FG41 MSAD) and Arg-75 (Arg-

76 for FG41 MSAD) 
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Figure 1.5: Superposition of the active site of MSAD (Blue) with that of FG41 MSAD 

(Green) with new residues (MSAD: Tyr-39, Thr-55 and Phe-123; FG41 MSAD Phe-39 

Ala-55 and Tyr -123) of interest shown. 

 

1.6 The cis-3-Chloroacrylic Acid Dehalogenase Homologue Designated 

Cg10062 

 The gene cg10062 was isolated from the bacteria Corynebacterium glutamicum 

[16]. The protein encoded by the gene, designated Cg10062, was identified as a possible 

cis-CaaD homologue based on a BlastP index search [2].  The physiological function of 

this protein is unknown.   
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Sequence alignment of Cg10062 with cis-CaaD shows 34% identity and 53% similarity 

(Figure 1.6).  When Cg10062 was expressed and purified, it was shown to have not only 

cis-CaaD activity but also CaaD activity (Table 1.1). The catalytically important amino 

acid residues that were identified for cis-CaaD (Pro-1, His-28, Arg-70, Arg-73, Tyr-103, 

and Glu-114) are all present in Cg10062 (7) (Figure 1.6). Mutagenesis of Pro-1, Arg-70, 

Arg-73 and Glu-114 (to alanine) in Cg10062 eliminates the two dehalogenase activities, 

based on a kinetic assay [16]. Utilizing 1H-NMR spectroscopy, the E114Q mutant was 

observed to process cis-3-chloroacrylic acid to 3 in 24 hours while trans-3-chloroacrylic 

acid was only slightly processed to 3 [16]. In the three other mutants that were 

constructed for Cg10062 (P1A, R70A and R73A) no activity was observed via 1H-NMR 

spectroscopy [16]. 

 

Figure 1.6: Sequence alignment of cis-CaaD with Cg10062. Residues in yellow have 
been examined by mutagenesis.  Residues in green have been identified as catalytically 
important for cis-CaaD activity but have not been studied in Cg10062. Residues in gray 
are proposed to make up a loop that might be involved in binding of the 3-chloro group in 
cis-CaaD. 
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Table 1.1: Kinetic parameters for Cg10062, CaaD and cis-CaaD with various substrates 

 

 

 

 Both CaaD and cis-CaaD function as hydratases and their catalytic amino-

terminal prolines have been assigned  a pKa of ~9.3 [7, 13]. This pKa allows the active 

site proline to function as general acid at physiological conditions.   This also enables the 

two enzymes to hydrate 2-oxo-3-pentynoate (5). Both CaaD and cis-CaaD convert 5 to 

acetopyruvate (6).  Cg10062 was also found to hydrate 5, which suggests that it functions 

as a hydratase and its Pro-1 probably also has a pKa of ~9.3 (Table 1.1). 

A crystal structure of Cg10062 has been solved which allows for the 

superposition of this protein with the solved crystal structures of cis-CaaD (PDB: 2flz) 

and CaaD (PDB: 1s0y) [8, 14]. The superposition of the proposed active sites of cis-

CaaD with Cg10062 shows overlap of the catalytically important groups (Figure 1.7).  
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Figure 1.7: Superposition of active site residues of cis-CaaD and Cg10062  

A 3-chloro binding region was proposed for cis-CaaD which contains the residues 

Thr-32, Thr-34, Leu-38, Arg-70, and Leu-119 (Figure 1.8) [14]. The roles that these 

residues play in the binding of the 3-chloro group is currently unknown. The threonine 

pair may provide a hydrogen bond to the pocket.  In Cg10062, three of these residues are 

conserved with the exception of Thr-32 and Thr-34, which are alanines in Cg10062 

(Figure 1.9). The presence of Ala-32/Ala-34 in the 3-chloro binding region of Cg10062 

may be a factor leading to the low affinity of the enzyme for cis-3-chloroacrylic acid. 
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Figure 1.8: Proposed 3-chloro binding region of cis-CaaD 

 

Figure 1.9: Proposed 3-chloro binding region for Cg10062 

A loop that connects the α-helix and the β-sheet of the β−α−β scaffold contains 

three of the proposed five residues of the 3-chloro binding region for cis-CaaD.  This 

eight-residue loop consists of Leu-31, Thr-32, Gly-33, Thr-34, Gln-35, His-36, Phe-37, 

and Leu-38 (Figure 1.10).  A similar loop is found in Cg10062, but contains Leu-31, Ala-

32, His-33, Ala-34, Pro-35, Lys-36, Tyr-37, and Leu-38 (Figure 1.11).  A bulky histidine 

in Cg10062 replaces glycine at position 33 whereas a rigid proline replaces the glutamine 
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found in cis-CaaD.  Investigation into the differences in these residues and what role they 

play in substrate specificity and catalysis is under investigation. 

 

 

Figure 1.10: Loop containing Thr-32, Thr-34, and Leu-38 for cis-CaaD  
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Figure 1.11: Loop containing Ala-32, Ala-34, and Leu-38 for Cg10062  

 

 The superposition of the active sites of Cg10062 and CaaD reveals that the 

residues proposed to be catalytically essential for CaaD (ßPro-1, αArg-8, αArg-11, and 

αGlu-52) are in similar orientations to those of Cg10062 (Figure 1.12).  Two residues, 

His-28 and Tyr-103, which were identified as being catalytically important for cis-CaaD, 

are not present in CaaD.  His-28 is proposed to assist Arg-70 and Arg-73 in binding the 

carboxylate group of cis-3-chloroacrylic acid by cis-CaaD while Tyr-103 in cis-CaaD is 

proposed to position a water molecule for activation by Glu-114.  
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Figure 1.12: Overlay of the proposed catalytic active site residues for CaaD and Cg10062 

 

Unlike the isomer-specific enzymes CaaD and cis-CaaD, Cg10062 is able to 

convert both the cis- and trans-isomers of 2 into 3.  This rate however, is very low, as 

judged by the kcat/Km values.  For the cis-CaaD activity of Cg10062 it appears that 

binding of the substrate impacts the kcat/Km values.  The residues responsible for 

chemistry (Pro-1, His-28, Arg-70, Arg-73, Tyr-103, and Glu-114) are all present to 

dehalogenate the substrate. 

Two reasons could explain the differences between the Km values. First, the lack 

of two residues (Thr-32/Thr-34) in the proposed 3-chloro binding region for Cg10062 

might play a large role in substrate binding and specificity.  Without these residues, the 

enzyme might not efficiently bind the cis-isomer of 3-chloroacrylic acid. It is also 

possible that the loop that contains Thr-32 and Thr-34 plays a role in stereospecificity for 

cis-CaaD.  The bulky residues that are part of the Cg10062 loop (histidine and proline) in 

place of the more flexible residues from cis-CaaD (glycine and glutamine) may prevent 
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the enzyme from efficiently binding substrate, or may allow Cg10062 to be non-selective 

for both isomers. 

 Because of the striking similarities of the active sites of Cg10062 and cis-CaaD, 

the high sequence similarity, and the highly similar activities, Cg10062 is a close relative 

to cis-CaaD. The core residues responsible for chemistry appear to all be aligned based 

on a superposition of both active sites and the key differences between Cg10062 and cis-

CaaD reside in the loop which contains some of the residues that make up the 3-chloro 

binding pocket.  These residues may be responsible for the high Km of Cg10062 when 

compared to cis-CaaD as well as enabling Cg10062 to utilize both isomers of 3-

chloroacrylic acid.  Cg10062 may be a few key mutations away from being a more 

specific and efficient cis-CaaD. In view of the shared active site residues between 

Cg10062 and cis-CaaD, a study of the roles of the previously non-investigated residues 

Cg10062 should be carried out to discern what roles they play and if they are important 

for one or both of the dehalogenase activities. 

 

1.7 Summary 

 The mechanistic, structural and mutagenesis studies performed on CaaD and cis-

CaaD have uncovered many revelations about the tautomerase superfamily.  However, 

several questions still remain. For example, CaaD and cis-CaaD both hydrolyze their 

respective isomers of 3-chloroacrylic acid, but which pathway they follow or what 

intermediate, the halohydrin or enol, is produced is not yet known. Secondly, the MSAD 

homologue, FG41 MSAD, has the same primary activity at the same efficiency as 

MSAD, but the secondary activity, the hydration of 2-oxo-3-pentynoate, is quite weak.  
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Four key differences in the active site have been found, based on a structural comparison 

of the two enzymes.  However, what roles, if any, these residues play in the two activities 

is unknown.  Finally, the characterization of Cg10062 has revealed an enzyme that is 

ideal for evolutionary studies. It is able to hydrolyze both isomers of 3-chloroacrylic acid, 

and with a crystal structure solved for all three enzymes, key residues have been 

identified. How these residues function for both activities is unknown. It may be possible 

to increase one or both of these activities with a small number of point mutations.  Setting 

the stage to address these questions is one of the purposes of this dissertation. 
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Chapter 2: The Phenylpyruvate Tautomerase Activity of trans-3-

Chloroacrylic Acid Dehalogenase: Evidence for an Enol Intermediate in 

the Dehalogenase Reaction* 

 

2.1 Introduction  

 One reason for the persistence of halogenated organic compounds in the 

environment is the relative stability of the carbon-halogen bond [17]. Nonetheless, 

microorganisms have generated enzymatic activities and assembled pathways that 

catabolize even some of the most recalcitrant of these compounds. In this context, it is 

notable that degradative pathways have evolved in various bacterial species (e.g., 

Pseudomonas pavonaceae 170 and coryneform bacterium strain FG41) to transform 

chlorinated alkenes such as the nematocide 1,3-dichloropropene (1, Scheme 2.1), and the 

cis- and trans-isomers of 3-chloroacrylic acid (2 and 3, respectively), into useful cellular 

metabolites [1, 17-20]. Accordingly, the isomeric mixture of 1 is first converted to 2 and 

3 in three enzyme-catalyzed steps. Subsequently, isomer specific 3-chloroacrylic acid 

dehalogenases process 2 (cis-CaaD) or 3 (CaaD) to malonate semialdehyde (4), which is 

then decarboxylated by the action of malonate semialdehyde decarboxylase (MSAD) to 

yield acetaldehyde (5). Presumably, 5 is channeled into the Krebs cycle allowing the 

organisms to use 1–3 as sources of carbon and energy.  

 

                                                
* Significant portions of this chapter have been previously published, and used with 
permission, as Biochemistry, 46(33) 9596–9604. Copyright 2007 American Chemical 
Society. 
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Scheme 2.1  

 

 CaaD and cis-CaaD have received much scrutiny in recent years and mechanisms 

for both have been formulated [1, 2, 7, 8, 11, 13, 14]. The two enzymes are members of 

the tautomerase superfamily, a group of structurally homologous proteins characterized 

by a common β–α–β structural motif and a catalytic Pro-1 [21-23]. In the proposed 

mechanism for the heterohexameric CaaD (Scheme 2.2) a water molecule is activated by 

αGlu-52 for addition at C-3 of 3. Attack at C-3 is facilitated by two active site arginine 

residues (αArg-8 and αArg-11), which may interact with the carboxylate oxygens to 

activate the substrate and stabilize a proposed enediolate intermediate (6) [1, 7, 8, 11]. 

Two scenarios (routes A and B) can then be envisioned for 6. In route A, 6 undergoes 

ketonization with protonation at C-2 by Pro-1 to produce an unstable halohydrin species 

(7). Direct explusion of the halide by an enzyme-catalyzed or a chemical process 

completes the reaction. In route B, ketonization of 6 eliminates the halide and produces 

the enol intermediate 8 [8, 14]. Tautomerization of the enol with protonation at C-2 by 

Pro-1 completes the transformation of 3 to 4. Although the cis-CaaD mechanism involves 

two additional residues, it too, is proposed to proceed through a halohydrin or an enol 

intermediate [14]. 

 

Scheme 2.2 
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 Distinguishing between the two intermediates (i.e., 7 and 8) is challenging, but 

clearly has mechanistic implications as well as evolutionary significance. For example, a 

halohydrin intermediate could suggest that CaaD is an “accidental” dehalogenase in that 

the enzyme catalyzes a hydration reaction to form 7, which can then undergo a very rapid 

chemical decay to yield 4. In this scenario, the enzyme might function as a hydratase in 

the organism on an unknown physiological substrate [23]. Alternatively, an enol 

intermediate suggests that CaaD evolved to carry out the dehalogenation reaction (i.e., it 

catalyzes an α,β-elimination reaction) and provides a functional link between CaaD and 

the tautomerases in the 4-oxalocrotonate tautomerase (4-OT) family. 

 In the course of examining substrates for CaaD, we found that it functions as an 

efficient phenylpyruvate tautomerase (PPT), converting phenylenolpyruvate (9, Scheme 

2.3) to phenylpyruvate (10). Replacing βPro-1, αArg-8, or αArg-11 of CaaD with an 

alanine residue diminishes the PPT activity whereas the αE52Q mutation has no effect on 

the PPT activity. These observations suggest that the PPT activity occurs in the active site 

and implicate βPro-1, αArg-8, and αArg-11 as participants in the activity. Furthermore, a 

stereochemical analysis of the reaction (in 2H2O) shows that CaaD produces the 3S-

isomer of [3–2H]10 in a ratio of ~1.8:1, which is also consistent with the active site nature 

of the activity. The PPT activity of CaaD is a catalytically promiscuous activity, 
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reflecting divergent evolution from an ancestral β-α-β template that likely gave rise to 

both CaaD and 4-OT. The activity also indicates that the active site of CaaD can ketonize 

enol compounds, thereby providing evidence for the presence of 6 in both mechanisms 

proposed for the CaaD-catalyzed reaction (routes A and B, Scheme 2.2) and for the 

presence of 8 in the mechanism shown in route B. 

 

Scheme 2.3 

 

 

2.2 Materials and Methods 

Materials 

 Chemicals, biochemicals, buffers, and solvents were purchased from Sigma- 

Aldrich Chemical Co. (St. Louis, MO), Fisher Scientific Inc. (Pittsburgh, PA), Fluka 

Chemical Corp. (Milwaukee, WI), EM Science (Cincinnati, OH), or Acros Organics 

(Morris Plains, NJ). The Amicon stirred cells and the YM3 and YM10 ultrafiltration 

membranes were obtained from Millipore Co. (Billerica, MA). Pre-packed PD-10 

Sephadex G-25 columns were purchased from Biosciences AB (Uppsala, Sweden). 

Deoxyribonuclease (DNase), and ribonuclease (RNase) were purchased from F. 

Hoffmann-La Roche, Ltd. (Basel, Switzerland). All the enzymes used in this study were 
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purified to near homogeneity, as assessed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) on 15% gels [24]. 

General Methods 

 HPLC was performed on a Waters (Milford, MA) 501/510 system using either a 

TSKgel DEAE-5PW (anion exchange) or a TSKgel Phenyl-5PW (hydrophobic 

interaction) column (Tosoh Bioscience, Montgomeryville, PA). Protein concentrations 

were determined by the method of Waddell [25]. Kinetic data were obtained on an 

Agilent 8453 UV-Visible spectrophotometer. 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. Nuclear magnetic resonance (NMR) spectra 

were recorded in CD3OD on a Varian UNITY-plus 300 MHz spectrometer or a Varian 

Unity INOVA-500 spectrometer. Chemical shifts are standardized to the CD3OD signal 

at 3.30 ppm. 

Expression and Purification of CaaD, the CaaD mutants (βP1A, αR8A, αR11A, 

αE52Q), and cis-CaaD 

 The pET-24a(+) vector (Promega Corp., Madison, WI) used for the 

overexpression of CaaD was constructed and generously provided by Joseph E. Darty in 

our laboratory. The gene sequences for the α- and β-subunits of CaaD are separated by 13 

bases in the pET3b vector and flanked by NdeI (5′-end) and BamH1 (3′-end) restriction 

sites [1]. Accordingly, the nucleotide sequence coding for the two genes was removed by 

treatment with the appropriate restriction enzymes and ligated into a similarly digested 

pET-24a(+) vector. Colonies containing pET-24a with the correct insert were identified, 

and plasmid DNA was isolated from a single colony selected from Luria-
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Bertani/Kanamycin plates (LB/Kn, 50 µg/mL) and transformed into competent 

Escherichia coli BL21-Gold(DE3) cells (Stratagene, La Jolla, CA). CaaD was 

overexpressed using isopropyl-β-D-thiogalactoside (1 mM). The enzyme was purified 

using published protocols [7, 8, 11], as modified below. Cells (~5 g) from 2 1-L cultures 

(grown on LB medium containing 50 µg/mL Kn) were suspended in ~10 mL of 10 mM 

Na2HPO4 buffer, pH 8.0 (Buffer A) along with DNase (10 µL of a 10 Units/µL solution) 

and RNase (10 µL of a 500 µg/µL solution) and subjected to sonication. Subsequently, 

the mixture was centrifuged (45 min at 27,000 × g), and the supernatant was filtered and 

loaded onto the TSKgel DEAE-5PW column, which had previously been equilibrated 

with Buffer A. The column was washed using Buffer A over a 10-min period at 5 

mL/min. CaaD was eluted over a 60-min period using a linear Na2SO4 gradient (0–0.5M). 

Typically, CaaD eluted from 9–34 min after being loaded onto the column. Fractions 

containing active CaaD were pooled, concentrated to ~20 mL, and solid (NH4)2SO4 was 

added to make the final concentration 1.0 M. After stirring for 1 h, the precipitate was 

removed by centrifugation (15 min at 27,000 × g), and the supernatant was filtered and 

loaded onto the TSKgel Phenyl-5PW column, which had previously been equilibrated 

with Buffer B (1.0 M (NH4)2SO4 in 10 mM Na2HPO4 buffer, pH 8.0). The column was 

washed using Buffer B over a 10-min period at 5 mL/min, and retained proteins were 

eluted with a decreasing linear gradient (1-0 M (NH4)2SO4 in 10 mM Na2HPO4 buffer, 

pH 8.0) over a 60-min period. Typically, CaaD eluted from 35–43 min. The appropriate 

fractions were pooled and concentrated to ~5 mL, filtered through a 0.2 µm-pore 

diameter filter, and stored at 4 °C. Typically, this protocol yields about 40 mg of 

homogeneous protein per liter of culture. The four CaaD mutants were expressed 
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constitutively using the pET3b vector transformed into competent E. coli BL21-

Gold(DE3) cells. The construction of these mutants is described elsewhere [1, 8]. The 

mutants were purified using the protocol for the wild type, as described above. Likewise, 

cis-CaaD was expressed constitutively using the pET3b vector transformed into 

competent E. coli BL21-Gold(DE3) cells [2]. The enzyme was purified following the 

protocol described above. 

Expression and Purification of Macrophage Migration Inhibitory Factor (MIF) 

 MIF-producing cells were grown and the MIF was purified using protocols 

described elsewhere with the following modifications [4, 26]. Cells (~4 g from 2-L of 

growth media) were suspended in ~10 mL of 10 mM NaH2PO4 buffer, pH 6.5, (Buffer A) 

along with DNase and RNase in the concentrations indicated above, and disrupted by 

sonication. The lyzed cells were centrifuged and the supernatant loaded onto the TSKgel 

DEAE-5PW column. After a 50-mL wash with the 10 mM NaH2PO4 buffer, the protein 

was eluted using a linear gradient (300 mL, 0–0.5 M Na2SO4 in Buffer A) at 5 mL/min. 

Typically, the protein eluted 8–15 min after being loaded on to the column. Pooled 

fractions were concentrated, made 1M in (NH4)2SO4, and loaded onto the TSKgel 

Phenyl-5PW column. After a 50-mL wash with the 10 mM NaH2PO4 buffer containing 

1M (NH4)2SO4, the protein was eluted using a linear gradient (250 mL, 1–0 M (NH4)2SO4 

in 10 mM NaH2PO4 buffer, pH 6.5) at 5 mL/min. Typically, the protein eluted from 63–

70 min. Pooled fractions were concentrated to ~7 mL, filtered through a 0.2 µm-pore 

diameter filter, and stored at 4 °C. Under these conditions, 2 L of culture yields ~50 mg 

of protein purified to near homogeneity (~95% as assessed by SDS-PAGE). 

Kinetic Assays 
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 The ketonization of phenylenolpyruvate (9) by MIF, CaaD, the four CaaD 

mutants, or cis-CaaD was monitored by following the depletion of the enol isomer (i.e., 

9) at 288 nm in 20 mM Na2HPO4 buffer at the indicated pH values [27]. For MIF, the 

PPT activity was examined at pH 6.5, 6.8, 7.6 and 9.0. For CaaD, the PPT activity was 

examined at pH 6.5 and 9.0. The PPT activity of cis-CaaD and the four CaaD mutants 

was examined only at pH 9.0. An aliquot of each enzyme was diluted into 20 mL of 20 

mM Na2HPO4 buffer at the desired pH, yielding various concentrations of MIF (0.01–

0.025 µM), CaaD (0.3–13 µM), a CaaD mutant (0.9–15 µM), or cis-CaaD (18.5 µM). The 

diluted enzyme solutions were incubated for at least 60 min at 22 °C. Previous work has 

shown that the 1-h incubation period results in more reproducible kinetic data. 

Subsequently, 1-mL aliquots were transferred to a cuvette, and the assay was initiated by 

the addition of a small quantity (1–10 µL) of phenylenolpyruvic acid (9) from an 8 mM 

(MIF), 5 mM (CaaD and CaaD mutants), or a 17.3 mM (cis-CaaD) stock solution. The 

stock solutions were made by dissolving the appropriate amount of phenylenolpyruvic 

acid in ethanol. The crystalline free acid of 9 is exclusively the enol form (19). In general, 

the concentrations of 9 used in the assay ranged from 0–80 µM (MIF), 0–50 µM (CaaD 

and the CaaD mutants), and 17.3–173 µM (cis-CaaD). At all substrate concentrations, the 

non-enzymatic rate was subtracted from the enzymatic rate of ketonization. The molar 

absorptivity coefficients (ε) were measured in 20 mM phosphate buffer adjusted to the 

pH used for the individual kinetic assays, and ranged from 12,400 −13,300 M−1 cm−1. 

The kinetic parameters for CaaD and cis-CaaD using the appropriate isomer of 3-

chloroacrylate (2 or 3) were determined by literature procedures (6,9). 

The CaaD-catalyzed Conversion of 9 to [3-2H]10 in D2O and Conversion of [3-2H]10 
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to [3-2H]11 

 The stereochemical analysis of [3-2H]10 was carried out by the series of reactions 

shown in Scheme 2.4 using protocols described elsewhere [27] with the following 

modifications. A total of 15 individual reaction mixtures were made up. A solution of 9 

(4 mg, 24 mmol) dissolved in DMSO-d6 (30 µL) was combined with a mixture of 100 

mM Na3PO4 buffer made up in D2O (225 µL, pH not adjusted) and 375 µL D2O. The 

addition of 9 (as the free acid) adjusted the pH to ~9.0. Immediately thereafter, CaaD (50 

µL of a 7.5 mg/mL solution) and a solution of NaBH4 (50 µL of a 50 mg/mL solution in 

20 mM NaH2PO4 buffer made up in D2O) were added successively to the individual 

reaction mixtures. The reaction mixtures were then allowed to stand overnight at room 

temperature. Subsequently, the pH was adjusted to 1.9 using aliquots of 8.5% H3PO4. The 

product, [3-2H]11, was isolated as described [27] and purified using flash 

chromatography (2% acetic acid in ethyl acetate) to give 53.3 mg. The 1H NMR spectrum 

corresponded to the previously reported one [27]. 

 

 

 

 

 

 

 

Scheme 2.4 
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Conversion of [3-2H]11 to (2R,3R)-[3-2H]Malate (13) 

 The conversion of [3-2H]11 to 12 (Scheme 2.4) was carried out by the ozonolysis 

of [3-2H]11 (and treatment of the product with H2O2) to generate 12, which was purified 

by anion-exchange chromatography to afford 20.5 mg of product. The (2S)-isomer was 

removed by treating the diastereomeric mixture with malic enzyme as described [27] with 

the following modification. Commercially available malic enzyme was exchanged into 

20 mM NaH2PO4 buffer, pH 7.4 (containing 5 mM MgCl2) by gel filtration 

chromatography using a PD-10 Sephadex G-25 column. In the absence of this 

purification step, an unknown buffer component results in the degradation of 13 and 

significantly lowers the yield. The remaining (2R)-isomer was purified by anion-

exchange chromatography, yielding 6.2 mg of (2R,3R)-[3-2H]malate (13). The 1H NMR 

spectrum corresponded to the previously reported spectrum (19) and indicated that the 

(2R, 3R)-isomer of [3-2H]malate (13) predominated by a ratio of ~1.8:1. 

The MIF-catalyzed Conversion of 9 to [3-2H]10 in D2O and Chemical and 

Enzymatic Conversion of [3-2H]10 to (2R,3S)-[3-2H]Malate (13) 
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 The stereochemical analysis of [3-2H]10, generated by the MIF-catalyzed 

ketonization of 9 in D2O, was carried out by the same series of reactions shown in 

Scheme 2.4 as described above, but now using MIF (30 µL of a ~2.0 mg/mL solution) in 

place of CaaD. Ketonization, reduction with NaBH4, and purification yielded 50.3 mg of 

[3-2H]11. Ozonolysis of [3-2H]11, treatment of the ozonide with H2O2, and purification 

afforded 15.5 mg of [3-2H]12. Subsequent treatment with malic enzyme provided 5.1 mg 

of (2R,3S)-[3-2H]malate (13). The 1H NMR spectrum indicated that (2R,3S)-[3-2H]malate 

(13) predominated by a ratio of ~6.6:1. 

 

 

2.3 Results 

Kinetic Parameters for the MIF- and CaaD-catalyzed Ketonization of 9 

 The kinetic parameters for the PPT activities of MIF and CaaD were measured 

under a variety of conditions including different enzyme preparations and concentrations, 

different phosphate buffer concentrations (20 and 50 mM), and (for MIF) different pH 

values (pH 6.5, 6.8, 7.6, and 9.0). Representative kinetic parameters for each reaction at 

the optimal pH value for the physiological reaction are summarized in Table 2.1. The 

kinetic parameters for the MIF-catalyzed reaction at pH 9.0 are also included. The Km 

values are comparable (within experimental error), but the kcat values for the MIF-

catalyzed reactions at pH 6.8 and 9.0 are respectively 27-fold and 24-fold higher than that 

measured for the CaaD-catalyzed reaction (using 9). Primarily due to this difference, the 

kcat/Km values for the MIF-catalyzed reaction at pH 6.8 and pH 9.0 are respectively 52-

fold and 74-fold higher than that measured for the CaaD-catalyzed reaction. The kcat/Km 
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value for the CaaD-catalyzed reaction using 3, the physiological substrate, is only ~3-fold 

higher than the CaaD-catalyzed reaction using 9. Although there is some variation in the 

Km and kcat values under the assorted conditions described above, the kcat/Km values for 

the PPT activities range from 1–2 × 106 M−1s−1 (for MIF) and 1–3 × 104 M−1s−1 (for 

CaaD). The sum of these observations shows that CaaD has a robust PPT activity and it 

functions almost as efficiently as a PPT as it does a dehalogenase. 

 

Table 2.1 Kinetic parameters for MIF, CaaD, CaaD Mutants, and cis-CaaDa. 

 

Enzyme Substrate pH 
Km 

(µM) 

kcat 

(s−1) 

kcat/Km 

(M−1s−1) 

MIF 9 6.8 31 ± 8 38 ± 4 1.2 × 106 

MIFb 9 9.0 20 ± 8 33 ± 4 1.7 × 106 

CaaD 9 9.0 61 ± 23 1.4 ± 0.3 2.3 × 104 

CaaD 3 9.0 34 ± 2 2.4 ± 0.1 7.1 × 104 

βP1A-CaaD 9 9.0 - - 3 × 103 

αR8A-CaaD 9 9.0 - - 1.2 × 103 

αR11A-CaaD 9 9.0 - - 1.5 × 103 

αE52Q-CaaD 9 9.0 113 ± 30 4.1 ± 1.0 3.6 × 104 

cis-CaaD 9 9.0 110 ± 30 0.20 ± 0.03 1.8 × 103 

cis-CaaD 2 9.0 34 ± 8 1.8 ± 0.2 5.3 × 104 

aAssay conditions are provided in the text. 

bThe kinetic parameters were measured in 50 mM Na2HPO4 buffer, pH 9.0. 
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Kinetic Properties of the CaaD Mutants with 9 

 Kinetic, site-directed mutagenesis, NMR and crystallographic analyses identified 

βPro-1, αArg-8, αArg-11, and αGlu-52 as four critical active site residues for CaaD 

activity [1, 7, 8, 11]. In order to establish the active site nature of the PPT activity of 

CaaD and to assess the importance of these four residues to the activity, the kinetic 

parameters for the ketonization of 9 by the βP1A, αR8A, αR11A, and αE52Q mutants 

were determined. The results are also summarized in Table 2.1. It was not possible to 

saturate the βP1A, αR8A, or the αR11A mutant with 9. Nonetheless, the three mutants 

display approximately a 8-fold, 19-fold, or 15-fold decrease in their respective kcat/Km 

values from that determined for wild type enzyme. The Km value for the αE52Q mutant is 

comparable (within experimental error) to that of wild type whereas the kcat value is 

slightly higher (~3-fold) than that of wild type CaaD. Overall, the kcat/Km value for the 

αE52Q-catalyzed reaction is also slightly higher (~1.6-fold) than that of wild type. These 

observations suggest roles for βPro-1, αArg-8, and αArg-11 in the PPT activity of CaaD, 

but not for αGlu-52. 

Kinetic Parameters for the cis-CaaD-catalyzed Ketonization of 9 

 The kinetic parameters for the PPT activity of cis-CaaD were also measured and 

compared to those measured for the PPT activity of MIF and the cis-CaaD reaction using 

2 (Table 2.1). At pH 9.0, the Km value for cis-CaaD (using 9) is ~5.5-fold higher than that 

measured for MIF, but the kcat value for the MIF-catalyzed reaction is ~165-fold higher 

than that measured for the same reaction catalyzed by cis-CaaD. As a result, the kcat/Km 

value for the MIF-catalyzed reaction is ~944-fold higher than that measured for the cis-

CaaD-catalyzed reaction. The kcat/Km value for the cis-CaaD-catalyzed reaction using 2, 
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the physiological substrate, is ~29-fold higher than the cis-CaaD-catalyzed reaction using 

9. The results indicate that cis-CaaD has a PPT activity, but the activity is not as robust as 

that of CaaD. 

Stereochemical Analysis of the CaaD-catalyzed Formation of [3-2H]10 from 9 

 The CaaD-catalyzed ketonization of 9 was carried out in D2O, and the product, 

[3-2H]10, was trapped and analyzed as described elsewhere [27]. The rapid chemical 

ketonization of 9 under these conditions (50 mM Na2HPO4 buffer, pH 9) necessitated a 

major modification: the addition of enzyme was followed immediately by the addition of 

NaBH4 in 15 small-scale reactions. The individual reactions increased the yield of 

stereoselectively labeled 10. Accordingly, [3-2H]10 was converted by the series of 

chemical and enzyme-catalyzed reactions shown in Scheme 2.4 to the (2R)-isomer of [3-

2H]malate which was analyzed by 1H NMR spectroscopy. 

The C-3 protons of the fully protio malate are diastereotopic so that each proton gives 

rise to a doublet of doublets, one at ~2.62 ppm and the other at ~2.78 ppm (in CD3OD) 

[28]. The stereospecific incorporation of a deuteron results in the loss of one set of 

doublets and the collapse of the remaining set into a broadened doublet [29]. Hence, the 

stereoselective incorporation of a deuteron results in two sets of broadened doublets, with 

one set predominating. It has been previously reported that a 1H NMR spectrum of the 

(2R,3R)-isomer of [3-D]malate does not show the upfield signal (2.62 ppm) but does 

show a broadened doublet downfield (2.78 ppm) [28]. 

 A partial 1H NMR spectrum (recorded in CD3OD) of the malate isolated from the 

CaaD-catalyzed reaction shows two major signals (Figure 2.1A). There is a broadened 

doublet centered at ~2.61 ppm, which corresponds to (2R,3S)-[3-2H]13, and a broadened 
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doublet centered at ~2.77 ppm, which corresponds to (2R,3R)-[3-2H]13 (Figure 2.1A). 

(The broadened doublet appears more like a broadened singlet due to the small coupling 

constant, which does not permit adequate resolution.) In addition, there are smaller 

doublets centered at 2.64 and 2.80 ppm, which correspond to fully protio malate resulting 

from the presence of H2O in the reaction mixture. The height of the integral assigned to 

the (2R,3R) isomer is ~1.8-fold greater than that of the corresponding integral for the 

(2R,3S) isomer. The reaction is clearly stereoselective and the (2R,3R) isomer of [3-2H]13 

predominates. The R configuration at C-3 of 13 indicates that the stereochemistry at C-3 

of 10 is S because a phenyl group replaces the carboxylate group at C-4 (Scheme 2.5). On 

the basis of this assignment, CaaD catalyzes the ketonization of 9 to produce (3S)-[3-

2H]10, favoring the S-isomer by a ratio of ~1.8 to 1. 
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Figure 2.1: Partial 1H NMR spectra (500 MHz, CD3OD) of (2R)-[3-2H]malate isolated in 
the stereochemical analysis of the (A) CaaD-catalyzed conversion of 9 to [3-2H]10 in 
2H2O and (B) MIF-catalyzed conversion of 9 to [3-2H]10 in 2H2O. Both reactions were 
carried out at pH 9.0. The broadened doublet centered at 2.61 ppm corresponds to 
(2R,3S)-[3-2H]malate (13) and the broadened doublet centered at 2.77 ppm corresponds 
to the (2R,3R)-[3-2H]malate [27]. The latter broadened doublet appears more like a 
broadened singlet due to the small coupling constant, which does not permit adequate 
resolution. For CaaD, the (2R,3R)-[3-2H]isomer predominates by a ratio of ~1.8 to 1, as 
indicated by integration of the signals. For MIF, the (2R,3S)-[3-2H]isomer predominates 
by a ratio of ~6.6 to 1. The less prominent doublets centered at 2.64, 2.77, and 2.80 ppm 
indicate the presence of fully protio malate. 
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Scheme 2.5 

 

 

 

 A previous stereochemical analysis of the PPT activity of MIF was carried out at 

pH 6.8 [27]. In order to provide a direct comparison between the CaaD- and MIF-

catalyzed reactions, the stereochemical analysis of MIF was repeated at pH 9.0. Hence, 

the series of reactions described above was carried out using a comparable amount of 

MIF in place of CaaD. The 1H NMR spectrum of the resulting (2R)-isomer of [3-

2H]malate shows one major signal, that of a broadened doublet centered at ~2.61 ppm 

(Figure 2.1B). (Once again, there are smaller doublets centered at 2.64, 2.77, and 2.80 

ppm, corresponding to the presence of fully protio malate.) The reaction is highly 

stereoselective with the (2R,3S)-isomer of [3-2H]13 predominating by a ratio of ~6.6:1, as 

assessed by integration of the signals. The S configuration at C-3 of 13 indicates that the 
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stereochemistry at C-3 of 10 is R because a phenyl group replaces the carboxylate group 

at C-4 (Scheme 2.5). On the basis of this assignment, MIF catalyzes the ketonization of 9 

to produce (3R)-[3-2H]10 by a ratio of ~6.6:1. This assignment is in accord with the 

results of the stereochemical analysis at pH 6.8. However, the reaction at pH 9.0 is less 

stereoslective than that at pH 6.8 [27]. The loss of stereoselectivity is attributed to the 

faster chemical rate of ketonization at pH 9.0. 

 

 

2.4 Discussion 

 A PPT activity was first identified in various animal tissues in the 1950s but there 

was no obvious physiological requirement for the activity [30]. The protein was isolated 

and designated PPT. It was suggested that PPT might play a role in the enol-keto 

tautomerization of α-keto acids because the chemical conversion of the enol to the keto 

form, particularly that of 9 to 10, was slow [30]. A later report proposed a role for PPT in 

the formation of the enol isomer of 4-hydroxy-3,5-diiodophenylpyruvate from the keto 

isomer in the thyroxine biosynthetic pathway [31, 32]. Despite sporadic mechanistic 

studies of PPT over the years [33, 34], these observations have not been pursued further 

and a physiological rationale for a PPT activity has never been firmly established. 

In 1997, Rorsman and co-workers showed that PPT and MIF are identical proteins [35]. 

MIF, first identified in the 1960s, is an important immunoregulatory protein that has been 

implicated in the pathogenesis of septic shock, arthritis, and other inflammatory 

conditions [36-39]. The potential connection between the PPT activity and the biological 

activities of MIF ignited interest in defining a structural and mechanistic basis for the 
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PPT activity so that this information could be used for the rational design of new anti-

inflammatory agents [40, 41]. To date, an unequivocal connection between the PPT and 

biological activities remains elusive, but a better understanding of the mechanism for the 

PPT activity of MIF has emerged [4, 26, 27, 42-45]. 

 A crystal structure of the unliganded MIF placed the protein in the tautomerase 

superfamily [43, 44]. Kinetic, inhibition, and NMR studies implicated Pro-1 as the 

catalytic base (pKa of ~5.6.) [45], which abstracts the pro-R hydrogen of 10 [33]. The 

highly stereoselective nature of the reaction (within the limits of detection) was 

reinforced by the finding that the ketonization of 9 in D2O generates the 3R-isomer of [3-

D]10 [27]. Although it was anticipated that the interconversion of 9 and 10 would involve 

acid-base chemistry, an acid catalyst has not been identified [42]. Moreover, site-directed 

mutagenesis experiments showed that only mutations of Pro-1 significantly impaired 

catalysis [45]. On the basis of these observations, it was concluded that Pro-1 might act 

as both the acid and base catalyst [42]. 

 We have now found that CaaD also displays a pronounced PPT activity. The 

activity approaches that observed for MIF as well as that of CaaD using 3 and this kinetic 

competence could reflect the occurrence of enol intermediates (i.e., 6 or 8) in the CaaD-

catalyzed conversion of 3 to 4. The CaaD-catalyzed ketonization of 9 is stereoselective, 

generating a mixture of stereosisomers of [3-D]10 with the 3S-isomer predominating. 

This observation is a compelling argument for an enzyme-catalyzed process and argues 

against a contaminating “MIF”. These results are even more remarkable in view of the 

fact that 9 is the “wrong” enol for the CaaD reaction, when compared to 8. In addition to 

the phenyl ring, the 2-hydroxyl group is in the wrong position and the enol is likely a 
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mixture of the 2E and 2Z isomers. These factors along with the rapid chemical rate of 

ketonization could easily account for the low stereoselectivity of the reaction. Overall, the 

results support a mechanism involving the α,β-elimination of HCl from the halohydrin 

species 6 to generate the enol of 4 (Scheme 2.2, route B). Subsequent ketonization of 8 

produces 4. Alternatively, these results may reflect the presence of 6 in both mechanisms. 

As a result of the shared acrylate functionality, the binding of 9 at the active site of CaaD 

could parallel that proposed for 3 [8, 14]. In 3, the carboxylate group of the substrate is 

presumed to interact with the αArg-8/αArg-11 pair while the remainder of the substrate 

projects deep into the active site formed, in part, by αPhe-39 and αPhe-50 [8, 14]. 

Likewise, the carboxylate group of 9 could interact with the αArg-8/αArg-11 pair and the 

phenyl ring of 9 could interact with αPhe-39/αPhe-50 pair. In this scenario, βPro-1 could 

function as a general base and abstract the enol proton of 9. The resulting conjugate acid 

could then deliver the proton to C-3 to yield 10. Although βPro-1 is thought to function 

as a general acid in the physiological reaction (i.e., using 3 as substrate) with a pKa ~9.2 

[7], under the assay conditions (pH 9.0), a significant concentration of the enzyme exists 

in both the neutral (38.7%) and charged (61.3%) states. Whether or not this scenario 

parallels the proposed CaaD-catalyzed conversion of 8 to 4 is not known. It may be that 

another group functions as the general base and abstracts the enol proton of 8. 

 The rate acceleration of the non-enzymatic reaction is another measure of 

catalytic efficiency. The uncatalyzed rate of hydration for 3 is ~2.2 × 10−12 s−1 at 25 °C 

[9]. With a kcat value of 2.4 s−1 (Table 2.1), CaaD affords a 1012-fold rate enhancement 

[46]. The uncatalyzed rate for the ketonization of 9 has not been reported. However, 

Peliska and O’Leary determined that the uncatalyzed ketonization of enolpyruvate 
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proceeds at a rate of ~2.0 × 10−3 s−1 [47]. Using this value and the kcat values reported for 

CaaD and MIF in Table 2.1 (at pH 9), it can be estimated that CaaD affords a 700-fold 

rate enhancement and MIF affords a 16,500-fold rate enhancement. Although the actual 

rate enhancements are likely to be greater (i.e., 9 is more stable than enolpyruvate), CaaD 

is a much more efficient dehalogenase than it is a tautomerase using this standard of 

catalytic efficiency. 

Assuming 9 and 3 bind similarly in the active site of CaaD, the decrease in PPT activity 

(as assessed by kcat/Km values) observed for three active site mutants is not particularly 

noteworthy, although the three mutant enzymes could not be saturated with substrate. 

These results are not, however, surprising in view of the studies on the PPT activity of 

MIF, which showed that the enzymatic activity is impaired only by mutations of Pro-1, 

and that the P1G and P1A mutants of MIF, for example, still have significant PPT 

activity [42, 45]. Both the P1G- and P1A mutants of MIF exhibit a ~230-fold decrease in 

kcat/Km from that observed for the wild type reaction [42]. Likewise, the βP1A mutant of 

CaaD retains substantial PPT activity using 9, which might be attributed to opposing 

effects of changing the βPro-1 to an alanine. Assuming the change in pKa for the βAla-1 

mutant parallels the difference in pKa between proline and alanine (0.7 units), the pKa for 

the βP1A mutant is estimated to be 8.5 [7, 45, 48]. Hence, at pH 9.0, more enzyme is in 

neutral state (~76%) and the lowered basicity would be expected to increase activity [7, 

45, 48]. However, the conformational flexibility of the alanyl nitrogen compared to the 

constrained prolyl nitrogen would seemingly preclude effective abstraction of the enol 

proton and decrease the activity [7, 45, 48]. Evidently, the increased flexibility of the 

base overrides the effect of the lowered basicitiy such that an overall decrease in activity 
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is observed. 

 Our results also show that removing either of the active site arginines has a 

comparable effect on the kcat/Km value. It is possible that a single arginine is sufficient for 

binding the carboxylate group of 9 and that a major binding interaction could be one 

between the phenyl ring of 9 and the αPhe-39/αPhe-50 pair. The effects of mutations at 

these positions on the PPT activity of CaaD are under investigation. Finally, αGlu-52 is 

clearly not involved in binding or catalysis because replacing it with a glutamine has no 

significant effect on the PPT activity. 

 cis-CaaD also has a PPT activity, but it is less than that of CaaD. The lower 

activity is not surprising in view of the different substrate specificities of the two 

enzymes [14]. Crystallographic analysis suggests that the binding pocket of CaaD is more 

elongated whereas the pocket of cis-CaaD is more U-shaped [14]. Accordingly, the active 

site of CaaD might better accommodate the bulkier phenyl group of 9 than does the 

active site of cis-CaaD. Nonetheless, the observation of a PPT activity suggests that the 

active site of cis-CaaD is also set up to ketonize enol compounds and the dehalogenase 

reaction could proceed through the α,β-elimination of HCl. Once again, these 

observations could also reflect the presence of 6 in both mechanisms. 

 The PPT activity of CaaD is an impressive example of catalytic promiscuity. An 

ever growing body of work indicates that catalytic promiscuity plays a major role in the 

evolution of new enzymatic activities [49-52]. The promiscuous template is presumed to 

require fewer mutations to “arrive” at a new activity, in contrast to the relatively large 

number of mutations (and accompanying deleterious consequences) that would be 

required for a template devoid of activity [53]. Catalytic promiscuity is a common theme 
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in the tautomerase superfamily, varying considerably in magnitude [6, 11, 54]. In 

addition to the PPT activity, CaaD displays a robust hydratase activity [11] and a low 

level MSAD activity [54]. The hydratase activity was detected by the CaaD-catalyzed 

conversion of 2-oxo-3-pentynoate (14,Scheme 2.6) to acetopyruvate (15) and is ~19-fold 

less than the wild type reaction using 3 (as assessed by kcat/Km values) [11]. 

 

Scheme 2.6 

 

 

 

 Among the tautomerases, 4-OT and YwhB, a closely related 4-OT homologue 

found in Bacillus subtilis, exhibit low level CaaD activities [54].These observations 

established a functional link between the tautomerases and the dehalogenases [54]. The 

observation of a PPT activity for CaaD now establishes a functional link between CaaD 

and the tautomerases. Nature clearly capitalized on the catalytic and binding promiscuity 

of the β-α-β-fold for the diversification of enzyme function within the tautomerase 

superfamily and perhaps made advantageous use of the promiscuous hydration 

(conversion of 3 to 6,Scheme 2.2) and tautomerization (conversion of 8 to 4, Scheme 2.2) 

activities in the evolution of CaaD. 

 Finally, CaaD is the third tautomerase superfamily member to exhibit a significant 
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PPT activity. MIF and YwhB are the other two [55]. YwhB functions as a non-specific 

tautomerase and lacks a genomic or pathway context [55]. The kcat/Km for the PPT 

activity (~ 4.2 × 105 M−1s−1) is in between those observed for MIF and CaaD, and the 3R-

isomer of [3-D]10 predominates in a ratio of 3:1 (S. C. Wang, W. H. Johnson, Jr., R. M. 

Czerwinski, S. L. Stamps, and C. P. Whitman, 2007, unpublished results.). In the absence 

of the genomic and pathway context, CaaD might have been misannotated as a PPT on 

the basis of its sequence similarity to the 4-OT family and its PPT activity. This raises the 

question of whether MIF and YwhB carry out other enzymatic reactions where the 

ketonization of an enol intermediate is one step in the overall reaction. With the 

discovery of more tautomerase superfamily activities, it may be possible to answer this 

question. 
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Chapter 3: Cloning and Characterization of a Malonate Semialdehyde 

Decarboxylase from Coryneform Bacterium strain FG41 

 

3.1 Introduction 

 Various soil bacteria, including Pseudomonas pavonaceae 170 and coryneform 

bacterium strain FG41, convert the nematocide 1,3-dichloropropene (1) to acetaldehyde 

(4) by the five enzyme-catalyzed reactions shown in Scheme 3.1 [1, 2].  Malonate 

semialdehyde decarboxylase (MSAD), from P. pavonaceae 170, catalyzes the metal-ion 

independent decarboxylation of malonate semialdehyde (3) to 4 [3].  The enzyme is a 

trimer with each monomer consisting of 149 amino acids [15].  MSAD also has a 

promiscuous hydratase activity and will process 2-oxo-3-pentynoate (2-OP, 6, Scheme 

3.2), to acetopyruvate (7) [6].  Pro-1, Asp-37, Arg-73 and Arg-75 have been identified as 

key residues in both the decarboxylation and hydration activities [3, 15, 56].  

 Sequence analysis has identified six MSAD homologues, including one from 

coryneform bacterium strain FG41.  The MSAD homologue from coryneform bacterium 

strain FG41 has Pro-1, Asp-37 and Arg-76 but lacks Arg-73. A glutamine is found at this 

position.  The gene for the coryneform bacteria strain FG41 MSAD was cloned and the 

protein expressed (designated FG41 MSAD). Kinetic analysis shows that FG41 MSAD 

has comparable metal ion independent decarboxylase activity to that of the P. 

pavonaceae 170 MSAD, but a reduced hydratase activity. An in-depth study of FG41 

MSAD may shed light on the structural basis for the decarboxylase and promiscuous 

hydratase activities of the P. pavonaceae 170 MSAD. 
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Scheme 3.1 
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3.2 Materials and Methods 

 Chemicals, biochemicals, buffers, and solvents were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO), Fisher Scientific Inc. (Pittsburgh, PA), Fluka 

Chemical Corp. (Milwaukee, WI), or EM Science (Cincinnati, OH), unless stated 

otherwise. Tryptone, yeast extract, and agar were obtained from Becton, Dickerson, and 

Company (Franklin Lakes, NJ). Enzymes and reagents used for the molecular biology 

procedures, DNA ladders, protein molecular weight standards, deoxynucleotide 

triphosphates (dNTPs), the high pure plasmid isolation kit, the high pure PCR product 

purification kit, and multipurpose agarose were purchased from F. Hoffmann-La Roche, 

Ltd. (Basel, Switzerland). The QuikChange Mutagenesis Kit was purchased from 
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Stratagene (La Jolla, CA).  The Phusion High-Fidelity DNA Polymerase kit was 

purchased from New England Biolabs (Ipswich, MA).  The Amicon concentrator and the 

YM10 ultrafiltration membranes were obtained from Millipore Corp. (Bedford, MA). 

Prepacked PD-10 Sephadex G-25 columns were purchased from Biosciences AB 

(Uppsala, Sweden). Oligonucleotides for DNA amplification and sequencing were 

synthesized by Sigma-Genosys (The Woodlands, TX). The DEAE-Sepharose and 

Phenyl-Sepharose 6 Fast Flow resins used in the gravity flow columns were obtained 

from Sigma-Aldrich Chemical Co. (St. Louis, MO).  The Econo-Column® 

chromatography columns (1 × 10 cm) were obtained from BioRad (Hercules, CA). 

Literature procedures were used for the synthesis of 2-oxo-3-pentynoate (5) [57] and 3-

bromopropiolate (7) [58]. Prepacked PD-10 Sephadex G-25 columns were obtained from 

Biosciences AB (Uppsala, Sweden). Oligonucleotides for DNA amplification and 

sequencing were synthesized by Genosys (The Woodlands, TX), Integrated DNA 

Technologies (Coralville, Ia) or Invitrogen (Carlsbad, Ca). The Complete, Mini, EDTA-

free; Protease Inhibitor Cocktail Tablets were purchased from Roche (Basel, Switzerland) 

 

Bacterial Strains, Plasmids, and Growth Conditions 

 Genomic DNA of Coryneform bacterium strain FG41, an organism capable of 

utilizing cis- and trans-3-chloroacrylic acid as growth substrates [2], was used as the 

source for the cloning experiments described herein. This strain was a kind gift from 

Professor Dick B. Janssen (Department of Biochemistry, University of Groningen, The 

Netherlands). Escherichia coli strain BL21-Gold(DE3) (Stratagene, La Jolla, CA) was 

used in combination with the T7 expression system (pET3b vector) for expression of 
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wild-type FG41 MSAD, the five mutants of FG41 MSAD (P1A, A55T, Q73R, 

A55T/Q73R and F39Y/A55T/Q73R/Y123F), wild-type MSAD cloned from 

Pseudomonas pavonaceae 170  and R73Q MSAD constructed from wild-type MSAD 

cloned from Pseudomonas pavonaceae 170. E. coli cells were grown at either 30 °C (for 

protein expression) or 37 °C (for plasmid preparation) in LB medium supplemented with 

ampicillin (Ap, 100 µg/mL), as indicated. 

 

General Methods 

 General procedures for cloning and DNA manipulation were performed as 

described previously [59]. The PCR was carried out in a Perkin-Elmer model 480 DNA 

thermocycler obtained from Perkin-Elmer Inc. (Wellesley, MA). DNA sequencing was 

performed by the DNA Core Facility of the Institute for Cellular and Molecular Biology 

at The University of Texas. E. coli cells were grown at either 30°C  (for protein 

production) or 37 °C (for plasmid preparation) in Luria-Bertani (LB) medium, 

supplemented with ampicillin (Ap, 100 µg/mL), as indicated. The procedures for protein 

analysis using sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) 

on 15% gels [24] and protein quantification are reported elsewhere [25]. Kinetic data 

were obtained on a Hewlett-Packard 8452A diode array spectrophotometer or an Agilent 

8453 UV−visible spectrophotometer. The kinetic data were fitted by nonlinear regression 

data analysis using Grafit (Erithacus Software Ltd., Horley, U.K.) obtained from Sigma 

Chemical Co. Nuclear magnetic resonance (NMR) spectra were recorded in 100% H2O 

on a Varian Unity INOVA-500 spectrometer as reported previously [11].  
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Polymerase Chain Reaction 

 Polymerase Chain Reaction for Construction of pET3b (fg41 msad). The 

amplification reaction mixtures (100 µL) contained the standard Taq amplification buffer, 

200 µM of each dNTP, 100 ng of each primer (listed below), 25-50 ng of template DNA, 

and 2 units of TaqDNA polymerase. The cycling parameters were 94°C for 10 min 

followed by 35 cycles of 94°C for 60 s, 58°C for 60 s, and 72°C for 3 min, with a final 

elongation step of 72°C for 10 min. The reaction mixtures were subjected to 

electrophoresis in 0.8% agarose gels, and PCR products were stained with ethidium 

bromide. 

 Polymerase Chain Reaction for Construction of Mutants. Two procedures were 

used in the construction of mutants. The protocol used the QuikChange mutagenesis kit.  

Following the manufacture’s procedures, the amplification reaction mixtures (50 µL) 

contained the 10X QuikChange buffer, 200 µM of each dNTP, 100 ng of each primer 

(indicated below), 25-50 ng of template DNA, and 2 units of PfuUltra high-fidelity 

polymerase. The cycling parameters were 95°C for 10 min followed by 15 cycles of 95°C 

for 30 s, 55°C for 60 s, and 68°C for 5.5 min, with a final elongation step of 68°C for 10 

min.  Alternatively, a second reaction was utilized using Phusion High-Fidelity DNA 

Polymerase (1 unit), 5X HF buffer, 200 µM of each dNTP, 125 ng of each primer and 25-

50 ng of template DNA. The cycling parameters were 95°C for 10 min followed by 15 

cycles of 95°C for 30 s, 55°C for 60 s, and 68°C for 5.5 min, with a final elongation step 

of 68 °C for 10 min. 
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Construction of Expression Vector for FG41 MSAD  

 The gene encoding FG41 MSAD was amplified by the PCR using the coryneform 

bacterium strain FG41 genomic DNA as the template and the forward and reverse primers 

5'-ATACATATGCCTCTCATCCGCATCGATCTGACCTCGGATCGCTCC-3' 

(designated primer FG41_MSAD_F1) and 5'-CATGGATCCTCAGGCTGCTCCGGT 

GGCGGGGATCGCGAGTTCCCCGGTGACGTACTGGGCGGAC*CCGAAGCCGAA 

-3' (designated primer FG41_MSAD_R1), respectively. The forward primer contains a 

NdeI restriction site (in bold) and the reverse primer has a BamHI restriction site (in 

bold). The PCR reaction was carried out as described above and the PCR product was 

purified using the High Pure PCR product purification kit. The restriction sites NdeI and 

BamHI, introduced during the amplification reaction, were used to clone the gene for 

FG41 MSAD into the plasmid pET3b, yielding plasmid pET3b(fg41msad), for over-

expression under control of the T7 promoter. The cloned gene was sequenced in order to 

confirm that no mutations had been introduced in the amplification reaction.  It should be 

noted that the * in primer FG41_MSAD_R1 was a T in the genomic sequence, which 

would correspond to an internal restriction site for BamHI.  This required a silent 

mutation at this position. Subsequent mutants were produced using a different primer 5'-

CATGGATCCTCAGGCTGCTCCGGTGGCGGGGATCGC-3' (designated primer 

FG41_MSAD_R1_WT) with the BamHI restriction site in bold. 

 

Site-directed Mutagenesis  

 The mutants of FG41 MSAD (A55T, Q73R, A55T/Q73R and 

F39Y/A55T/Q73R/Y123F) and MSAD (R73Q) cloned from Pseudomonas pavonaceae 
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170   were constructed using the QuikChange Mutagenesis Kit and the indicated set of 

primers following the manufacturer’s instructions.  For the FG41 A55T MSAD mutant, 

the forward primer was 5'-CATCGCCGAGGACACCGGGCTG GGATTCCAACGC-3', 

and the reverse primer was 5'-GCGTTGGAATCCCAGCCCGGT GTCCTCGGCGATG-

3'.  For the FG41 Q73R MSAD mutant, the forward primer was 5'- 

CCATGTCTTCACTCGAGCTGGGCGCACC-3', and the reverse primer was 5'- 

GGTGCGCCCAGCTCGAGTGAAGACATGG-3'. For the FG41 A55T/Q73R MSAD 

mutant, the FG41 A55T MSAD mutant primers were used along with the FG41 Q73R 

MSAD construct as the template.  The FG41 F39Y/A55T/Q73R/Y123F MSAD mutant 

was constructed in two steps.  In the first step, a FG41 A55T/Q73R/Y123F MSAD 

mutant was constructed using the forward primer 5'-

GGATCCGCCCAGTTCGTCACCGGGGAACTC-3' and the reverse primer 5'-

GAGTTCCCCGGTGACGAACTGGGCGGATCC-3' using the FG41 A55T/Q73R 

MSAD mutant as a template for PCR.  In the second step, this construct was used as a 

template for PCR using the forward primer 5'-

CCTGCACGCGACCGATACCAGATCCTCACC-3' and the reverse primer 5'- 

GGTGAGGATCTGGTATCGGTCGCGTGCAGG -3'. For the Q73R MSAD mutant, the 

forward primer was 5'- CCGTGATATCTCAACCTCGATC 

-3', and the reverse primer was 5'- GATCGAGGTTGAGATATCACGG-3'. In each set of 

primers, the mutation is underlined and the remaining bases correspond to the coding 

sequence (forward primer) or the complementary sequence (reverse primer).  Template 

DNA was digested using 1 µL (10 U/ µL) of Dpn1 for 1 h.  The reaction was directly 

transformed into XL1-Blue supercompetent E. coli cells per manufacturer procedures and 
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plated on LB/ampicillin plates.  Five colonies were chosen, grown overnight in 10 mL of 

liquid LB/ampicillin at 37°C.  Plasmid was isolated using the Qiagen Plasmid Isolation 

Kit. DNA sequencing verified that only the intended mutation had been introduced into 

the mutant genes.  

 

Expression and Purification of MSAD, FG41 MSAD and Mutants.   

 The purification of wild-type MSAD from Pseudomonas pavonaceae 170 is 

described elsewhere [3].  Wild-type FG41 MSAD was expressed constitutively in E. coli 

BL21-Gold (DE3) using a pET3b vector.  The protein was purified by a previously 

published protocol using disposable hand-packed columns [16], modified as indicated.  

Cells from a 1-L culture were suspended in 10 mL of chilled 10 mM Na2HPO4 buffer, pH 

8.0 (Buffer A) and lysed via sonication.  Subsequently, the mixture was centrifuged (30 

min at 20,000 x g), and the supernatant was filtered through a 0.2 µm-pore diameter filter 

and loaded onto a DEAE-Sepharose column (10 x 1.0 cm filled with 8 mL resin) that had 

been previously equilibrated with Buffer A. The column was first washed with Buffer A 

(25 mL) to remove unbound proteins and then the protein of interest was eluded by 

gravity flow using a linear Na2SO4 gradient (0-0.5 M Na2SO4 in Buffer A, 100 mL).  The 

flow rate was estimated to be about 1mL/min.  Fractions of 1.5 mL were collected and 

FG41 MSAD was identified by SDS-PAGE by the presence of a band at about ~15,000 

Da. [24].  Typically, FG41 MSAD elutes from 10-22.5 min after the start of the gradient.  

The appropriate fractions were pooled and made 1 M in (NH4)2SO4 by the slow addition 

of 10 mM Na2HPO4 buffer, pH 8.0, containing 2 M (NH4)2SO4.  After stirring for 1 h, the 

precipitate was removed by filtering the solution through a 0.2 µm-pore diameter filter 
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and loaded onto a Phenyl-Sepharose column (10 x 1.0 cm filled with 8 mL resin) that had 

been previously equilibrated with Buffer A containing 1 M (NH4)2SO4.  To remove 

unbound protein, the column was washed with 25 mL of the loading buffer, after which a 

decreasing linear (NH4)2SO4 gradient [1-0 M (NH4)2SO4 in Buffer A, 100 mL] was 

applied.  The flow rate was estimated at ~1 mL/min.  Fractions (~1.5 mL) were collected 

and analyzed as described above.  Typically, FG41 MSAD eludes from 30-63 min after 

being loaded onto the column.  The purified protein was concentrated to ~20 mg/mL, 

filtered through a 0.2 µm-pore diameter filter, and stored at 4°C.  A typical yield is ~50 

mg of protein purified to homogeneity per liter of culture.  No modifications of the 

procedure was done to express or purify the mutants of FG41 MSAD. 

 Protein was analyzed by polyacrylamide gel electrophoresis (PAGE) under either 

denaturing conditions using sodium dodecyl sulfate (SDS) or native conditions on gels 

containing 15% polyacrylamide. The gels were stained with Coomassie brilliant blue. 

Protein concentrations were determined with the Waddell method [25].  

 

Native Mass of FG41 MSAD 

 The native molecular mass of FG41 MSAD was determined by gel filtration on a 

Superose 12 column (Pharmacia Biotech AB, Uppsala, Sweden) using the Waters 

501/510 HPLC system.  100 µL of FG41 MSAD, diluted to 1 mg/mL with 50 mM 

NaH2PO4 buffer containing 150 mM NaCl (pH 7.0), was loaded on a Superose 12 column 

that was pre-equilibrated with 50 mL of 50 mM NaH2PO4 buffer containing 150 mM 

NaCl (pH 7.0).  The flow rate of the column was 0.5 mL/min.  The molecular weight was 
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determined based on the elution time, compared with the elution time for known enzyme 

masses that ranged from 6.5 kDa to 66 kDa.   

 

Mass Spectrometric Characterization of FG41 MSAD and FG41 MSAD Mutants 

 The masses of FG41 MSAD, FG41 A55T MSAD, FG41 A55T/Q73R MSAD and 

FG41 F39Y/A55T/Q73R/Y123F MSAD were determined using an LCQ electrospray ion 

trap mass spectrometer (ThermoFinnigan, San Jose, CA), housed in the Analytical 

Instrumentation Facility Core in the College of Pharmacy at the University of Texas at 

Austin. The protein samples were exchanged into 100 mM ammonium bicarbonate buffer 

pH 8.0 using pre-packed PD-10 columns.  Concentrations of protein analyzed were ~1 

mg/mL. 

 

Kinetic Assays  

 Decarboxylation of malonate semialdehyde (3). In a coupled assay, the 

decarboxylation of malonate semialdehyde (3) was monitored by following the 

production of NAD+ from NADH at 340 nm (ε = 6220 M−1 cm−1). The assay mixtures 

(total volume of 1 mL) were assayed in 20 mM K2HPO4 buffer (pH 9.0) and contained 

dithiothreitol (0.1 mM), NADH [5 µL of a 44 mg/mL stock solution in 100 mM 

Na2HPO4 buffer (pH 9.0)], alcohol dehydrogenase  [10 µL of a 30 mg/mL stock solution 

in 100 mM Na2HPO4 buffer (pH 9.0)] and cis-3-chloroacrylic acid [10 µL from a 100 

mM stock solution made up in 100 mM Na2HPO4 buffer (pH 9.0)]. Malonate 

semialdehyde was generated by the addition of 10 µL of a 13 mg/mL stock of cis-CaaD. 

When the reaction was complete (5 min), an aliquot of enzyme (FG41 MSAD, its 
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mutants, MSAD or MSAD R73Q) was added [~0.1 mg, 10 µL of a 10 mg/mL stock 

solution in 10 mM Na2HPO4 buffer (pH 8.0)].  The rate was monitored over a period of 

60 s by following the decrease in absorbance at 340 nm. 

 Hydration of 2-oxo-3-pentynoate.  The hydration of 2-oxo-3-pentynoate (5) was 

monitored by following the formation of acetopyruvate (6) at 294 nm (ε = 7000 M
-1

 cm
-1

) 

in 20 mM sodium phosphate buffer (pH 9.0) [11].  An aliquot of MSAD (2 µL of a 10.7 

mg/mL solution, 0.06 uM), MSAD R73Q (200 µL of a 9.3 mg/mL solution, 6.6 uM), 

FG41 MSAD (10 µL of a 14.87 mg/mL, 10.22 uM) or FG41 MSAD Q73R (0.5 µL of a 

6.8 mg/mL, 0.241 uM) was diluted into buffer (20 mL) and incubated for 1 h. 

Subsequently, a 1 mL-portion of the diluted enzyme was transferred to a cuvette and 

assayed by the addition of a small quantity of 5 from either a 10 or 100 mM stock 

solution. The stock solution (100 mM) was made by dissolving the appropriate amount of 

5 in 100 mM Na3PO4 buffer. The final pH of the stock solution was adjusted to 9.0. The 

10 mM stock solution was made by dilution of an aliquot of the 100 mM stock into 100 

mM Na2HPO4 buffer. The concentrations of 5 used in the assay ranged from 0.05 to 12 

mM. 

 In a separate set of experiments, a survey was carried out to determine if the rates 

of hydration of 5 by the three mutants of FG41 MSAD (A55T, A55T/Q73R and 

F39Y/A55T/Q73R/Y123F) were more efficient than the rate of hydration by wild-type 

FG41 MSAD. Accordingly, an aliquot of FG41 MSAD (10 µL of a 1 mg/mL solution), 

FG41 A55T MSAD (10 µL of a 8.8 mg/mL solution) FG41 A55T/Q73R MSAD (100 µL 

of a 3 mg/mL solution) or FG41 F39Y/A55T/Q73R/Y123F MSAD (10 µL of a 1 mg/mL 
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solution) was diluted into 20 mM Na2HPO4 buffer (1 mL) and incubated for 1 h. The 

assay was initiated by the addition of a quantity of 5 (120 µL from a 100 mM stock 

solution). The stock solution was made by dissolving the appropriate amount of 5 in 100 

mM Na3PO4 buffer, final pH of the stock solution was adjusted to 9.0.  

 

Irreversible Inactivation of FG41 MSAD by 3-Bromopropiolate and Mass Spectral 

Analysis 

 The enzyme (20 µM based on the molecular mass of the native enzyme) was 

incubated with a large excess of 3-bromopropiolate (7) (0.58 mM) in 1 mL of 20 mM 

NaH2PO4 buffer (pH 7.3) for 28 h at 4°C [55, 56]. In a separate control experiment, the 

same quantity of enzyme was incubated without inhibitor under otherwise identical 

conditions. Subsequently, the two samples were loaded onto individual PD-10 Sephadex 

G-25 gel filtration columns, which had previously been equilibrated with 100 mM 

(NH4)HCO3 buffer (pH 8.0). The protein was eluted with the same buffer by gravity 

flow. Fractions (1 mL) were analyzed for the presence of protein by UV absorbance at 

214 nm. The purified enzymes were assayed for residual decarboxylase activity using the 

coupled assay described previously.  The sample treated with 7 had no activity, while the 

control sample retained full activity. Subsequently, the samples were analyzed by 

electrospray ionization mass spectrometry (ESI-MS). 
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3.3 Results 

Cloning of pET3b(fg41msad) 

 The gene encoding FG41 MSAD was amplified by PCR from the isolated DNA 

of Cornyform bacterium strain FG41.  A small amount (10 µL) of the reaction was run on 

a 0.8% agarose gel, which revealed a band of about 500 bp that corresponds to the gene 

of interest.  The DNA was isolated using the PCR Purification Kit and digested with NdeI 

and BamHI.  Ligation of this product with predigested pET3b and subsequent 

transformation into E. coli BL21-Gold(DE3) competent cells revealed about 40 colonies 

of cells.  Five of these colonies were grown overnight and their plasmid isolated and 

sequenced.  All five contained the gene corresponding to FG41 MSAD.  One was 

selected and annotated pET3b(fg41msad).   

 

Expression and Purification FG41 MSAD 

 The gene encoding FG41 MSAD in pET3B(fg41msad) is under the control of a 

T7 promoter, and the enzyme was produced constitutively in a soluble and active form in 

E. coli BL21-Gold(DE3). The recombinant enzyme was purified by two methods. In the 

first, the cell lysate was processed through two HPLC columns (anion exchange and 

hydrophobic interaction), followed by a gel filtration step (if necessary). To verify that 

contamination of HPLC columns was not responsible for the decarboxylation activity, the 

cell lysate was processed similarly but passed through hand-packed disposable columns. 

Typically, both procedures yield ~50 mg of homogeneous protein per liter of culture. 
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ESI-MS 

 Mass spectral analysis of the FG41 MSAD showed a major peak corresponding to 

a mass of 14545 ± 2 Da  (Figure 3.1A). A comparison of these values to the calculated 

subunit mass (14,547.4 Da) indicates that the initiating methionine is removed during 

posttranslational processing, resulting in a protein with an N-terminal proline. 

 

 

 

 

  

   A 
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Figure 3.1: Mass Spectral analysis of A) wild-type FG41 MSAD, B) FG41 A55T 

MSAD, C) FG41 A55T/Q73R MSAD and D) FG41 F39Y/A55T/Q73R/Y123F MSAD  

  

 Along with the major peak, a minor peak of 14058.0 ± 2 Da was also observed 

(Figure 3.1A This minor peak was also observed in the ESI-MS spectra for FG41 A55T 

MSAD,  FG41 A55T/Q73R MSAD and FG41 F39Y/A55T/Q73R/Y123F MSAD with 

the same difference in mass (Figure 3.1 B, C and D respectively). 

 

Native Mass of FG41 MSAD 

 Utlizing gel filtration on a Superose 12 column, the native mass of FG41 MSAD 

was calculated to be 41,000 Da.  This mass corresponds to the native enzyme being in the 

trimeric state (MW 43,635 Da).  Further evidence was provided by the crystal structure 
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that confirmed the trimetric state of FG41 MSAD. 

 

1H-NMR Spectroscopy Identification of 4 in the FG41 MSAD-Catalyzed Reaction 

 1H-NMR spectroscopy was utilized to verify that FG41 MSAD decarboxylated 

malonate semialdehyde and generated acetaldehyde (4).  Figure 2 summarizes those 

results.  Figure 2a shows the spectra of the reaction of trans-CaaD (20 µL from a 11.2 

mg/mL stock) with its substrate, trans-3-chloroacrylic acid (2, 4 mg) after a 25 min 

incubation period. Figure 2b shows the spectra 4 min after the addition of FG41 MSAD 

(10 µL of a 20.9 mg/mL stock) 

 

A 
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B 

 

Figure 3.2: 1H-NMR (500-MHz, H2O) spectra monitoring the reaction catalyzed by the 
fg41msad gene product. (A) 1H-NMR spectrum, acquired 25 min after the addition of 
CaaD to an NMR tube containing 2, showing signals corresponding to 2, 3, and the 
hydrate of 3 (2.31 and 5.14 ppm). (B) 1H-NMR spectrum, acquired 4 min after the 
addition of the fg41msad gene product to the same NMR tube, showing signals 
corresponding to 4 and the hydrate of 4 (1.13 and 5.05 ppm).  
 

Decarboxylation of Malonate Semialdehyde 

 A coupled assay that linked the reduction of the product of the decarboxylation of 

malonate semialdehyde (i.e., acetaldehyde) to ethanol using alcohol dehydrogenase was 

conducted.  Previous work has shown that MSAD cannot be saturated by malonate 

semialdehyde [3]. Hence, specific activities were calculated using 1 mM of substrate.  

The kinetic parameters for the decarboxylation of malonate semialdehyde by various 

enzymes is shown in Table 3.1. 
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Table 3.1: Specific activity for the decarboxylation of malonate semialdehyde (3) to 

acetaldehyde (4) by MSAD, FG41 MSAD and their mutants 

Enzyme Specific Activity 

mU/mg 

MSAD 36,000 

R73Q MSAD  700 

FG41 MSAD 36,000 

FG41 Q73R MSAD  22,000 

FG41 A55T MSAD  90 

FG41 A55T/Q73R MSAD  159 

FG41 F39Y/A55T/Q73R/Y123F MSAD  1,000 

 

Hydration of 2-Oxo-3-pentynoate  

 Kinetic Assay. It has previously been determined that MSAD functions as 

hydratase and converts 2-oxo-3-pentynoate (5, Scheme 3.2) to acetopyruvate (6) [6] . 

These observations prompted us to examine whether FG41 MSAD catalyzes the 

hydration of 5. The results show that FG41 MSAD converts 5 to 6 and that the catalytic 

efficiency is significantly lower than that observed for MSAD from Pseudomonas 

pavonaceae 170. The identity of 6 was confirmed by 1H NMR spectroscopy (Data not 

shown). The 1H NMR spectrum exhibited signals consistent with the structure of 6, as 

well as two additional species, the hydrate of 6 and the enol of 6. We have previously 

shown that 5 is stable for several hours in solution and does not decompose to 6 [6]. 

 The kinetic parameters for the conversion of 5 to 6 by FG41 MSAD, its mutants 
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and those previously measured for MSAD are summarized in Table 3.2. A comparison of 

these parameters indicates that the kcat value for MSAD from Pseudomonas pavonaceae 

170 is 20-fold higher than that measured for FG41 MSAD while the Km value is 2.4-fold 

lower. The net effect is a 48-fold higher kcat/Km value for MSAD versus that of FG41 

MSAD. The FG41 Q73R MSAD shows a 7.6-fold increase in kcat/Km over that of wild-

type FG41 MSAD.  The R73Q mutation for MSAD shows a complete loss of detectable 

hydration activity. 

 

Table 3.2: Kinetic parameters for the hydration of 5 to 6  

Enzyme kcat 

(s-1) 

Km 

(mM) 

 

kcat/Km 

(M-1 s-1) 

MSAD 3.4 ± 0.8 

 

3.0 ± 1.2  

 

1,156 

R73Q MSAD  ND1 ND1 ND1 

FG41 MSAD 0.17 ± 0.01 7.3 ± 0.8  

 

24 

Q73R FG41 

MSAD  

1.22 ± 0.19 

 

6.6 ± 1.5 184 

1No detectable hydratase activity 
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Survey for Increased Hydratase Activity for FG41 MSAD Mutants. In order to determine 

if selected mutants of FG41 MSAD could enhance the hydratase activity, they were 

assayed with an amount of 5 that equaled the maximum concentration used in the assay 

for FG41 MSAD.  No increase in rate was observed by A55T, A55T/Q73R, or 

F39Y/A55T/Q73R/Y123F verses that of wild-type FG41 MSAD. The results of this 

experiment can be found in Table 3.3. 

 

Table 3.3: Rate of hydration of 5 to 6 by FG41 MSAD and selected mutants.  

Enzyme Amount of enzyme 

used 

Rate 

(X10-4 Au/Sec) 

FG41 MSAD 0.687 uM 5.89 

FG41 A55T/Q73R MSAD  20.5 uM 0.86 

FG41 F39Y/A55T/Q73R/Y123F 

MSAD  

0.685 uM 1.28 

FG41 A55T MSAD  6.0 uM 2.94 

 

 

Irreversible Inhibition of FG41 MSAD by 3-bromopropiolate 

 It is well established that 3-bromopropiolate (7, Scheme 3.3) irreversibly inhibits 

CaaD, cis-CaaD and MSAD [2, 55, 56]. The inhibition results from the covalent 

modification of the catalytic Pro-1 by a species formed as a result of the enzyme-

catalyzed hydration of 7 (Scheme 3.3) [2, 55, 56].  In view of the hydratase activity of 

FG41 MSAD, we anticipated that 7 would also lead to irreversible inhibition of FG41 
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MSAD. After a 48 h incubation period (at 4 °C) with 7, FG41 MSAD was irreversibly 

inhibited. Gel filtration chromatography did not result in recovery of enzyme activity, 

indicating that a covalent bond has formed between FG41 MSAD and a species (either 8 

or 9 in Scheme 3.3) derived from the enzymatic hydration of 7. 
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ESI-MS Analysis of the Inactivated FG41 MSAD 

 To identify the species resulting in the covalent modification of FG41 MSAD, the 

enzyme was incubated with 7, and the inactivated protein was isolated and analyzed by 

ESI-MS. A control sample containing only FG41 MSAD was processed and analyzed 

similarly. As before, mass spectral analysis of the FG41 MSAD control sample showed a 

major peak corresponding to a mass of 14545 ± 2 Da and a minor peak of 14058.0 ± 2 Da 

(Figure 3.1A). Mass spectral analysis of FG41 MSAD incubated with 7 showed two 
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major peaks corresponding to masses of 14630 ± 2 and 14586 ± 2 Da (Figure 3.3). The 

mass of the latter species (i.e., 14630 Da) is in agreement with that expected for the 

enzyme modified with a 3-oxopropanoate group (+85 Da), the adduct resulting from the 

enzyme-catalyzed hydration of 7 (10 in Scheme 3.3). This observation is consistent with 

the mass spectral analysis of CaaD, cis-CaaD and MSAD inactivated by 7, which are also 

modified by a molecule with a mass of 86 Da [2, 55, 56]. The species with a mass of 

14586 Da, however, reveals the addition of a covalent adduct having a mass of 42 Da. 

This adduct (11 in Scheme 3.3) most likely represents the same label, but in this case, the 

3-oxopropanoate moiety, a β-keto acid, has lost CO2 [2, 55]. Two minor peaks 

corresponding to masses of 14144 ± 2 and 14101 ± 2 Da were also seen in the spectra 

(Figure 3.3).  These masses correspond to the minor peak seen in the control experiment.   
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Figure 3.3: Mass spectral analysis of FG41 MSAD modified by 3-oxopropanoate, 

derived by the enzyme-catalyzed hydrolysis of 7.  

3.4 Discussion  

 Both P. pavonaceae 170 and coryneform bacterium strain FG41 have a pathway 

for the degradation of 1,3-dichloropropene.  MSAD from P. pavonaceae 170 has been 

extensively studied over the past three years [3,6,15,56]. It represents one of the five 

known families in the tautomerase superfamily. The tautomerase superfamily is a group 

of structurally homologous proteins that contain a catalytic amino-terminal proline [22].  

Pro-1 can function as a catalytic acid or base. In MSAD, Pro-1 has a pKa of 9.2 and 

functions as an acid catalyst [22].   22,000 Q73R FG41 MSAD 

36,000 FG41 MSAD 

700 R73Q MSAD 

36,000 MSAD 

Specific Activity 
mU/mg 

Enzyme 

Table 1: Specific activity for the decarboxylation of 3 to 41 

22,000 Q73R FG41 MSAD 

36,000 FG41 MSAD 

700 R73Q MSAD 
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 A proposed mechanism for the decarboxylation of malonate semialdehyde, based 

on the crystal structure of the inactivated enzyme and site-directed mutagenesis results, is 

shown in Scheme 3.4 [15].  Asp-37 may be partially responsible for the observed pKa of 

Pro-1. Arg-73 and Arg-75 could position the carboxylate group of the substrate in a 

conformation that favors decarboxylation. Finally, Pro-1 might be the responsible for 

polarization of the carbonyl oxygen and protonation of the resulting enolate anion 

intermediate.   
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 A proposed mechanism for the hydration of 2-oxo-3-pentynoate is shown in 

Scheme 3.5 [6].  In this mechanism, Asp-37 activates a water molecule for nucleophilic 

attack at C-4 of the triple bond.  Arg-73 and Arg-75 assist in binding of the carboxylate 

group and in polarizing the carbonyl oxygen.  Pro-1 donates the proton to the C-3 

position.   
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Scheme 3.5 

CO2
-

O

H3C

CO2
-

O

H3C

O

5
6

Asp-37

O-O H
O

H
Arg-73

Arg-75

N
H H

Pro-1

CO2
-

O-

H3C

Arg-75

Asp-37

OHO

N
H H

Pro-1

Arg-73

HO

C
CO2

-

O

H3C

Arg-75

Asp-37

OHO

N
H

Pro-1

Arg-73

HO

C

H+

 

 

  

 FG41 MSAD shows ~37% pairwise sequence identity with MSAD from P. 

pavonaceae 170. Of the four catalytic residues proposed to be involved in both the 

decarboxylation and hydration reactions of MSAD, FG41 MSAD has three. The fourth, 

Arg-73, is replaced with a glutamine. The “missing” arginine in FG41 MSAD does not 

affect the decarboxylation activity of FG41 MSAD, but decreases the hydratase activity 

50-fold.  The Q73R mutant of FG41 MSAD shows comparable decarboxylase activity to 

wild-type FG41 MSAD and a 8-fold increase in the hydratase activity. Although the 

hydration activity is increased, it is still 6-fold less than that of MSAD from P. 

pavonaceae 170 (as judged by kcat/Km values).   

 To assess the importance of Arg-73 to the mechanism of MSAD from P. 

pavonaceae 170, the R73Q mutant was constructed, cloned and the protein expressed.  

This mutant showed a 50-fold decrease in specific activity for the decarboxylation of 

malonate semialdehyde, and was devoid of hydratase activity.  Previous work showed 

that R75A MSAD lacked any measurable decarboxylation or hydratase activities [3].   

 Our results show that MSAD requires two arginines for the decarboxylation and 

hydratase activities.  In contrast, FG41 MSAD requires one arginine for decarboxylation 
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activity and two for the hydratase activity.  This raises the question of what other residues 

are involved in the decarboxylation and hydratase activities. 

      Examination of the active site of MSAD and a sequence alignment between 

MSAD, FG41 MSAD and five possible decarboxylase homologues suggests some 

residues that might play a role in both activities (Figure 3.4). Tyr-55 in MSAD is 

conserved in all the possible decarboxylase homologues with the exception of FG41 

MSAD.  Also, two residues, Tyr-39 and Phe-123 in MSAD are switched in FG41 MSAD.  
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MSAD         -------------PLLKFDIFYGRTDAQIKSLLDAAHGAMVDAFGVPANDRYQTVSQHRP 47 
FG41_MSAD    -------------PLIRIDLTSDRSREQRRAIADAVHDALVEVLAIPARDRFQILTAHDP 47 
B. sp. 383   PCRHYPAPGENPVPMLKFDLIEGRTDEQVRTLLDAAHQAMVQAFDVPATDRYQSVTQHRP 60 
M. mag MS-1  -------------PLMRFDLIEGRSDAELKALLDAAHEAMLEAFQVPPGDRYQIVTEHKP 47 
E. sib. 255  -------------PLLRFDVIEGRSDEELKLLLDTAHEAMLEAFDVPERDRYQIVHTHKA 47 
B. sub.      -------------PLLRFDLIEGRDQSSLKKLLDVAHNVVVEAFDVPQQDRYQIVHEHPE 47 
G. oxy. 621H -------------PLIRFDLLEGRSETELAAILDTAHQAVLDAFHVPPRDRYQIVYEHRK 47 
                          *::::*:  .*   .   : *..* .:::.: :*  **:* :  *   
 
MSAD         GEMVLEDTGLGYGRSSAVVLLTVISRP-RSEEQKVCFYKLLTGALERDCGISPDDVIVAL 106 
FG41_MSAD    SDIIAEDAGLGFQRSPSVVIIHVFTQAGRTIETKQRVFAAITESLAP-IGVAGSDVFIAI 106 
B. sp. 383   GELVVEDTGLGYPRSRDVVLLTAVSRQ-RTEPQKLAFYRLLVENLQTQCGISPDDVIVSI 119 
M. mag MS-1  SRMIVEDTGLDIPRTRDVVVVQMITRP-RGREKKELFYRLLTEKLQAACGIAPADVMVST 106 
E. sib. 255  NEMIIEDTGLGLTRSNQVVVISVTSKT-RTEEKKQALYRLLAERLEAVCGLSPADLMVSI 106 
B. sub.      NHMIIEDTGLGFNRTKNLVVLSVTSKS-RPEEKKQKFYRLLAERLESECGIASTDLIVSI 106 
G. oxy. 621H SRVRIEDTGLGIPRTDDVMILSITTRP-RSVEEKTAFFRILTEALSEKCGIAPSDVMVNY 106 
             . :  **:**.  *:  ::::   ::  *    *  .:  :.  *    *::  *:::   
 
MSAD         VENSDADWSFGRGRAEFLTGDLV------- 129 
FG41_MSAD    TENAPHDWSFGFGSAQYVTGELAIPATGAA 136 
B. sp. 383   VENGDADWSFGRGRAQFITGELI------- 142 
M. mag MS-1  VENTDEDWSFGHGRAQFLTGEL-------- 128 
E. sib. 255  VENDAADWSFGLGKAQFLTGDL-------- 128 
B. sub.      VENDNADWSFGLGEAQFLTGKL-------- 128 
G. oxy. 621H VENTDADWSFGNGEAQFLNGKLGTPKAP-- 134 
             .**   ***** * *:::.*.*         
 
Figure 3.4: Sequence alignment of MSAD, FG41 MSAD and 5 homologues of MSAD 
identified by a PSI-BLAST search.  The coded proteins, none of which have been 
characterized, are from the following organisms: B. sp. 383: Burkholderia sp. 383,  M. 
mag MS-1: Magnetospirillum magnetotacticum MS-1,  E. sib. 255: Exiguobacterium 
sibiricum 255-15,  B. sub.: Bacillus subtilis subsp. Subtilis, and G. oxy. 621H:  
Gluconobacter oxydans 621H. 
 

 With this information in hand, an investigation into the roles played by these 

residues was carried out.  First, the A55T mutant of FG41 MSAD was constructed. Next, 

FG41 A55T/Q73R MSAD was constructed. The decarboxylation rate for FG41 A55T 

MSAD was 400-fold slower than that of wild-type FG41 MSAD, while the hydratase 

activity was 17-fold slower than wild-type FG41 MSAD. The double mutant 

(A55T/Q73R) showed less than 0.5% of decarboxylase activity, relative to wild-type 

FG41 MSAD.  The rate for the hydration of 2-OP was also much lower, 30-fold more 

mutant enzyme was used, but gave a rate that was nearly 7-fold lower than the wild-type 
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FG41 MSAD.  The results of these experiments suggest that Ala-55 is important for both 

activities for FG41 MSAD. 

 The next set of experiments dealt with the construction of a mutant FG41 MSAD 

that mimicked the active site of MSAD.  The mutant FG41 F39Y/A55T/Q73R/Y123F 

MSAD was constructed and assayed for decarboxylase activity.  The mutant was found to 

have diminished decarboxylation activity (~2.8% relative to wild-type FG41 MSAD).  

Next, a survey to determine if this mutation gave an increase in hydration of 2-OP 

relative to wild-type FG41 MSAD was conducted.  At a 2-OP concentration of 12 mM, 

the rate of hydration was about five-fold lower than that of wild-type FG41 MSAD. This 

is not surprising considering the results of the experiments with position 55.   

 The ESI-MS experiments showed two peaks for all the unlabeled proteins. The 

major peak correlated with the enzyme of study, while another minor peak was observed 

that was about 487 Da smaller than the major peak.  One possible explanation for this 

minor peak is that a second protein encoded by the competent cell eludes from the 

column at the same conditions as FG41 MSAD.  A purification of empty pET3b 

following the same procedure as that of FG41 MSAD and submitted for ESI-MS did not 

show this peak, nor the peak corresponding to FG41 MSAD.  Another possible 

explanation for the second peak is degradation of the protein via proteolytic enzymes or 

auto-degradation. The addition of Protease Inhibitor Cocktail Tablets during the 

purification of FG41 MSAD did not eliminate this peak. 

 Like MSAD, FG41 MSAD has both a decarboxylase and hydratase activity.  

What benefit the hydratase activity has for both enzymes is unknown. This may be a relic 

from a past activity that the progenitor of MSAD and FG41 MSAD had.  The compound 
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1,3-dichloropropene (1) was introduced in the 1940s as a soil fumigant [23].  This gave 

MSAD and FG41 MSAD (along with CaaD and cis-CaaD) only 50 years to evolve into 

their respective enzymes.  It was possible to mutate FG41 MSAD into a better hydratase 

enzyme, without perturbing the decarboxylase much.  Further mutagenesis experiments 

using FG41 Q73R MSAD as a starting point may reveal a more potent hydratase activity. 

 A structural alignment of the active sites of FG41 MSAD and MSAD, both bound 

to the inhibitor 3-oxopropanoate, may provide some clues into the roles of Tyr-123 in 

FG41 MSAD and Arg-75 in MSAD.  In MSAD, Arg-73 and Arg-75 interact with the 

carboxylate group of the inhibitor (Figure 3.5).  Due to the two residues in-between the 

arginines in FG41 MSAD, Arg-76 is positioned too far to provide any interactions with 

the carboxylate group of the bound inhibitor (Figure 3.6).   Instead of Arg-76 providing 

hydrogen bonding to the carboxylate group, Tyr-123 provides the hydrogen bonds.    
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Figure 3.5: Active site of MSAD bound to 3-oxopropanoate  

 

Figure 3.6: Active site of FG41 MSAD bound to 3-oxopropanoate 
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 Two explanations may account for this phenomenon.  First, the addition of the 

extra base between Arg-73 and Arg-76 effectively removed Arg-76 form interacting with 

the carboxylate of the bound inhibitor, and the carboxylate group of both malonate 

semialdehyde and 2-OP, thus rendering the enzyme unable to decarboxylate malonate 

semialdehyde.  Mutation of both the phenyalanine at position 123 to a typrosine and 

arginine at position 73 to a glutamine may have recovered the lost decarboxylation 

activity by providing an environment for the carboxylate group to bind in the active site.  

An alternative explanation may be that FG41 MSAD and MSAD arrived at their 

activities by convergent evolution.  It may be that the progenitors of the enzymes were 

vastly different enzymes with different functions.  This would also account for the lack of 

conserved residues at not just position 123, but also at position 55 and 39 in FG41 MSAD 

vs. MSAD and the five possible MSAD homologues.  Exploration of these active site 

residues may provide answers into evolution of FG41 MSAD and MSAD. 
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Chapter 4: Characterization of the cis- and trans-3-chloroacrylic acid 

dehalogenase Cg10062 from Corynebacterium glutamicum: Implications 

for the Evolution of Dehalogenase Activity in the Tautomerase 

Superfamily * 

 

4.1 Introduction 

The degradation of the nematocide 1,3-dichloropropene (1, Scheme 4.1) in Pseudomonas 

pavonaceae 170 is mediated by a series of enzymes with intriguing catalytic mechanisms 

and interesting evolutionary lineages [18-20, 23]. Three of these enzymes, trans-3-

chloroacrylic acid dehalogenase (CaaD) [1, 7, 8, 11], cis-3-chloroacrylic acid 

dehalogenase (cis-CaaD) [2, 13, 14], and malonate semialdehyde decarboxylase (MSAD) 

[3, 15], represent three different families of the tautomerase superfamily, a group of 

structurally homologous proteins that share a characteristic β−α−β fold and a catalytic 

amino-terminal proline [21, 22].  CaaD and cis-CaaD convert the corresponding isomers 

of 3-chloroacrylate [2 and 3, respectively (Scheme 4.1)] to malonate semialdehyde (4). 

Subsequently, MSAD catalyzes the decarboxylation of 4 to yield acetaldehyde (5) and 

carbon dioxide [18-20]. Presumably, 5 is channeled into the Krebs cycle allowing the 

organisms to use 1–3 as sources of carbon and energy. 

 

 

                                                
* Significant portions of this chapter have been previously published, and used with 
permission, as Biochemistry, 47(31): 8139–8147. Copyright 2008 American Chemical 
Society. 
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Scheme 4.1 

 

 

 Mechanistic and structural studies of CaaD, cis-CaaD, and MSAD have shown 

that the three enzymes are strikingly similar, which likely reflects divergent evolution 

from an ancestral β−α−β template [14, 15]. All three enzymes function as hydratases, 

converting 2-oxo-3-pentynoate (6, Scheme 4.2) to acetopyruvate (7), and require Pro-1 

(with a pKa of ~9.2) and two conserved arginines (αArg-8 and αArg-11 in CaaD, Arg-70 

and Arg-73 in cis-CaaD, and Arg-73 and Arg-75 in MSAD) to catalyze this reaction as 

well as their physiological reactions [1-3, 7, 8, 11, 13-15]. Moreover, as a result of this 

hydratase activity, the three enzymes convert the 3-halopropiolates (8 and 9, Scheme 4.2) 

to a reactive species (e.g., an acyl halide or a ketene) that results in the acylation of Pro-1 

and enzyme inactivation [2, 3, 11]. The three enzymes have a water-activating residue 

(αGlu-52 in CaaD, Glu-114 in cis-CaaD, and Asp-37 in MSAD), which has been 

implicated in the hydration reactions and the respective physiological activities [8, 14, 

15]. A common evolutionary history for the three enzymes is further strengthened by a 

comparison of the crystal structures, which show the core β−α−β unit, the common 

overall architecture, and the positional conservation of key catalytic residues (Pro-1 and 

the arginine pair [14, 15]. 
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Scheme 4.2 

 

 

 In the course of a search for other cis-CaaD family members, a 149-amino acid 

protein from Corynebacterium glutamicum, designated Cg10062, was identified. The 

genomic context of the cg10062 gene does not provide any clues about the biological 

function of this protein in C. glutamicum. The cg10062 gene is flanked by genes 

encoding putative membrane proteins that might be involved in the transport of divalent 

metal ions and the diffusion of chloride ions. Although the sequence of Cg10062 is only 

34% identical (and 53% similar) with that of cis-CaaD, six residues are present (Pro-1, 

His-28, Arg-70, Arg-73, Tyr-103, and Glu-114) that have been implicated as key players 

in the cis-CaaD mechanism [60, 61]. Not surprisingly, it was found that Cg10062 

catalyzes the hydration of 6 to 7 and the conversion of 8 to a species that covalently 

modifies Pro-1. Kinetic analysis of Cg10062 also shows that the enzyme has a low-level 

cis-CaaD activity and the ability to process the trans isomer (i.e., 2), in contrast to the 

highly specific cis-CaaD. The dehalogenase activity requires Pro-1, Arg-70, Arg-73, and 

Glu-114 as mutations at these positions render the enzyme inactive. The parallels 

between cis-CaaD and Cg10062 coupled with the absence of a robust cis-CaaD activity 
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and isomer specificity in Cg10062 indicate that a fully functional cis-CaaD requires 

catalytic features and specificity determinants beyond the identified core set. As a result, 

Cg10062 could be representative of the type of intermediate template that gave rise to 

cis-CaaD. 

 

4.2 Materials and Methods 

Materials 

 The sources of the chemicals, biochemicals, buffers, solvents, components of Luria-

Bertani (LB) medium, as well as the enzymes and reagents used in the molecular biology  

procedures are reported elsewhere[2, 11]. The QuikChange mutagenesis kit was obtained 

from Stratagene (La Jolla, CA).  Deoxyribonuclease (DNase) and ribonuclease (RNase) 

were purchased from F. Hoffmann-La Roche, Ltd. (Basel, Switzerland).  The TSKgel 

DEAE-5PW and TSKgel Phenyl-5PW columns were purchased from Tosoh Bioscience 

LLC (Montgomeryville, PA).  The DEAE-Sepharose and Phenyl-Sepharose 6 Fast Flow 

resins used in the gravity flow columns were obtained from Sigma-Aldrich Chemical Co. 

(St. Louis, MO).  The Econo-Column® chromatography columns (1 × 10 cm) were 

obtained from BioRad (Hercules, CA). Literature procedures were used for the synthesis 

of 2-oxo-3-pentynoate (6) [57] and 3-bromopropiolate (8) [58]. CaaD and cis-CaaD were 

purified as previously described [2, 11] and assayed by following the absorbance 

decrease at 224 nm for 2 (ε = 4900 M−1 cm−1) and 3 (ε = 2900 M−1 cm−1), as described 

previously [2, 11, 15]. The Amicon concentrator and the YM3 and YM10 ultrafiltration 

membranes were obtained from Millipore Corp. (Billerica, MA). Sequencing-grade 

endoproteinase Glu-C (protease V-8) was purchased from F. Hoffmann-La Roche, Ltd. 
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(Basel, Switzerland). Prepacked PD-10 Sephadex G-25 columns were obtained from 

Biosciences AB (Uppsala, Sweden). Oligonucleotides for DNA amplification and 

sequencing were synthesized by Genosys (The Woodlands, TX). 

 

Bacterial Strains, Plasmids, and Growth Conditions 

 C. glutamicum ATCC 13032, the genomic DNA source for the cg10062 gene, 

was purchased from the American type Culture Collection (Manassas, VA). Escherichia 

coli strain BL21-Gold(DE3) (Stratagene, La Jolla, CA) was used in combination with the 

T7 expression system (pET3b vector) for expression of wild-type Cg10062 and the four 

mutants (P1A, R70A, R73A, and E114Q). C. glutamicum cells were grown at 37 °C in 

nutrient broth medium. E. coli cells were grown at either 30 °C (for protein expression) 

or 37 °C (for plasmid preparation) in LB medium supplemented with ampicillin (Ap, 100 

µg/mL), as indicated. 

 

General Methods 

 General procedures for cloning and DNA manipulation were performed as 

described previously [59]. The PCR was carried out in a Perkin-Elmer model 480 DNA 

thermocycler obtained from Perkin-Elmer Inc. (Wellesley, MA). DNA sequencing was 

performed by the DNA Core Facility of the Institute for Cellular and Molecular Biology 

at The University of Texas. E. coli cells were grown at either 30°C  (for protein 

production) or 37 °C (for plasmid preparation) in Luria-Bertani (LB) medium, 

supplemented with ampicillin (Ap, 100 µg/mL), as indicated. The procedures for protein 

analysis using sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) 
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on 15% gels [24] and protein quantification are reported elsewhere [25]. The native 

molecular mass of wild-type Cg10062 was determined by gel filtration on the Superose 

12 column. Kinetic data were obtained on a Hewlett-Packard 8452A diode array 

spectrophotometer or an Agilent 8453 UV−visible spectrophotometer. The kinetic data 

were fitted by nonlinear regression data analysis using Grafit (Erithacus Software Ltd., 

Horley, U.K.) obtained from Sigma Chemical Co. Nuclear magnetic resonance (NMR) 

spectra were recorded in 100% H2O on a Varian Unity INOVA-500 spectrometer as 

reported previously [11]. 

 

PCR 

 Polymerase Chain Reaction - The amplification reaction mixtures (100 µL) 

contained the standard Taq amplification buffer, 200 µM of each dNTP, 100 ng of each 

primer, 25-50 ng of template DNA, and 2 units of TaqDNA polymerase. The cycling 

parameters were 94°C for 10 min followed by 35 cycles of 94°C for 60 s, 58°C for 60 s, 

and 72°C for 3 min, with a final elongation step of 72°C for 10 min. The reaction 

mixtures were subjected to electrophoresis in 0.8% agarose gels, and PCR products were 

stained with ethidium bromide. 

 Polymerase Chain Reaction for construction of mutants- Following the 

manufacture’s procedures, the amplification reaction mixtures (50 µL) contained the 10X 

QuikChange buffer, 200 µM of each dNTP, 100 ng of each primer, 25-50 ng of template 

DNA, and 2 units of PfuUltra high-fidelity polymerase. The cycling parameters were 95 

°C for 10 min followed by 15 cycles of 95°C for 30 s, 55°C for 60 s, and 68°C for 5.5 

min, with a final elongation step of 68°C for 10 min.   
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Construction of the Cg10062 Expression Vector 

 To remove an internal BamHI restriction site, the cg10062 gene was generated by 

overlap extension PCR [62]. The forward primer (5′-

ATACATATGCCTACTTATACTTGT-3′) is designated primer F1 and contains an NdeI 

restriction site (in bold) followed by 15 bases corresponding to the coding sequence of 

the cg10062 gene. The reverse primer (5′-CATGGATCCCTATTCTGACGATCC-3′) is 

designated primer R1 and contains a BamHI restriction site (in bold) followed by 15 

bases corresponding to the complementary sequence of the cg10062 gene. The internal 

PCR primers were oligonucleotides 5′-CTGATTCTTGGAATCCCCAAT-3′ and 5′-

ATTGGGGATTCCAAGAATCAG-3′, where the silent mutation resulting in deletion of 

the internal BamHI site is indicated in bold. Total genomic DNA from C. glutamicum 

ATCC 13032 was isolated by a phenol extraction procedure described previously [63]. 

Amplification mixtures contained the appropriate synthetic primers, deoxynucleotide 

triphosphates, genomic DNA, and PCR reagents supplied in the Expand High Fidelity 

PCR system. The resulting PCR product and the pET3b vector were digested with NdeI 

and BamHI restriction enzymes, purified, and ligated using T4 DNA ligase. An aliquot of 

the ligation mixture was transformed into competent E. coli BL21-Gold(DE3) cells. 

Transformants were selected at 37 °C on LB/Ap plates. Plasmid DNA was isolated from 

several randomly selected colonies and analyzed by restriction analysis for the presence 

of the insert. The cloned cg10062 gene was sequenced to verify that no other mutations 

had been introduced during the amplification of the gene. The newly constructed 

expression vector was named pET(cg10062). 
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Construction of the Cg10062 Mutants and Expression and Purification of Wild-

Type and Mutant Proteins 

 Production and Purification of Cg10062.  Wild-type Cg10062 was produced  

constitutively in E. coli BL21-Gold(DE3) using a pET3b vector.  The protein was  

purified by a previously published protocol using HPLC [19], modified as indicated 

below, and by a variation of this protocol using disposable columns, as described below.  

In the HPLC protocol, cells from 2-1 L cultures were suspended in ~15 mL of 10 mM 

Na2HPO4  buffer, pH 8.0, (Buffer A), along with DNase (10 µL of a 10 Units/µL 

solution) and RNase (10 µL of a 500 µg/mL solution) and subjected to sonication [19] .  

Subsequently, the mixture was centrifuged (45 min at 20,000 × g), and the supernatant 

was filtered through a 0.2 µm-pore diameter filter and loaded onto the TSKgel DEAE-

5PW column, which had previously been equilibrated with Buffer A.  The column was 

washed using Buffer A over a 10-min period at 5 mL/min.  Cg10062 was eluted over a 

60-min period using a linear Na2SO4 gradient (0-0.5M).  The protein was identified by 

SDS-PAGE [20] and the colorimetric assay using 3 [23].  Typically, Cg10062 elutes 

from 40-51 min after being loaded onto the column.  Fractions were pooled, concentrated 

to ~20 mL, and solid (NH4)2SO4 was added to the concentrate to make the final 

concentration 1.6 M.  After stirring for 1 hr, the precipitate was removed by 

centrifugation (15 min at 20,000 × g), and the supernatant was filtered and loaded onto 

the TSKgel Phenyl-5PW column, which had previously been equilibrated with Buffer B 

[1.6 M (NH4)2SO4 in Buffer A].  The column was washed using Buffer B over a 10-min 

period at 5 mL/min, and the retained proteins were eluted with a decreasing linear 

gradient [1.6 to 0 M (NH4)2SO4 in Buffer A] over a 60-min period.  Typically, Cg10062 
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elutes from 39-46 min after being loaded onto the column.  The fractions were analyzed 

as described above, and the appropriate fractions were pooled and concentrated to ~2 mL.  

The concentrate was further purified by size exclusion chromatography (Sephadex G-75, 

100 ×2.5 cm) and the fractions analyzed as described above.  The purified protein was 

concentrated to ~20 mg/mL, filtered through a 0.2 µm-pore diameter filter, and stored at 

4 °C.  

 In order to obtain purified Cg10062 that was free of potential contamination by any  

residual proteins from the HPLC columns, an alternative purification protocol was  

developed that used disposable hand-packed columns.  Typically, in this protocol, cells  

from 1 L of culture were suspended in ~8 mL of 10 mM Na2HPO4 buffer, pH 8.0, (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 

(25 mL) and then the protein was eluted by gravity flow using a linear Na2SO4 gradient 

(0-0.5 M Na2SO4 in Buffer A, 100 mL).  The flow rate was estimated to be ~1 mL/min. 

Fractions (~1.5 mL) were collected and Cg10062 was identified by SDS-PAGE [20]  and 

the colorimetric assay using 3 [23].  Typically, Cg10062 elutes from 22-31 min after 

being loaded onto the column.  The appropriate fractions were pooled, concentrated to ~1 

mL, and made 1.6 M in (NH4)2SO4 by the slow addition of a 1 mL aliquot of 10 mM 

Na2HPO4 buffer, pH 8.0, containing 3.2 M (NH4)2SO4.  After stirring for 1 hr, the 

precipitate was removed by centrifugation (15 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.  
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The column was first washed with the loading buffer (25 mL) and then the protein was 

eluted by gravity flow using a decreasing linear (NH4)2SO4 gradient [1.6-0 M (NH4)2SO4 

in Buffer A, 100 mL].  The flow rate was estimated to be ~1 mL/min.  Fractions (~1.5 

mL) were collected and analyzed as described above.  Typically, Cg10062 elutes from 

36-42 min after being loaded onto the column.  The purified protein was concentrated to 

~20 mg/mL, filtered through a 0.2 µm-pore diameter filter, and stored at 4 °C.  A typical 

yield is ~100 mg of protein purified to homogeneity per liter of culture.   

 

Construction of the Cg10062 Mutants.  The four mutants of Cg10062 (P1A, R70A,  

R73A, and E114Q) were generated using the coding sequence for Cg10062 in plasmid  

pET(cg10062) as the template.  The P1A mutant was made by the overlap extension  

polymerase chain reaction using the primer 5'-ATACATATGGCTACTTATACTTGT-3'  

where the NdeI site is shown in bold and the mutated codon is underlined [1].  This  

primer corresponds to the 5'-end of the wild-type coding sequence and was used in  

combination with primer R1 (5'-CATGGATCCCTATTCTGACGATCC-3'), which  

contains a BamHI restriction site (in bold) followed by 15 bases corresponding to the  

complementary sequence of the cg10062 gene.  The amplification mixture was made up  

as described for the cloning of the wild type gene, but genomic DNA was replaced with  

pET(cg10062) DNA.  The restriction sites NdeI and BamHI, introduced during the  

amplification reaction, were used to clone the purified PCR product into plasmid pET3b  

for overexpression of the P1A mutant.  The R70A, R73A, and E114Q mutants were  

constructed using the QuikChange mutagenesis kit and the indicated set of primers  

following the manufacturer’s instructions.  For the R70A mutant, the forward primer was  
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5'-GGGTCCAAGCAACGATTGCTTCGGGGCGTACAGAGAAGC-3', and the reverse  

primer was 5'-GCTTCTCTGTACGCCCCGAAGCAATCGTTGCTTGGACCC-3'.  For  

the R73A mutant, the forward primer was 5'-  

CGATTCGTCCGGGGGCTACAGAGAAGCAAAAAGAGG-3', and the reverse primer  

was 5'-CCTCTTTTTGCTTCTCTGTAGCCCCCGAACGAATCG-3'.  For the E114Q  

mutant, the forward primer was 5'-CCAATATGACGCAATATGGCCGTCTCC-3', and  

the reverse primer was 5'-GGAGACGGCCATATTGCGTCATATTGG-3'.  In each set of  

primers, the mutation is underlined and the remaining bases correspond to the coding  

sequence (forward primer) or the complementary sequence (reverse primer). DNA  

sequencing verified that only the intended mutation had been introduced into the mutant  

genes.   

 

Production and Purification of the Cg10062 Mutants.  The mutants were expressed  

and purified using the HPLC protocol described for the wild-type enzyme.  Typical  

elution times for the mutants from the TSKgel DEAE-5PW column at 5 mL/min were 34-  

43 min (P1A), 47-58 min (R70A), 32-46 min (R73A), and 18-29 min (E114Q). Typical  

elution times for the mutants from the TSKgel Phenyl-5PW column at 5 mL/min were  

42-48 min (P1A), 42-46 min (R70A), 39-48 min (R73A), and 35-41 min (E114Q).  The  

typical yields of cells from 2L of culture were ~10 g for each mutant.  The yields of each  

mutant were comparable to that of the wild type (~50 mg/L culture).  Gel filtration  

chromatography showed that the native molecular masses for the mutants are comparable  

to that of the wild-type, indicating that the oligomeric association of the mutants was still  

intact.  
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Mass Spectral Analysis of the Cg10062 Mutants.  The monomeric molecular masses  

of the four Cg10062 mutants were determined by electrospray ionization mass  

spectrometry (ESI-MS) using a LCQ Thermo octapole electrospray mass spectrometer.   

Samples for ESI-MS were prepared as previously described [11]. The mass spectral  

analysis of these mutants further confirmed the presence of the intended amino acid  

substitutions and showed that the mutant proteins had undergone post-translational  

processing to remove the initiating methionine.  The observed molecular masses (MH+)  

for the P1A-, R70A-, R73A-, and E114Q-mutants were 17,066 Da (calc. 17070 Da),  

17,008 Da (calc. 17011 Da), 17,007 Da (calc. 17011 Da), and 17,091 Da (calc. 17095  

Da).  The molecular masses were calculated using the program ProtParam available at  

www.expasy.org.    

 

Mass Spectrometric Characterization of Cg10062 and Cg10062 Inactivated by 8. 

 The masses of Cg10062 and Cg10062 inactivated by 8 were determined using an 

LCQ electrospray ion trap mass spectrometer (Thermo, San Jose, CA), housed in the 

Analytical Instrumentation Facility Core in the College of Pharmacy at The University of 

Texas. The protein samples were prepared as described previously [11]. The observed 

monomer mass for Cg10062 was 17092 Da (calcd 17096 Da). The mass for the modified 

Cg10062 sample is reported below. 
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1H NMR Spectroscopic Product Analysis of the Reaction of Cg10062 with 2-Oxo-3-

pentynoate (6) 

 The product of the Cg10062-catalyzed hydration of 2-oxo-3-pentynoate (6) was 

identified as acetopyruvate (7) by 1H NMR spectroscopy using a procedure described 

elsewhere with the following modifications [2, 11]. Six individual reaction mixtures 

consisted of H2O (800 µL) and an aliquot of 6 (100 µL) from a stock solution. The stock 

solution of 6 (4 mg, 36 mmol) was created in 100 mM Na2HPO4 buffer (pH 9.2, 0.6 mL), 

and the pH of the solution was adjusted to 7.6 with aliquots of an aqueous 1 M NaOH 

solution. The stock solution was used immediately after preparation. A quantity of 

Cg10062 (100 µL of a 3.2 mg/mL solution) was added to each reaction mixture. After 18 

h at 4 °C, the reaction mixtures were combined and the enzyme was removed as 

described previously [2, 11]. The effluent was concentrated to ~0.6 mL in vacuum and 

placed in a NMR tube along with DMSO-d6 (30 µL). The 1H NMR spectrum shows the 

presence of signals corresponding to 6, 7, the hydrate of 7, and the enol isomer of 7[64]. 

Under these conditions, inactivation of Cg10062 was not observed. 

1H NMR Spectroscopic Detection of 4 in the Cg10062-Catalyzed Dehalogenation of 

3. 

 A series of 1H NMR spectra monitoring the Cg10062-catalyzed transformation of 

cis-3-chloroacrylate (3) was recorded as follows. An amount of 3 (4 mg, 0.04 mmol) 

dissolved in DMSO-d6 (30 µL) was added to 100 mM Na2HPO4 buffer (0.6 mL, pH ~9) 

and placed in a NMR tube. The pH of the reaction mixture containing 3 was adjusted to 

9.0 using small aliquots of an aqueous 1 M NaOH solution. Subsequently, an aliquot of 

Cg10062 (50 µL of a 3.2 mg/mL solution of Cg10062) from a solution created in 20 mM 
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Na2HPO4 buffer (pH 7.3) was added to the reaction mixture. The first 1H NMR spectrum 

was recorded 5 min after the addition of enzyme and every 3 min thereafter for a total 

reaction time of 32 min. The final pH of the reaction mixture was 7.3. The 1H NMR 

spectra showed signals for cis-3-chloroacrylate (3), malonate semialdehyde (4), its 

hydrate, acetaldehyde (5), and its hydrate [11]. Acetaldehyde presumably results from the 

nonenzymatic decarboxylation of 4 but could also be due to a promiscuous MSAD 

activity of Cg10062. The mixture contained ~67% 3, as assessed by integration of the 

signals. 

1H NMR Spectroscopic Analysis of Incubation Mixtures Containing 2 and Cg10062 

or cis-CaaD 

 In separate experiments, Cg10062 or cis-CaaD was incubated with the trans 

isomer of 3-chloroacrylate (i.e., 2), and the reactions were followed by 1H NMR 

spectroscopy [11]. An amount of 2 (4 mg, ~0.04 mmol) dissolved in DMSO-d6 (30 µL) 

was added to 100 mM Na2HPO4 buffer (0.6 mL, pH ~9) and placed in a NMR tube. The 

pH of the reaction mixtures was adjusted to 9.5. Subsequently, Cg10062 [100 µL of a 22 

mg/mL solution in 20 mM Na2HPO4 buffer (pH 8.0)] or cis-CaaD [40 µL of a 31.1 

mg/mL solution in 20 mM Na2HPO4 buffer (pH 8.0)] was added to the reaction mixture. 

Both reaction mixtures were examined by 1H NMR spectroscopy after an initial 

incubation period (46 h for Cg10062 and 41 h for cis-CaaD) and a lengthy incubation 

period (6 weeks). To minimize photoisomerization, the NMR tubes containing the 

reaction mixtures were stored in the dark except when they were analyzed by NMR 

spectroscopy. After 6 weeks, the mixture of Cg10062 and 2 exhibited signals 

corresponding to 2 (~6%), 4 (~6%), the hydrate of 4 (~16%), 5 (~30%), and the hydrate 
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of 5 (~41%) [11]. The approximate quantities were determined by integration. The 1H 

NMR spectra for the mixture containing cis-CaaD and 2 exhibited only signals 

corresponding to 2. 

Kinetic Assays 

 All the kinetic assays were performed at 23 °C and pH ~9.0. Previous work has 

shown that the highest cis-CaaD activity is observed at this pH [2, 13]. The assays used 

for the colorimetric determination of the dehalogenation of 2 and 3 and to follow the 

hydration of 6 are based on protocols reported elsewhere [1, 11]. Modifications to these 

assays are as follows, in the colorimetric assay, the dehalogenation of trans- and cis-3-

chloroacrylate (2 and 3, respectively) was monitored by following the release of chloride 

in 50 mM Tris-SO4 buffer (pH 9.0) [8, 23].  Accordingly, an aliquot of CaaD, cis-CaaD, 

or Cg10062 was diluted into 50 mM Tris-SO4 buffer (pH 9.0), yielding a final enzyme 

concentration (based on monomer molecular mass) of 0.1 µM (for CaaD), 0.2 µM (for 

cis-CaaD), 7.86 µM (for the cis-CaaD activity of Cg10062), and 75 µM (for the CaaD 

activity of Cg10062), and incubated for 60 min at 22 °C.  Subsequently, a 100-µL portion 

of the enzyme solution was transferred to a tube containing the desired concentration of  

substrate in 2.9 mL of 50 mM Tris-SO4 buffer (pH 9.0). The concentrations of substrate  

used in the assay ranged from 0-200 mM.  Substrate was added from a stock solution that  

was made up in 50 mM Tris-SO4 buffer. The pH of the stock solution was adjusted to 9.   

Chloride concentrations were measured by a previously described assay [8, 19, 23].  For 

the cis-CaaD activity, an initial reading was recorded at 30 s and a final reading was 

recorded at 15 min.  For the CaaD activity, an initial reading was recorded at 30 s and a 

final reading was recorded at 2 h.    
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  In a coupled assay, the dehalogenation of 2 by CaaD, 3 by cis-CaaD, and 2 or 3 

by Cg10062 was monitored by following the production of NADH from NAD+ at 340 nm 

(ε = 6220 M−1 cm−1). The assay mixtures (total volume of 1 mL) were created in 20 mM 

Na2HPO4 buffer (pH 9.0) and contained dithiothreitol (0.1 mM), NAD+ [350 µM, 10 µL 

of a 26.5 mg/mL stock solution in 100 mM Na2HPO4 buffer (pH 9.0)], aldehyde 

dehydrogenase [0.44 mg, 10 µL of a 44 mg/mL stock solution in 100 mM Na2HPO4 

buffer (pH 9.0)], FG41 MSAD [~0.1 mg, 10 µL of a 9.3 mg/mL stock solution in 10 mM 

Na2HPO4 buffer (pH 8.0)], 2 or 3 [10−150 mM from a 1 M stock solution made up in 100 

mM Na2HPO4 buffer (pH 9.0)], and CaaD (30 nM), cis-CaaD (39 nM), or Cg10062 (0.27 

µM using 2 and 0.07 µM using 3). The assays were initiated by the addition of 2 or 3 and 

followed for 5 min. 

1H NMR Spectroscopic Assay for CaaD and cis-CaaD Activities of the P1A, R70A, 

R73A, and E114Q Cg10062 Mutants 

 An amount of 2 or 3 (4 mg, ~0.04 mmol) dissolved in DMSO-d6 (30 µL) was 

added to 100 mM Na2HPO4 buffer (0.6 mL, pH ~9) and placed in a NMR tube (6). The 

pH of the reaction mixture was adjusted to 9.5. Subsequently, enzyme [~1.0 mg made up 

in 20 mM Na2HPO4 buffer (pH 8.0)] was added to the reaction mixture. The eight 

reaction mixtures were examined by 1H NMR spectroscopy after a 17−18 h incubation 

period, and the product amounts were estimated by integration of the signals 

corresponding to 2 (or 3), 4, 5, and the corresponding hydrates [11], if present. The 1H 

NMR signals for these species are reported elsewhere [11]. The pH after the inubation 

period ranged between 8.1 and 8.5 for all samples except for the sample containing 

E114Q and 3, which had a final pH of 7.3. 
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Irreversible Inactivation of Cg10062 by 8, Mass Spectral Analysis, and Peptide 

Mapping 

 The enzyme (20 µM based on the molecular mass of the native enzyme) was 

incubated with a large excess of 8 (0.5 mM) in 0.5 mL of 20 mM NaH2PO4 buffer (pH 

7.3) for 28 h at 4 °C [11]. In a separate control experiment, the same quantity of enzyme 

was incubated without inhibitor under otherwise identical conditions. Subsequently, the 

two samples were loaded onto individual PD-10 Sephadex G-25 gel filtration columns, 

which had previously been equilibrated with 100 mM (NH4)HCO3 buffer (pH 8.0). The 

protein was eluted with the same buffer by gravity flow. Fractions (0.5 mL) were 

analyzed for the presence of protein by UV absorbance at 214 nm. The purified enzymes 

were assayed for residual cis-CaaD activity using the colorimetric assay for 

dehalogenation [1]. The sample treated with 8 had no activity, while the control sample 

retained full activity. Subsequently, the samples were analyzed by electrospray ionization 

mass spectrometry (ESI-MS) and used in the following peptide mapping experiments. 

For the peptide mapping experiments, a quantity (~25 µg) of unmodified Cg10062 and 

Cg10062 inactivated by 8 was dried under vacuum [11]. The individual protein pellets 

from the two samples were dissolved in 10 µL of 10 M guanidine HCl and incubated for 

2 h at 37 °C. Subsequently, the protein samples were diluted 10-fold with 100 mM 

(NH4)HCO3 buffer (pH 8.0) and incubated for 48 h at 37 °C with protease V-8 (2.5 µL of 

a 10 mg/mL stock solution created in water) [65, 66]. The protease V-8-treated samples 

were made up and analyzed on the delayed extraction Voyager-DE PRO matrix-assisted 

laser desorption ionization time-of-flight (MALDI-TOF) instrument (PerSeptive 

Biosystems, Framingham, MA) as previously described [11]. Selected ions of the 
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samples were also subjected to MALDI-PSD analysis using the protocol described 

previously to identify the covalently modified residue [67]. 

 

4.3 Results 

Expression, Purification, and Characterization of Cg10062 

 The cg10062 gene was amplified from genomic DNA of C. glutamicum and fused 

into the start codon of expression vector pET3b, resulting in the pET(cg10062) construct. 

The cg10062 gene in pET(cg10062) is under the control of a T7 promoter, and the 

enzyme was produced constitutively in a soluble and active form in E. coli BL21(DE3). 

The recombinant enzyme was purified by two methods. For all experiments except those 

involving low-level activities, the cell lysate was routinely processed through two HPLC 

columns (anion exchange and hydrophobic interaction), followed by a gel filtration step 

(if necessary). For the identification and quantification of low-level activities, the cell 

lysate was processed similarly but passed through hand-packed disposable columns. 

Typically, both procedures yield ~50 mg of homogeneous protein per liter of culture. The 

subunit and native molecular masses were determined to be 17092 ± 2 Da and ~50 kDa, 

respectively. A comparison of these values to the calculated subunit mass (17227 Da) 

indicates that the initiating methionine is removed during posttranslational processing, 

resulting in a protein with an N-terminal proline, and suggests that the native enzyme is a 

homotrimeric protein. 

Hydration of 2-Oxo-3-pentynoate (6) by Cg10062. 

 It has previously been determined that CaaD and cis-CaaD function as hydratases 

and convert 2-oxo-3-pentynoate (6, Scheme 4.2) to acetopyruvate (7) [2, 11]. These 
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observations prompted us to examine whether Cg10062 catalyzes the hydration of 6. The 

results show that Cg10062 converts 6 to 7 and that the catalytic efficiency is slightly 

higher than that observed for cis-CaaD [2]. The identity of 7 was confirmed by 1H NMR 

spectroscopy. The 1H NMR spectrum exhibited signals consistent with the structure of 7, 

as well as two additional species, the hydrate of 7 and the enol of 7 [11]. We have 

previously shown that 6 is stable for several hours in solution and does not decompose to 

7 [11]. Cg10062 is inactivated by high concentrations of 6 (>60 mM) with no detectable 

conversion of 6 to 7. 

 The kinetic parameters for the conversion of 6 to 7 by Cg10062 and those 

previously measured for cis-CaaD and CaaD are summarized in Table 4.1. A comparison 

of these parameters indicates that the kcat value for Cg10062 is 47-fold higher than that 

measured for cis-CaaD while the Km value is 10-fold higher. The net effect is a 5-fold 

higher kcat/Km value. In contrast, the kcat value for CaaD is ~2-fold higher than that 

measured for Cg10062 while the Km value is ~56-fold lower. As a result, the kcat/Km value 

for CaaD is ~130-fold higher than that observed for Cg10062. 

Table 4.1 
   Kinetic Parameters for the Cg10062-, cis-CaaD-, and CaaD-Catalyzed Conversion of 2-
Oxo-3-pentynoate (6) to Acetopyruvate (7)a  

enzyme kcat (s−1) Km (μM) kcat/Km (M−1 s−1) 
Cg10062 0.33±0.03 6200±750 0.05× 103 
cis-CaaDb 0.007±0.001 620±60 0.01×103 
CaaDc 0.7±0.02 110±4 6.4× 103 

aThe steady-state kinetic parameters were determined in 20 mM Na2HPO4 buffer (pH 
9.0) at 23 °C. Errors are standard deviations. 
bThese parameters were obtained from ref [2]. 
cThese parameters were obtained from ref [11]. 
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Dehalogenation of 2 and 3 by Cg10062 

 The level of sequence identity with cis-CaaD and the hydratase activity suggested 

that Cg10062 might function as a cis-CaaD. However, the low cis-CaaD activity (and 

CaaD activity) of Cg10062 precluded the use of a previously described assay, which 

follows the decrease in substrate absorbance at 224 nm [2]. The absorbance of the large 

amount of substrate and protein required to produce a detectable reaction rate does not 

permit accurate measurements at 224 nm. Hence, a coupled assay was developed that 

follows the formation of NADH from NAD+. In this assay, dehalogenation of 2 or 3 

produces 4, which is decarboxylated by MSAD to afford acetaldehyde (5). The large 

excess of aldehyde dehydrogenase converts 5 to acetate, and the oxidation of 5 is coupled 

to the reduction of NAD+. The kinetic parameters for CaaD and cis-CaaD with their 

respective isomers were determined by this coupled assay and compared with those 

measured by the 224 nm assay and a previously described colorimetric assay [1](Table 

4.2). 

 For CaaD, the kinetic parameters are comparable (<2-fold difference). For cis-

CaaD, the Km and kcat values determined using the coupled assay are higher (~4.5- and 

~2.5-fold, respectively), but the overall kcat/Km values are comparable. The higher values 

may be a more accurate reflection of the cis-CaaD activity because the absorbance at 224 

nm is not the λmax for 3 but rather corresponds to a shoulder. The colorimetric assay, 

which monitors halide release, is not accurate at substrate concentrations of <400 µM, so 

Km values cannot be measured [1]. 
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Table 4.2 
   Kinetic Parameters for CaaD- and cis-CaaD-Catalyzed Dehalogenation of 2 and 3 
 
enzyme substrate assay Km (µM) kcat (s−1) kcat/Km(M−1 s−1) 
CaaD 2 224 nma 49±5 1.9 ±0.1 3.9×104 
CaaD 2 coupledb 28±3 1.9 ±0.6 6.8×104 
CaaD 2 colorimetricc  NDd 1.5 NDd 
cis-CaaD 3 224 nma 34±8 1.8±0.2 5.3×104 
cis-CaaD 3 coupledb 152±20 4.6±0.3 3.0×104 
cis-CaaD 3 colorimetricc NDd 1.0 NDd 

aThe kinetic parameters were measured in 20 mM Na2HPO4 buffer (pH 9.0) at 22 °C 
following the decrease in absorbance at 224 nm. Errors are standard deviations. 
bThe kinetic parameters were measured in 20 mM Na2HPO4 buffer (pH 9.0) at 22 °C. 
Errors are standard deviations. 
cThe kinetic parameters were measured in 50 mM Tris-SO4 buffer (pH 9.0) at 22 °C. 
Errors are standard deviations. 
dNot determined. 

 

 Using the coupled assay and the colorimetric assay, the dehalogenase activity for 

Cg10062 with 2 and 3 was determined (Table 4.3). A comparison of the parameters 

measured in the coupled assay shows that the Km values are significantly higher than 

those measured for CaaD and cis-CaaD (~2800- and ~125-fold, respectively). The kcat 

value for Cg10062 using the trans isomer is ~32-fold lower than that determined for 

CaaD. The kcat value for Cg10062 using the cis isomer is comparable to that of cis-CaaD. 

Overall, the kcat/Km values show that Cg10062 is much less efficient in processing the 

trans isomer than CaaD is (~8.5 × 104-fold). Cg10062 clearly prefers the cis isomer, but 

does not process it as efficiently as cis-CaaD (~160-fold). The values measured in the 

colorimetric assay are in accord with these observations. However, in contrast to CaaD 

and cis-CaaD, Cg10062 processes both isomers. 
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Table 4.3 
   Kinetic Parameters for the Cg10062-Catalyzed Dehalogenation of 2 and 3 
 

enzyme substrate assay Km (mM) kcat (s−1) kcat/Km(M−1 s−1) 
Cg10062 2 coupleda 78±36 0.06 ±0.01 0.8 
Cg10062 2 colorimetricb 54±40 0.002±0.001 0.04 
Cg10062 3 coupleda 19±1 3.5±1.1 184 
Cg10062 3 colorimetricb 156±42 1.6±0.3 10 

aThe kinetic parameters were measured in 20 mM Na2HPO4 buffer (pH 9.0) at 22 °C. Errors 
are standard deviations. 
bThe kinetic parameters were measured in 50 mM Tris-SO4 buffer (pH 9.0) at 22 °C. Errors 
are standard deviations. 
 

 

 

Mixtures containing Cg10062 and either the cis or trans isomer were monitored by 1H 

NMR spectroscopy to verify that the product of these reactions is 4, which was 

previously established for the cis-CaaD- and CaaD-catalyzed reactions [2, 11]. Indeed, 

the enzymatic conversion of 2 or 3 yields 4, as indicated by a doublet at 3.20 ppm and a 

triplet at 9.50 ppm (data not shown), which correspond to the protons at C-2 and C-3, 

respectively [11]. In addition, signals corresponding to the hydrate of 4 are present. 

Hence, 4 is the product of the Cg10062-catalyzed conversion of 2 and 3. For the reaction 

of Cg10062 and 3, the reaction was ~33% complete after 32 min. 

By NMR spectroscopy, it took a significant period of time (~6 weeks) to detect product 

using Cg10062 and the trans isomer (i.e., 2). The lengthy incubation period prompted us 

to examine (by NMR spectroscopy) whether cis-CaaD processed the trans isomer after a 

comparable incubation period. After 6 weeks, there was no detectable product formation 

in the incubation mixture containing cis-CaaD and 2, whereas the mixture containing 

Cg10062 and 2 was ~95% complete. 
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Construction and Kinetic and 1H NMR Analysis of the P1A, R70A, R73A, and 

E114Q Cg10062 Mutants 

 Four residues present in Cg10062 (Pro-1, Arg-70, Arg-73, and Glu-114) have 

counterparts in cis-CaaD and CaaD that have been identified as critical active site 

residues. Hence, four site-directed mutants were constructed (P1A, R70A, R73A, and 

E114Q Cg10062) and purified so the importance of these residues to the dehalogenation 

of 2 and 3 could be examined. The mutants have no detectable dehalogenase activity 

using the colorimetric assay (after an overnight incubation) and no detectable hydratase 

activity (using 6). These results are not surprising in view of the low activities of the 

wild-type enzyme. Nonetheless, the results suggest that all four residues are required for 

the dehalogenation of 2 and 3 and the hydration of 6. 

 The dehalogenase activities of the four mutants were also assessed by 1H NMR 

spectroscopy after a 17−18 h incubation period. Using the cis isomer (3), the E114Q-

catalyzed reaction was 100% complete and the P1A-catalyzed reaction showed a trace 

amount of product (4 and the hydrate), but not a sufficient amount for quantification. 

Mixtures containing the R70A and R73A Cg10062 mutants showed no product. The 

observations parallel those observed for cis-CaaD using 3 and suggest that Pro-1, Arg-70, 

and Arg-73 are more critical for the cis-CaaD activity of Cg10062 than Glu-114. Using 

the trans isomer (2), the E114Q-catalyzed reaction results in 4% product. Mixtures 

containing the P1A, R70A, and R73A Cg10062 mutants showed no product. Again, Pro-

1, Arg-70, and Arg-73 are more critical for the CaaD activity of Cg10062 than Glu-114. 

Irreversible Inhibition of Cg10062 by 8 

 It is well established that 3-bromopropiolate (8, Scheme 4.2) irreversibly inhibits 
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CaaD and cis-CaaD [2, 11]. The inhibition results from the covalent modification of the 

catalytic Pro-1 by a species formed as a result of the enzyme-catalyzed hydration of 8 

(Scheme 4.3) [2, 8, 11]. In view of the hydratase activity of Cg10062, we anticipated that 

8 would also lead to irreversible inhibition of Cg10062. After a 28 h incubation period (at 

4 °C) with 8, Cg10062 was irreversibly inhibited. Gel filtration chromatography did not 

result in recovery of enzyme activity, indicating that a covalent bond has formed between 

Cg10062 and a species (either 15 or 16 in Scheme 4.3) derived from the enzymatic 

hydration of 8. 

 

Scheme 4.3 

 

 

ESI-MS Analysis of the Inactivated Cg10062 

 To identify the species resulting in the covalent modification of Cg10062, the 

enzyme was incubated with 8, and the inactivated protein was isolated and analyzed by 

ESI-MS. A control sample containing only Cg10062 was processed and analyzed 

similarly. Mass spectral analysis of the Cg10062 control sample showed one major peak 

corresponding to a mass of 17092 ± 2 Da. Mass spectral analysis of Cg10062 incubated 
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with 8 showed two major peaks corresponding to masses of 17134 ± 2 and 17178 ± 2 Da. 

The mass of the latter species (i.e., 17178 Da) is in agreement with that expected for the 

enzyme modified with a 3-oxopropanoate group (+86 Da), the adduct resulting from the 

enzyme-catalyzed hydration of 8 (17 in Scheme 4.3. This observation is consistent with 

the mass spectral analysis of CaaD and cis-CaaD inactivated by 8, which are also 

modified by a molecule with a mass of 86 Da [2, 8, 11]. The species with a mass of 

17134 Da, however, reveals the addition of a covalent adduct having a mass of 42 Da. 

This adduct (18 in Scheme 4.3) most likely represents the same label, but in this case, the 

3-oxopropanoate moiety, a β-keto acid, has lost CO2 [1]. 

Identification of the Modified Residue by Mass Spectrometry 

 The site of the modification was first localized to a peptide fragment of Cg10062 

by digesting the modified and unmodified Cg10062 samples with protease V-8 and 

analyzing the resulting peptide mixtures by MALDI-MS. Under the incubation mixture 

conditions, protease V-8 cleaves peptide bonds preferentially at the carboxylate side of 

glutamate residues [65, 66]. There are 23 glutamate residues in Cg10062 so that a 

complete digestion will result in 24 fragments or amino acid residues. This analysis 

assumes that there is no hydrolytic cleavage of the peptide bond at the carboxylate side of 

the two aspartate residues. A comparison of the peaks for the modified and unmodified 

Cg10062 samples revealed a single modification by a species having a mass of 42 Da on 

the peptide fragment from Pro-1 to Glu-15. Analysis of the remaining peaks showed no 

modification of other fragments (data not shown). 

To determine the single covalently modified residue, selected peaks observed in the 

protease V-8-digested control sample and in the protease V-8-digested sample treated 
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with 8 were subjected to MALDI-PSD fragmentation analysis (Table 4.4) [67]. The PSD 

spectrum of the ion corresponding to the unlabeled peptide (Pro-1 to Glu-15) displays the 

characteristic immonium ion at m/z 70.1 (resulting from Pro-1) and N-terminal sequence-

specific fragment ion b2, which results from the dipeptide, Pro-1-Thr-2 [Cg10062 peptide 

(Table 4.4)]. MALDI-PSD fragmentation analysis of the ion corresponding to the peptide 

modified by a species derived from 8 shows an increase in mass of 42 Da for the b2 

fragment ion [covalently modified Cg10062 peptide (Table 4.4). Thus, only Pro-1 and 

Thr-2 remain as potential targets of alkylation. Further evidence implicating Pro-1 as the 

site of modification was provided by the presence of the immonium and b1 fragment ions 

in the PSD spectrum of the modified peptide, with mass values consistent with the 

covalent attachment of a single species with a mass of 42 Da to the Pro-1 residue (Table 

4.4). While the b1 ion, corresponding to the fragmentation of Pro-1, is not normally 

observed in PSD spectra [67], it is apparently stabilized by its modification with the 

adduct, accounting for the presence of this ion in the spectrum of the sample treated with 

8. 

 

Table 4.4 
   PSD Fragment Ions of the Peptide Fragment from Pro-1 to Glu-15 from Cg10062 and 
Cg10062 Treated with 8 
 

 
Observed or calculated PSD fragment  
ion massa 
 

sample P-immonium ion b1 b2 
calculated 70.1 98.1 199.2 
Cg10062 peptide 70.1 NDb 199.0 
covalently modified peptide 111.9 139.7 240.8 

aThe immonium ion has lost the CO group of the peptide amide, while the b ion retains 
this group. 
bNot detected. 
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4.4 Discussion 

 Sequence analysis, crystallographic observations, and the results of mechanistic, 

mutagenesis, and inhibition studies have established working hypotheses for the CaaD 

and cis-CaaD mechanisms (Scheme 4.4) [1, 2, 7, 8, 11, 13, 14]. For CaaD, αGlu-52 

activates a water molecule for attack at C-3 and αArg-8 and αArg-11 bind and interact 

with the C-1 carboxylate group [8]. This interaction likely draws electron density away 

from C-3, thereby creating a partial positive charge and enhancing the electrophilicity of 

C-3. The proposed enediolate intermediate, 10, can rearrange with protonation at C-2 

(from βPro-1) to generate the unstable halohydrin species 11 (Scheme 4.4A). Subsequent 

chemical or enzymatic decay produces 4. Alternatively, the enediolate can rearrange to 

eliminate the halide and form an enol intermediate (12, Scheme 4.4B). Subsequent 

formation of the carbonyl group and protonation at C-2 (by βPro-1) afford 4. Recent 

work implicates the enol intermediate in Scheme 4.4B, but the scenario shown in Scheme 

4.4A cannot be ruled out [10]. The proposed mechanism for cis-CaaD is largely the same 

except two additional residues, His-28 and Tyr-103, are involved [14]. It is proposed that 

His-28 assists Arg-70 and Arg-73 in the binding and activation of substrate and Tyr-103 

assists Glu-114 in the activation of the water molecule for attack at C-3. Pro-1 again 

provides the proton at C-2. 
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Scheme 4.4 

 

 

 A comparison of the structure of CaaD inactivated by 8 with those of cis-CaaD 

(both native and one inactivated by an epoxide) suggests that the different active site 

shapes and substrate orientations might govern isomer specificity [14]. The active site of 

CaaD is elongated, and the interaction of the substrate’s carboxylate group with the two 

arginine residues projects the substrate into the enzyme. In contrast, the active site of cis-

CaaD is more U-shaped, and His-28 (along with Arg-70 and Arg-73) directs the substrate 

toward the surface of the enzyme. Modeling studies show that the 3-chloro group of the 

cis isomer could bind in a pocket formed by Thr-34, Leu-38, Leu-119, and Arg-70 [14]. 

These same studies indicate that Tyr-103 would effectively block the binding of the 3-

chloro group of a trans substrate. 

 The high degree of sequence similarity between Cg10062 and cis-CaaD (~53%) 

coupled with the conservation of the six key active site residues suggested that Cg10062 

would behave like cis-CaaD and function as an isomer-specific dehalogenase. Studies 

with 2-oxo-3-pentynoate (6, Scheme 4.2) support this view. Cg10062 catalyzes the 

hydration of 6 to produce acetopyruvate (7) with a catalytic efficiency somewhat better 

than that observed for the cis-CaaD reaction (as assessed by kcat/Km values (9). However, 
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both reactions are significantly less efficient than CaaD, which is rationalized by the fact 

that the elongated active site of CaaD can more easily accommodate the linear acetylene 

molecule [1, 2]. The observation that Cg10062 processes 6 instead of being inactivated 

by 6 implies that Pro-1 has a pKa comparable to that determined for CaaD and cis-CaaD 

(~9.2) [7, 13]. A growing body of evidence suggests that the reaction of 6 with 

tautomerase superfamily members reflects the predominant ionization state of Pro-1 

(neutral vs cationic) [6, 56]. For example, the incubation of CaaD, cis-CaaD, and MSAD 

with 6 results in the conversion of 6 to 7 due to the cationic Pro-1 and these enzymes’ 

ability to carry out a hydration reaction [1, 2, 6, 56]. In contrast, 4-oxalocrotonate 

tautomerase (4-OT) and a 4-OT homologue from Bacillus subtilis designated YwhB are 

irreversibly inactivated by 6 because Pro-1 is neutral in these enzymes (at physiological 

pH), allowing them to function as bases with pKa values of ~6.4 [55, 57]. 

 The results of the studies with 8 also show that Cg10062 and cis-CaaD function 

similarly. The 3-halopropiolates (i.e., 8 and 9, Scheme 4.2) have been shown previously 

to be irreversible inhibitors of CaaD, cis-CaaD, and MSAD [1-3]. In all three cases, Pro-1 

is modified by a 3-oxopropanoate moiety (17 in Scheme 4.4), and two possible 

mechanisms for generating this adduct have been proposed [1-3, 8, 15]. For CaaD, cis-

CaaD, and MSAD, inactivation proceeds through the enzyme-mediated attack of water at 

C-3 of 8 (Scheme 4.4). The resulting allenic species 13 rearranges to 14, which can then 

decompose by two routes. In one route, direct expulsion of the bromide produces a ketene 

(i.e., 15) which can modify Pro-1. In a second route, tautomerization of 14 (and 

protonation at C-2) yields acyl bromide 16. Subsequent acylation of Pro-1 by 16 

inactivates the enzyme. It is postulated that Pro-1 becomes nucleophilic as a consequence 
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of the initial hydration of 8 by the enzyme. 

 Clearly, Cg10062 functions as a hydratase using 6 and 8, and its behavior with 

these compounds largely mirrors that of cis-CaaD. However, in spite of these similarities, 

Cg10062 is a poor cis-CaaD: it has a much lower catalytic efficiency, and it does not 

display absolute specificity for the cis isomer. The lower catalytic efficiency stems from 

the much higher Km value, which suggests suboptimal binding of the cis isomer in the 

active site of Cg10062. Unlike that of cis-CaaD, the active site of Cg10062 can also 

accommodate and process the trans isomer, albeit poorly. The lower catalytic efficiency 

of this reaction (in comparison to the kcat/Km of the CaaD-catalyzed reaction) results from 

a higher Km value combined with a lower kcat. The lower affinity for the substrate could 

again be due to suboptimal alignment, whereas the lower kcat value could be due to an 

effect on the reaction chemistry, product release, or both. The mutagenesis results (for 

Pro-1, Arg-70, Arg-73, and Glu-114) invoke roles for these residues in the dehalogenase 

activities of Cg10062. These observations indicate that dehalogenation is active site-

dependent and not the consequence of a nonspecific encounter between Cg10062 and 

substrate. 

 Although Cg10062 is not an efficient cis-CaaD or CaaD, the rates of 

dehalogenation are still impressive in comparison with the reported nonenzymatic rate 

[9]. Horvat and Wolfenden reported that the uncatalyzed rate is ~2.2 × 10−12 s−1 at 25 °C 

[9]. Hence, Cg10062 shows an ~1.6 × 1012-fold rate enhancement using the cis isomer 

and a 9.0 × 108- to 2.7 × 1010-fold rate enhancement using the trans isomer. By 

comparison, cis-CaaD exhibits a 2.1 × 1012-fold rate enhancement. 

 It was initially thought that the much higher Km values (assuming Km reflects 
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substrate binding) result from a more spacious Cg10062 active site where larger side 

chain groups found in cis-CaaD are replaced with smaller side chains in Cg10062. As a 

result, the active site of Cg10062 could accommodate both isomers, but they would bind 

with much lower affinity. An examination of the cis-CaaD crystal structure shows that 

the active site pocket is defined by Pro-1, His-28, Thr-32, Thr-34, His-69, Arg-70, Arg-

73, Tyr-103, Met-112, and Glu-114 [2]. As most of these same residues are found in 

Cg10062, the active site is unlikely to be more spacious. 

 There are, however, two intriguing exceptions. First, His-69 in cis-CaaD is 

replaced with an isoleucine in Cg10062. In cis-CaaD, His-28 and His-69 interact with the 

hydroxyl group of Tyr-3. The significance of this interaction is not known, but one 

possibility is that it positions His-28 for the interaction with the C-1 carboxylate group of 

the substrate. The presence of the uncharged, hydrophobic isoleucine could alter the 

position and/or modulate the properties of His-28 or otherwise change the properties of 

the active site. 

 The second, more striking exception involves an eight-residue loop that connects 

the α-helix of a β−α−β motif to the second β-strand. In cis-CaaD, Thr-32 and Thr-34 are 

part of this loop that is made up of Leu-31, Thr-32, Gly-33, Thr-34, Gln-35, His-36, Phe-

37, and Leu-38. The same loop in Cg10062 is significantly different, consisting of Leu-

31, Ala-32, His-33, Ala-34, Pro-35, Lys-36, Tyr-37, and Leu-38. As noted earlier, Thr-34 

may be part of a pocket for the binding of the 3-chloro group of the cis substrate. If the 

binding is mediated by a hydrogen bond from Thr-34, this interaction is no longer 

possible in Cg10062. Moreover, Gly-33 of cis-CaaD is replaced with the bulky, charged 

His-33, and Gln-35 (in cis-CaaD) is replaced with the rigid Pro-35. How these changes 
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affect the properties of the loop and whether this loop plays a role in catalysis and/or 

specificity are not known. Cystallographic and mutagenesis studies of Cg10062 serve as 

the starting point for addressing these questions and are being pursued. 

 Loops can frequently determine specificity, which has been documented well in 

the enolase superfamily [68, 69]. The members of this superfamily are characterized by a 

(β/α)8 barrel (the so-called TIM barrel) and a capping domain [68]. The capping domain 

consists of two short loops. The active sites of enolase superfamily members are located 

at the interfaces of the two domains, where barrel residues function as catalytic groups 

and loop residues confer specificity to the individual members [69]. A similar 

arrangement could be operative in cis-CaaD with some modifications. One possibility is 

that the catalytic groups are located in the core β−α−β motif and additional determinants 

of specificity (and perhaps catalysis) come from the loop residues. Moreover, the position 

of the loop may exclude binding of the trans isomer in cis-CaaD but allow it in Cg10062. 

The sum of these observations suggests that Cg10062 could be a few mutations away 

from a highly specific and efficient cis-CaaD. Although Cg10062 is not necessarily the 

progenitor for a cis-CaaD, it could be representative of one. In one scenario, this 

progenitor, like Cg10062, has the core catalytic machinery for a hydration reaction but 

lacks specificity for the cis isomer. Mutations in the loop accompanied by the conversion 

of Ile-69 to a histidine might provide the additional elements and complete the evolution 

of Cg10062 to cis-CaaD. The consequences of these mutations are currently being 

examined. 

 These results do not, however, give any hints about the physiological role of 

Cg10062 in C. glutamicum. This strain was isolated after the introduction of 1,3-



 114 

dichloropropene (1, Scheme 4.1) into the environment [70]. However, BLAST searches 

of the genome did not identify candidates for other genes in the pathway, indicating that a 

catabolic pathway for 1 is not likely present.  Nonetheless, the sequence and functional 

properties suggest that Cg10062 is part of the subfamily of β−α−β fold enzymes from 

which cis-CaaD originated, and it could be representative of a progenitor. This proposed 

relationship between Cg10062 and cis-CaaD and the lack of an obvious genomic context 

for Cg10062 raise intriguing questions for a future investigation into the biological 

function of Cg10062 in C. glutamicum. Mutational and transcriptional analysis of the 

cg10062 gene to define the conditions under which it is expressed would be one step 

toward understanding the physiological relevance of Cg10062. 
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Chapter 5: Development of a Bacterial Selection for cis- and trans-3-

Chloroacrylic Acid Dehalogenase Activity 

 

5.1 Introduction 

 Members of the tautomerase superfamily are characterized by a ß-α-ß structural 

fold motif as well as a catalytic N-terminal proline (Pro-1) [22].  Three members of the 

superfamily are involved in the degradation of the nematocide 1,3-dichloropopene (1). 

The enzymes are trans-3-chloroacrylic acid dehalogenase (CaaD), cis-3-chloroacrylic 

acid dehalogenase (cis-CaaD) and malonate semialdehyde decarboxylase (MSAD) 

(Scheme 5.1). CaaD and cis-CaaD are involved in the hydration of their respective 3-

chloroacrylic acid isomers (2) to generate malonate semialdehyde (3) [1-3]. 

Subsequently, MSAD is responsible for catalyzing the decarboxylation of 3 to generate 

acetaldehyde (4). In all three, the N-terminal proline (Pro-1) functions as a general acid. 

Recently, a new member of the superfamily has been identified and characterized.  The 

enzyme, designated Cg10062, has both cis-CaaD and CaaD activities [16]   
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 The CaaD and cis-CaaD activity of Cg10062 is very low (Table 5.1).  CaaD is 

85,000-fold more efficient than Cg10062 at using the trans-isomer (as assessed by 

kcat/Km), while cis-CaaD is 160-fold more efficient using the cis-isomer, as assessed by 

kcat/Km. The difference in activity is due mostly to a much higher Km (~2800-fold and 

125-fold, respectively using trans-2 and cis-2).  

 

Table 5.1 
   Kinetic Parameters for CaaD- and cis-CaaD-Catalyzed Dehalogenation of 2 to 3 
 

enzyme substrate Km (µM) kcat (s−1) kcat/Km(M−1 s−1) 
CaaD trans-2 28 ± 3 1.9 ± 0.6 6.8×104 

cis-CaaD cis-2 152 ± 20  4.6 ± 0.3 3.0×104 

Cg10062 trans-2 7.8 ± 3.6 (×104) 0.06 ± 0.01 0.8 

Cg10062 cis-2 1.9 ± 0.1 (×102) 3.5 ± 1.1 184 

The kinetic parameters were measured in 20 mM Na2HPO4 buffer (pH 9.0) at 22 °C. 
Errors are standard deviations. 
 

 

A crystal structure of Cg10062 has been solved, which allows for the 

superposition of this protein with the crystal structures of cis-CaaD (PDB: 2flz) and 

CaaD (PDB: 1s0y) [8, 14]. The superposition of the proposed active sites of cis-CaaD 

with Cg10062 shows overlap of the catalytically important groups found in cis-CaaD 

(Pro-1, His-28, Arg-73, Arg-75, Tyr-103 and Glu-114) [2, 14, 16] (Figure 5.1).  For cis-

CaaD, the two arginines and His-28 are proposed to bind and polarize the carboxylate 

end of the substrate, while Glu-114, with assistance with Tyr-103, activates a water 
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molecule. Finally, Pro-1 is believed to provide a proton to form the final product, 

malonate semialdehyde. All of these residues are found in Cg10062. 

 

Figure 5.1: Superposition of active site residues of cis-CaaD and Cg10062  

A 3-chloro binding region was proposed for cis-CaaD which contains the residues 

Thr-32, Thr-34, Leu-38, Arg-70, and Leu-119 (Figure 5.2) [14]. The roles that these 

residues play in the binding of the 3-chloro group is currently unknown. The threonines 

hydrogen bond with the 3-chloro group..  In Cg10062, three of these residues are 

conserved, but Thr-32 and Thr-34 are alanines in Cg10062 (Figure 5.3) The presence of 

Ala-32/Ala-34 in the 3-chloro binding region of Cg10062 may account for the low 

affinity for cis-3-chloroacrylic acid. 
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Figure 5.2: Proposed 3-chloro binding region of cis-CaaD 

 

Figure 5.3: Proposed 3-chloro binding region for Cg10062 

A loop that connects the α-helix and the β-sheet of the β−α−β motif contains 

three of the proposed five residues of the 3-chloro binding region for cis-CaaD.  This 

eight-residue loop consists of Leu-31, Thr-32, Gly-33, Thr-34, Gln-35, His-36, Phe-37, 

and Leu-38 (Figure 5.4).  A similar loop is found in Cg10062, but contains Leu-31, Ala-

32, His-33, Ala-34, Pro-35, Lys-36, Tyr-37, and Leu-38 (Figure 5.5).  A bulky histidine 
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in Cg10062 replaces glycine at position 33 whereas a rigid proline replaces the glutamine 

found in cis-CaaD.   

 

 

Figure 5.4: Loop containing Thr-32, Thr-34, and Leu-38 for cis-CaaD  
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Figure 5.5: Loop containing Ala-32, Ala-34, and Leu-38 for Cg10062  

Unlike the isomer-specific enzymes CaaD and cis-CaaD, Cg10062 is able to 

convert both the cis- and trans-isomers of 2 into 3. These rates, however, are poor as 

assessed by the kcat/Km values.  For the cis-CaaD activity of Cg10062 it appears that 

binding of the substrate impacts the kcat/Km rate.  The residues responsible for chemistry 

(Pro-1, His-28, Arg-70, Arg-73, Tyr-103, and Glu-114) are all available to dehalogenate 

the substrate. 

Two factors could be responsible for the differences in the Km values.  First, the 

lack of two residues (Thr-32/Thr-34) in the proposed 3-chloro binding region for 

Cg10062 might play a role in substrate binding and specificity.  Without these residues, 

the enzyme might not efficiently bind the cis-isomer of 3-chloroacrylic acid. It is also 

possible that the loop containing Thr-32 and Thr-34 plays a role in substrate specificity of 

cis-CaaD.  The bulky residues that are part of the Cg10062 loop (histidine and proline) in 
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place of the more flexible residues from cis-CaaD (glycine and glutamine) may prevent 

the enzyme from efficiently binding substrate, or may allow Cg10062 to be non-selective 

for both isomers. 

 The core residues responsible for chemistry are aligned in cis-CaaD and Cg10062 

but the key differences appear to be in the loop which two residues proposed to be part of 

the 3-chloro binding pocket.  These residues may be responsible for the higher Km and 

lack of isomer specificity fin Cg10062.  Cg10062 may be a few key mutations away from 

being a more specific and efficient cis-CaaD. In view of the similarities between the 

active sites of Cg10062 and cis-CaaD, several residues in Cg10062 were examined in 

order to discern whether the counterpart in cis-CaaD enhanced its cis-isomer specific 

activity. 

 Accordingly, mutants of Cg10062 were constructed that replaced the selected 

residues with those found in cis-CaaD. First, the roles of the two alanines at position 32 

and 34 were investigated.  Three mutants were constructed (A32T Cg10062, A34T 

Cg10062 and A32T/A34T Cg10062) and assayed for cis-CaaD activity.  Secondly, the 

proposed eight amino acid loop was investigated.  The residues in Cg10062 in this loop 

were mutated those found in cis-CaaD and the resulting construct was assayed for 

activity. None of the mutants provided a significant increase in activity.   

 Because the above mutants did not yield a more efficient cis-CaaD, we would 

need to generate a library of mutants and test those for increased activity.  Because this 

experiment would generate a large library, a bacterial in-vivo selection to test for 

increased dehalogenase activity is desirable. A bacterial selection was therefore 

constructed that allows for the selecting of more efficient dehalogenases based on growth 
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of an E. coli strain in minimal media.  This strain of E. coli, E. coli SELECT, is unable to 

grow in minimal media without the supplementation of either sodium acetate or 

acetaldehyde [73].  A plasmid was constructed that could express FG41 MSAD1 and a 

second gene, in this case Cg10062 or cis-CaaD.  When grown in minimal media 

supplemented with cis-2, it would be converted to 3 by the dehalogenase, which would 

then be converted to acetaldehyde (4), and allow for cellular growth.  By varying the 

concentration of 3, mutants of Cg10062 that are more efficient, in this case, would be 

expected to grow at a faster rate.  As a proof of concept, a non-viable cis-CaaD mutant 

was constructed and degenerate primers were utilized to recover the wild-type enzyme.  

Using this bacterial selection system sets the stage for a library to be constructed in order 

to find a more efficient Cg10062 cis-isomer specific dehalogenase. 

 

5.2 Materials and Methods 

Materials 

 Chemicals, biochemicals, buffers, solvents, components of Luria-Bertani (LB) 

medium, as well as the enzymes and reagents used in the molecular biology procedures 

are reported elsewhere [2, 11]. The QuikChange mutagenesis kit was obtained from 

Stratagene (La Jolla, CA). Taq DNA polymerase, the T4 DNA ligation kit and the 

restriction enzymes were obtained from New England Biolabs (Ipswich, MA). 

Deoxyribonuclease (DNase) and ribonuclease (RNase) were purchased from F. 

Hoffmann-La Roche, Ltd. (Basel, Switzerland).  The TSKgel DEAE-5PW and TSKgel 

                                                
1 FG41 MSAD is a homologue of MSAD that was cloned from Coryneform bacterium 
strain FG41, the same bacterial cell line containing the cis-CaaD gene.  The 
decarboxylase activity of FG41 MSAD is comparable with that of MSAD. 
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Phenyl-5PW columns were purchased from Tosoh Bioscience LLC (Montgomeryville, 

PA).  The DEAE-Sepharose and Phenyl-Sepharose 6 Fast Flow resins used in the gravity 

flow columns were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO).  The 

Econo-Column® chromatography columns (1 × 10 cm) and the Freeze ‘N Squeeze spin 

columns were obtained from BioRad (Hercules, CA). The Amicon concentrator and the 

YM3 and YM10 ultrafiltration membranes were obtained from Millipore Corp. (Billerica, 

MA). Prepacked PD-10 Sephadex G-25 columns were obtained from Biosciences AB 

(Uppsala, Sweden). Oligonucleotides for DNA amplification and sequencing were 

synthesized by Genosys (The Woodlands, TX), Integrated DNA Technologies 

(Coralville, Ia) or Invitrogen (Carlsbad, Ca). E. coli SELECT, cells which require the 

addition of sodium acetate as a carbon source for growth, were a gift from Dr. Chi-Huey 

Wong at The Scripps Research Institute (La Jolla, Ca.). 

 

Bacterial Strains, Plasmids, and Growth Conditions 

 The genes for cis-CaaD, Cg10062, MSAD and FG41 MSAD were previously 

cloned into the T7 expression system pET3b vector [2, 3, 71] . E. coli cells were grown at 

either 30 °C (for protein expression) or 37 °C (for plasmid preparation or growth in 

minimal media) in LB medium supplemented with ampicillin (Ap 75 µg/mL), as 

indicated. 

 

General Methods 

 General procedures for cloning and DNA manipulation were performed as 

described previously [59]. The PCR was carried out in a Perkin-Elmer model 480 DNA 
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thermocycler obtained from Perkin-Elmer Inc. (Wellesley, MA). DNA sequencing was 

performed by the DNA Core Facility of the Institute for Cellular and Molecular Biology 

at The University of Texas. The procedures for protein analysis using sodium dodecyl 

sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) on 15% gels [24] and protein 

quantification are reported elsewhere [25].  Kinetic data were obtained on a Hewlett-

Packard 8452A diode array spectrophotometer or an Agilent 8453 UV−visible 

spectrophotometer. The kinetic data were fitted by nonlinear regression data analysis 

using Grafit (Erithacus Software Ltd., Horley, U.K.) obtained from Sigma Chemical Co.  

 

Polymerase Chain Reaction 

 Polymerase Chain Reaction for Construction of Expression Vectors. The 

amplification reaction mixtures (100 µL) contained the standard Taq amplification buffer, 

200 µM of each dNTP, 100 ng of each primer, 25-50 ng of template DNA, and 2 units of 

TaqDNA polymerase. The cycling parameters were 94 °C for 10 min followed by 35 

cycles of  94 °C for 60 s, 58 °C for 60 s, and 72 °C for 3 min, with a final elongation step 

of 72 °C for 10 min. The reaction mixtures were subjected to electrophoresis in 0.8% 

agarose gels, and PCR products were stained with ethidium bromide. 

 Polymerase Chain Reaction for Construction of Mutants. Two procedures were 

used in the construction of mutants, the QuikChange mutagenesis kit and overlap PCR. In 

the QuikChange procedure, the amplification reaction mixtures (50 µL) contained the 

10X QuikChange buffer, 200 µM of each dNTP, 100 ng of each primer, 25-50 ng of 

template DNA, and 2 units of PfuUltra high-fidelity polymerase according to the 

manufacture’s protocol. The cycling parameters were 95 °C for 10 min followed by 15 
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cycles of 95 °C for 30 s, 55 °C for 60 s, and 68 °C for 5.5 min, with a final elongation 

step of 68 °C for 10 min. Alternatively, a second reaction was utilized using Phusion 

High-Fidelity DNA Polymerase (1 unit), 5X HF buffer, 200 µM of each dNTP, 125 ng of 

each primer and 25-50 ng of template DNA. The cycling parameters were 95 °C for 10 

min followed by 15 cycles of 95 °C for 30 s, 55 °C for 60 s, and 68 °C for 5.5 min, with a 

final elongation step of 68 °C for 10 min. 

 Polymerase Chain Reaction for Screening of Gene Encoding cis-CaaD. The 

amplification reaction mixtures (100 µL) contained the standard Taq amplification buffer, 

200 µM of each dNTP, 100 ng of each primer, 25-50 ng of template DNA, and 2 units of 

TaqDNA polymerase. The forward primer was 5'-ATGCCGGTTTATATGGTTTA-3’ 

and the reverse primer used was 5’-CTAGGTGCGAGAGACGTCCACGT-3’, these 

primers correlate with the 5’- and -3’ ends of the cis-CaaD gene, respectively.   The 

cycling parameters were 94 °C for 10 min followed by 15 cycles of  94 °C for 60 s, 58 °C 

for 60 s, and 72 °C for 3 min, with a final elongation step of 72 °C for 10 min. The 

reaction mixtures were subjected to electrophoresis in 0.8% agarose gels, and PCR 

products were stained with ethidium bromide. 

 

Restriction Digestion, Ethanol Precipitation and Ligation of DNA 

 Plasmid or PCR product was digested with appropriate restriction endonucleases 

at a concentration of 60U (3 µL of a 20 U/µL stock) along with their corresponding 

enzymatic buffer and brought to a final volume of 100 µL with sterile water. The total 

amount of DNA used was between 1-3 µg.  The reaction was performed at 37°C for 4-8 

h. The samples were then run on a 0.8% agarose gel that was premixed with ethidium 
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bromide.  Bands corresponding to the DNA of interest were excised and the DNA was 

removed from the agarose gel utilizing a Freeze ‘N Squeeze spin column, per the 

manufacture’s direction.   

 Purified DNA was concentrated using the ethanol precipitation procedure [59]. 

DNA (100 µL) was mixed with 50 µL of 3M sodium acetate buffer (pH 7.0) and 350 µL 

of 100% chilled ethanol.  After a 30 min incubation period on ice, the samples were 

centrifuged at 16,000 X g for 30 min and the supernatant was removed.  After the  

addition of 1 mL of 70% ethanol, the sample was once again centrifuged at 16,000 X g 

for 15 min and the supernatant was decanted.  The sample was then placed in a 37°C 

oven for 15-30 min to remove traces of ethanol.  Finally, the DNA was resuspended in 

sterile water (10 µL if used for transformation, 20 µL if used for ligation mixtures).   

 Procedures for ligation were done as per the manufacturer’s instruction.  To a 

final volume of 20 µL, 50 ng of digested vector was mixed with 50 ng of insert DNA 

(about a 1:3 molar ration of vector to insert), followed by the addition of 2 µL of 10X 

DNA Ligase Reaction Buffer and T4 DNA ligase (1 µL from a 400 U/µL stock).  The 

sample was allowed to react for 20 min in a 25°C water bath.  The sample was then 

concentrated using the ethanol precipitation procedure for use in transformation 

reactions. 

 

Transformation 

 E. coli BL21-Gold(DE3) and E. coli SELECT Chemical Competent cells. In a 1.7 

mL microcentrifuge tube, 125 µL of 100 mM CaCl2, 120 µL of water, 5 µL of competent 

cells and 50 ng of DNA were mixed.  After a 15 min incubation period on ice, the sample 
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was heat shocked for 20 s at 42°C in a water bath. After incubating for 2 min on ice, 250 

µL of warm SOC media was added and the sample was incubated for 1 h at 37°C.  The 

cell pellet was collected via centrifugation and resuspended in 100 µL SOC media, then 

plated on LB with appropriate antibiotic to be incubated overnight at 37°C.   

 E. coli DH5α and E. coli SELECT Electrocomptetent cells.  Into a Gene Pulser  

cuvette, 40 µL of competent cells were mixed with 50-100 ng of plasmid DNA and 

incubated on ice for 5 min.  The cuvette was then loaded onto a MicroPulser 

Electroporator Apparatus (BioRad) and an electric field was applied at 2.5kV.  The 

sample was then added to 1 mL warm SOC media and incubated for 1 h at 37°C. Cells 

were pelleted, resuspended in 100 µL SOC media and then plated on LB with appropriate 

antibiotic to be incubated overnight at 37°C. 

  

Construction of the Cg10062 Mutants and Expression and Purification of Wild-

Type and Mutant Proteins 

 Production and Purification of Cg10062.  Wild-type Cg10062 was produced  

constitutively in E. coli BL21-Gold(DE3) competent cells using a pET3b vector.  

Typically, in this protocol, cells from 1 L of culture were suspended in ~8 mL of 10 mM 

Na2HPO4 buffer, pH 8.0, (Buffer A), sonicated and centrifuged.  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 (25 mL) and then the protein was eluted by gravity flow using a linear 

Na2SO4 gradient (0-0.5 M Na2SO4 in Buffer A, 100 mL).  The flow rate was estimated to 

be ~1 mL/min. Fractions (~1.5 mL) were collected and Cg10062 was identified by SDS-
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PAGE [20]  and the colorimetric assay using cis-2 [23].  Typically, Cg10062 elutes from 

22-31 min after being loaded onto the column.  The appropriate fractions were pooled, 

concentrated to ~1 mL, and made 1.6 M in (NH4)2SO4 by the slow addition of a 1 mL 

aliquot of 10 mM Na2HPO4 buffer, pH 8.0, containing 3.2 M (NH4)2SO4.  After stirring 

for 1 hr, the precipitate was removed by centrifugation (15 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 (25 mL) and then the 

protein was eluted by gravity flow using a decreasing linear (NH4)2SO4 gradient [1.6-0 M 

(NH4)2SO4 in Buffer A, 100 mL].  The flow rate was estimated to be ~1 mL/min.  

Fractions (~1.5 mL) were collected and analyzed as described above.  Typically, 

Cg10062 elutes from 36-42 min after being loaded onto the column.  The purified protein 

was concentrated to ~20 mg/mL, filtered through a 0.2 µm-pore diameter filter, and 

stored at 4 °C.  A typical yield is ~100 mg of protein purified to homogeneity per liter of 

culture. 

 Construction of the Cg10062 Mutants.  The mutants of Cg10062 (A32T, A34T, 

A32T/A34T, A32T/H33G/A34T/P35Q/L36H/Y37F) were generated using the coding 

sequence for Cg10062 in plasmid pET3b(cg10062), or pET3b(cg10062 A32T/A34T) for 

the A32T/H33G/A34T/P35Q/L36H/Y37F mutant, as the template in the QuikChange 

mutagenesis kit and the indicated set of primers following the manufacturer’s 

instructions.  For the A32T mutant, the forward primer was 5'-  

GCCCACCATGAATTAACGCATGCTCCCAAGTATTTGGTGCAGG -3', and the 

reverse primer was 5'- 
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CCTGCACCAAATACTTGGGAGCATGCGTTAATTCATGGTGGGC-3'.  For the 

A34T mutant, the forward primer was 5'-

CCATGAATTAGCGCATACTCCCAAGTATTTGGTGCAGG-3', and the reverse 

primer was 5'- CCTGCACCAAATACTTGGGAGTATGCGCTAATTCATGG-3'.  For 

the A32T/A34T mutant, the forward primer was 5'-

CCCACCATGAATTAACGCATACTCCCAAGTATTTGGTGCAGG-3', and  

the reverse primer was 5'- 

CCTGCACCAAATACTTGGGAGTATGCGTTAATTCATGGTGGG-3'.  The 

A32T/H33G/A34T/P35Q/L36H/Y37F mutant was constructed in two parts. In the first 

part, the forward primer was 5'-

CCATGAATTAACGGGTACTCAAAAGTATTTGGTGC-3', and the reverse primer 

was 5'- GCACCAAATACTTTTGAGTACCCGTTAATTCATGG 

-3'. For the second part the the forward primer was 5'- 

CGGGTACTCAACACTTTTTGGTGCAGGTGATTTTC-3', and the reverse primer was 

5'- GAAAATCACCTGCACCAAAAAGTGTTGAGTACCCG-3'.  In each set of 

primers, the mutation is underlined and the remaining bases correspond to the coding 

sequence (forward primer) or the complementary sequence (reverse primer). After the 

PCR, digestion utilizing Dpn1 was performed for 1-3 h at 37°C, followed by an ethanol 

precipitation. The plasmid was then transformed into E. coli DH5α cells.  Five colonies 

from plate were selected, their plasmid isolated and then sequenced to verify that only the 

intended mutation had been introduced into the mutant genes.   

 Production and Purification of the Cg10062 Mutants.  The mutant proteins were 

overexpressed in E. coli BL21-Gold(DE3) competent cells and purified using the packed 



 130 

column protocol described for the wild-type enzyme.  Typically, elution times for the 

mutants from the columns at 1 mL/min were comparable with those of the wild-type 

enzyme.  The yields of cells from 1L of culture were ~5 g for each mutant.  The yields of 

each mutant protein were comparable to that of the wild type (~50 mg/L culture).  

 

Kinetic Assays 

 All the kinetic assays were performed at 23 °C and in buffers at pH 9.0, unless 

otherwise stated. Previous work has shown that the highest cis-CaaD activity is observed 

at pH  9.0 [2, 13]. In a coupled assay, the dehalogenation of trans-2 by CaaD, cis-2 by 

cis-CaaD, and cis- or trans-2 by Cg10062 was monitored by following the production of 

NADH from NAD+ at 340 nm (ε = 6220 M−1 cm−1). The assay mixtures (total volume of 

1 mL) were created in 20 mM K2HPO4 buffer (pH 9.0) and contained dithiothreitol (0.1 

mM), NAD+ [350 µM, 10 µL of a 26.5 mg/mL stock solution in 100 mM Na2HPO4 buffer 

(pH 9.0)], aldehyde dehydrogenase [0.44 mg, 10 µL of a 44 mg/mL stock solution in 100 

mM Na2HPO4 buffer (pH 9.0)], FG41 MSAD [~0.1 mg, 10 µL of a 9.3 mg/mL stock 

solution in 10 mM Na2HPO4 buffer (pH 8.0)], cis- or trans-2 [10−150 mM from a 1 M 

stock solution made up in 100 mM Na2HPO4 buffer (pH 9.0)], and CaaD (30 nM), cis-

CaaD (39 nM), or Cg10062 (0.27 µM using trans-2 and 0.07 µM using cis-2). The assays 

were initiated by the addition of cis- or trans-2 and followed for 5 min. 

 

Dehalogenase Screening Activity. The activity was screened by following the decrease in 

absorbance at 224 nm (corresponding to a decrease in cis-3-chloroacrylic acid).  The 

assay mixture (total volume 1 mL) contained 20 mM Na2HPO4 pH 9.0  buffer and 10 µL 
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of cells from an overnight culture.  The assay was initiated by the addition of 200 µL of a 

50 mM stock of cis-3-chloroacrylic acid made up in 50 mM Na2HPO4 pH 9.0 buffer.   

 

Decarboxylation of Malonate Semialdehyde. In a coupled assay, the decarboxylation of 

malonate semialdehyde was monitored by following the production of NAD+ from 

NADH at 340 nm (ε = 6220 M−1 cm−1). The assay mixtures (total volume of 1 mL) were 

assayed in 20 mM K2HPO4 buffer (pH 9.0) and contained dithiothreitol (0.1 mM), 

NADH [5 µL of a 44 mg/mL stock solution in 100 mM Na2HPO4 buffer (pH 9.0)], 

alcohol dehydrogenase  [10 µL of a 30 mg/mL stock solution in 100 mM Na2HPO4 buffer 

(pH 9.0)] and cis-3-chloroacrylic acid [10 µL from a 100 mM stock solution made up in 

100 mM Na2HPO4 buffer (pH 9.0)]. Malonate semialdehyde was generated by the 

addition of 10 µL of a 13 mg/mL stock of cis-CaaD. When the reaction was complete (5 

min), an aliquot of enzyme (FG41 MSAD, its mutants, MSAD or MSAD R73Q) was 

added [~0.1 mg, 10 µL of a 10 mg/mL stock solution in 10 mM Na2HPO4 buffer (pH 

8.0)].  The rate was monitored over a period of 60 s by following the decrease in 

absorbance at 340 nm. 

 

Construction of Bacterial Selection Vectors 

 Construction of the pET24a(ciscaad/fg41msad gs) Vector.  The 

pET24a(ciscaad/fg41msad gs) vector was constructed in three parts. In the first part, a 

vector was constructed using the coding sequence for cis-CaaD in plasmid 

pET3b(ciscaad).  This newly constructed vector [pET3b(ciscaad gs)] contained two extra 

stop codons at the 3’ end and also had the 3’ BamHI restriction site downstream to 
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accommodate the addition of the two extra stop codons. pET3b(ciscaad gs) was 

constructed in two steps. In the first step, which added the first of the two stop codons, 

the forward primer was 5’- GTCTCTCGCACCTAATAATGCGGCTGCTAACAAAGC-

3’ and reverse primer was 5’- 

GCTTTGTTAGCAGCCGCATTATTAGGTGCGAGAGAC-3’.  The second step, which 

added the third stop codon and moved the BamH1 site, utilized the forward primer 5’- 

CGCACCTAATAATGAGGATCCTAACAAAGCCCG-3’ and reverse primer 5’- 

CGGGCTTTGTTAGGATCCTCATTATTAGGTGCG-3’.   

 The second part involved the construction of modified pET3b(fg41msad) vector 

that placed a BamHI restriction site immediately upstream of the ribosome binding site, 

removed the 5’-NdeI restriction site and modified the 3’ BamHI restriction site to a EcoRI 

restriction site.  This modified vector was constructed in three steps.  The first step added 

the BamHI site using the forward vector 5’- 

CTAGAAATAATTTTGTTTAAGGATCCGAAGGAGATATACATATGCC-3’ and  the 

reverse vector 5’- 

GGCATATGTATATCTCCTTCGGATCCTTAAACAAAATTATTTCTAG-3’.  The 

second step deleted the NdeI site using the forward vector 5’- 

CCGAAGGAGATATACTTATGCCTCTCATCCGCATCG-3’ and reverse vector 5’- 

CGATGCGGATGAGAGGCATAAGTATATCTCCTTCGG-3’.  The final step modified 

the 3’ BamHI site into an EcoRI site using the forward vector 5’- 

CCGGAGCAGCCTGAGAATTCGGCTGCTAACAAAGCCC-3’ and reverse vector 5’- 

GGGCTTTGTTAGCAGCCGAATTCTCAGGCTGCTCCGG-3. In each set of primers, 

the mutation is underlined and the remaining bases correspond to the coding sequence 
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(forward primer) or the complementary sequence (reverse primer).  Amplification 

mixtures contained the appropriate synthetic primers, deoxynucleotide triphosphates, 

plasmid DNA, and PCR reagents supplied in the QuikChange mutagenesis kit. The 

resulting PCR product was digested with the Dpn1 restriction enzyme, ethanol 

precipitated and then transformed into competent E. coli BL21-Gold(DE3) cells. 

Transformants were selected at 37 °C on LB/Ap plates. Plasmid DNA was isolated from 

several randomly selected colonies and sequenced to verify that no other mutations had 

been introduced during the amplification of the genes.   The newly constructed vector 

was designated pET3b(fg41msad gs) 

 In the final part, the two newly constructed vectors [pET3b(ciscaad gs)  and 

pET3b(fg41msad gs) ] were then introduced, stepwise, into pET24a. pET3b(ciscaad gs), 

along with pET24a in a separate reaction, was digested with NdeI and BamHI and, after 

completion of the reaction, run on a 0.8% agarose gel.  An insert corresponding to the 

gene for cis-CaaD at about 500 bp and an insert corresponding to digested pET24a was 

excised from gel and the DNA was extracted and concentrated to a final volume of 20 µL 

using water.  The vector and insert were ligated using T4 DNA ligase and, following a 

ethanol precipitation cleanup of the DNA to remove excess salt, the vector was 

transformed into E. coli-Gold(DE3) competent cells and plated onto LB plates with the 

antibiotic kanamycin (Kn).  Five colonies were selected, grown in LB/Kn, and the 

plasmid DNA isolated and sequenced to verify that no other mutations had been 

introduced during the amplification of the genes.  The newly constructed vector was 

annotated pET24a(ciscaad gs).  The gene for FG41 MSAD was similarly cloned into 
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pET24a(ciscaad gs) using BamHI and EcoR1 as the restriction enzymes.  The completed 

vector was annotated pET24a(ciscaad/fg41msad gs)2,3. 

 

Construction of the pETDuet(ciscaad/fg41msad) Vector. The 

pETDuet(ciscaad/fg41msad) vector was constructed in two parts. First, the 3’BamHI 

restriction site on pET3b(fg41msad) was modified to an XhoI site.  Primers used for this 

construct were 5’- GCAGCCTGAGGCTCGAGCTGCTAAC-3’ (forward) and 5’- 

GTTAGCAGCTCGAGCCTCAGGCTGC-3’ (reverse). In each set of primers, the 

mutation is underlined and the remaining bases correspond to the coding sequence 

(forward primer) or the complementary sequence (reverse primer). Amplification 

mixtures contained the appropriate synthetic primers, deoxynucleotide triphosphates, 

genomic DNA, and PCR reagents supplied in the QuikChange mutagenesis kit. The 

resulting PCR product was digested with the Dpn1 restriction enzyme, purified, and 

transformed into competent E. coli BL21-Gold(DE3) cells. Transformants were selected 

at 37 °C on LB/ampicillin plates. Plasmid DNA was isolated from several randomly 

selected colonies and sequenced to verify that no other mutations had been introduced 

during the amplification of the gene.  Digestion of this vector with Nde1 and XhoI 

revealed overhangs that could be ligated into the pre-digested pET-Duet1 vector using T4 

DNA ligase.  The vector was then transformed into E. coli-Gold(DE3) competent cells 

and plated onto LB/ Ampicillin plates.  Four colonies were selected and the plasmid 

                                                
2 Different constructs were made that varied the distance between the FG41 MSAD gene 
and the ribosome binding site.  None of these vectors expressed FG41 MSAD.   
3 Vectors corresponding to the pET24a(fg41msad/ciscaad gs) and  pET24a(ciscaad/msad 
gs) were also constructed, but they did not express FG41 MSAD or MSAD. 
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DNA was sequenced to verify that no other mutations had been introduced during the 

amplification of the genes.  The newly constructed vector was annotated pETDuet(MCS2 

fg41msad).  In the second part, pET24a(ciscaad/fg41msad gs) was digested with XbaI 

and BamHI (the region containing the gene for cis-CaaD) and ligated into the 

pETDuet(MCS2 fg41msad) construct that had also been digested with the same 

restriction enzymes.  Following ligation and transformation into E. coli-Gold(DE3) 

competent cells, five colonies were selected and the plasmid DNA was sequenced to 

verify that no other mutations had been introduced during the amplification of the genes.  

The newly constructed vector was annotated pETDuet(ciscaad/fg41msad). 

 

Construction of the pETDuet(fg41msad/ciscaad)  Vector. The 

pETDuet(fg41msad/ciscaad) vector was constructed in two steps analogous to those used 

for the construction of pETDuet(ciscaad/fg41msad).  Primers used for this construct were 

forward 5’- ATACATATGCCGGTTTATATGGTTTAC-3’ and reverse 5’-

GCAGCCCTCGAGCTAGGTGCGAGAGACGTCCACGT-3’. In each set of primers, 

the mutation is underlined and the remaining bases correspond to the coding sequence 

(forward primer) or the complementary sequence (reverse primer).  Amplification 

mixtures contained the appropriate synthetic primers, deoxynucleotide triphosphates, 

pET3b(ciscaad), and PCR reagents supplied in the Taq DNA Polymerase kit.  The 

resulting PCR product was run on a 0.8% agarose gel stained with ethidium bromide to 

verify amplification of DNA.   DNA was digested with NdeI and then precipitated.  

Following ligation into the pre-digested pETDuet1 and then transformation into E. coli 

BL21-Gold(DE3) competent cells, five colonies were selected and the plasmid DNA was 
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sequenced to verify that no other mutations had been introduced during the amplification 

of the genes.  The newly constructed vector was annotated pETDuet(MCS2 ciscaad). 

Digestion of pET3b(fg41msad) and pETDuet(MCS2 ciscaad) by XbaI  and BamHI was 

followed by ligation and transformation into E. coli BL21-Gold(DE3). Five colonies 

were selected and the plasmid DNA was sequenced to verify that no other mutations had 

been introduced during the amplification of the genes.  The newly constructed vector was 

annotated pETDuet(fg41msad/ciscaad)4. 

 

Construction of the pET3b(fg41msad/ciscaad) Vector. The pET3b(fg41msad/ciscaad) 

vector was constructed using pETDuet(fg41msad/ciscaad) as a template.  The vector, 

along with pET3b in a separate reaction vessel, was digested with XbaI and XhoI and run 

on a 0.8% agarose gel.  Staining with ethidium bromide revealed bands of about 1000 bp, 

which corresponded to the two genes of interest from pETDuet(fg41msad/ciscaad) and a 

band corresponding to digested pET3b.  Extraction of DNA from the agarose gel was 

followed by concentration of the DNA.  Ligation utilizing T4 DNA ligase following the 

manufacture’s procedures was then performed. The DNA was then concentrated and 

transformed into E. coli DH5α competent cells.  Five colonies were selected and the 

plasmid DNA was sequenced to verify that no other mutations had been introduced 

during the amplification of the genes.  The newly constructed vector was annotated 

pET3b(fg41msad/ciscaad). 

 

                                                
4 Vectors corresponding to pETDuet(msad/ciscaad) and pETDuet(ciscaad/msad) were 
also constructed in a similar fashion, but they failed to express MSAD. 
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Construction of the pET3b(fg41msad/cg10062) Vector. The vector was constructed in 

two steps. In the first step, the 5’ NdeI restriction site on pET3b(fg41msad/ciscaad) was 

removed.  The primers used for this process were 5’-GAAGGAGATATGATATGCCTC-

3’ (forward) and 5’- GAGGCATATCATATCTCCTTC-3’ (reverse). In the second step, a 

3’ BamHI site was modified to a XhoI site on pET3b(cg10062).  The forward primer used 

was 5’- ATACATATGCCTACTTATACTTGT-3’ and the reverse primer used was 5’- 

CATCTCGAGCTATTCTGACGATCC-3’.  In each set of primers, the mutation is 

underlined and the remaining bases correspond to the coding sequence (forward primer) 

or the complementary sequence (reverse primer).  Following PCR, both products were 

digested with NdeI and XhoI, the bands corresponding to the DNA of interest was excised 

and extracted from a 0.8% agarose gel, ethanol precipitated and then ligated together.  

The ligation product was then transformed into E. coli DH5α competent cells. Two 

colonies were selected and the plasmid DNA was sequenced to verify that no other 

mutations had been introduced during the amplification of the genes.  The newly 

constructed vector was annotated pET3b(fg41msad/cg10062).    

 

Construction of the pET3b(fg41msad/P1A ciscaad) Vector. This vector was constructed 

using 5’-GATATACATATGGCGGTTTATATGG-3’ as the forward primer and 5’-

CCATATAAACCGCCATATGTATATC-3’ as the reverse primer, along with 

pET3b(fg41msad/ciscaad) as the template for PCR.  In each set of primers, the mutation 

is underlined and the remaining bases correspond to the coding sequence (forward 

primer) or the complementary sequence (reverse primer).  Following PCR, digestion, 

utilizing Dpn1, was performed for 3 h at 37°C, followed by an ethanol precipitation. The 
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plasmid was then transformed into E. coli DH5α competent cells.  DNA sequencing of 

purified plasmid verified that only the intended mutation had been introduced into the 

mutant genes.   

 

Construction of the pET3b(fg41msad/A1X ciscaad) Library Vector.   The library was 

constructed using pET3b(fg41msad/P1A ciscaad) as the template DNA.  Primers 

contained a degenerate sequence corresponding to the first position on the protein, which 

was mutated previously to an alanine.  All 64 possible codons are incorporated into this 

position.  The forward primer used was 5’-GATATACATATGNNNGTTTATATGG-3’ 

and the reverse primer was 5’-CCATATAAACNNNCATATGTATATC-3’.  The 

degenerate sequence is shown in bold.  Following PCR, digestion, utilizing Dpn1, was 

performed for 3 h at 37°C, followed by an ethanol precipitation. The plasmid was then 

transformed into E. coli SELECT competent cells.  Six colonies were selected and grown 

overnight at 37°C and the plasmid DNA was sequenced verified that multiple mutations 

were incorporated into the position studied. 

  

M9 Minimal Media 

General recipe. One liter of M9 minimal media contains 1 mL of 1 M MgSO4, 5.5 mL of 

2 M glucose and 0.27 mL of 0.1 M CaCl2-H2O in 200 mL 5X salt mix (6 g Na2HPO4, 3 g 

KH2PO4, 1 g NH4Cl and 0.5 g NaCl brought up to 200 mL with water) and 793 mL water 

that has previously been autoclave-sterilized and cooled.   

 

 



 139 

Growth of E. coli SELECT Competent Cells in M9 Minimal Media.  

pET24a and pETDuet Vectors. Following transformation of plasmid DNA, the competent 

cells are placed in 1 mL SOC media that has been supplemented with sodium acetate (6 

µL of a 1 M stock solution) and incubated for 2 h at 37°C.  Cells are then centrifuged and 

all but 100 µL of the supernatant is decanted.  The cells are then resuspended and 

transferred into sterile 10 mL of Luria-Broth that has been supplemented with ampicillin 

(7.5 µL of a 100 mg/mL stock) or kanamycin (10 µL of a 10 mg/mL stock), Isopropyl β-

D-1-thiogalactopyranoside (IPTG, 10 µL of a 10 mM stock) and sodium acetate (60 µL 

of a 1 M stock).  Cells are then grown 16 h at 37°C or 30°C in an incubator. Cells (2 mL) 

are then pelleted in a centrifuge and washed 4X with fresh M9 minimal media.  The cells 

are then transferred to 10 mL of fresh M9 minimal media that has been supplemented 

appropriate antibiotic (7.5 µL from a 100 mg/mL stock of ampicillin or 10 µL of a 10 

mg/mL stock of kanamycin), IPTG (10 µL of a 10 mM stock) and, if appropriate, sodium 

acetate (60 µL of a 1 M stock solution), cis-3-chloroacrylic acid (60 µL of a 1 M stock 

solution) or trans-3-chloroacrylic acid (60 µL of a 1 M stock solution). The absorbance 

of the cells in the M9 minimal media was between 0.01 and 0.1 at 600 nm. The final pH 

for all growth conditions were between 7.2 and 7.5. Cells were then allowed to grow at 

37°C for 1-7 days. 

pET3b Vectors. Following transformation of pET3b vectors, the cell are placed in 1 mL 

SOC media that has been supplemented with sodium acetate (6 µL of a 1 M stock 

solution) and incubated for 2 h at 37°C.  Cells are then centrifuged and all but 100 µL of 

the supernatant is decanted.  The cells are then resuspended and plated onto LB-agar 

plates that have been supplemented with ampicillin and incubated at 37°C overnight.  
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The following day, 1 colony is selected and inoculated into 10 mL of Luria-Broth that 

had been supplemented with ampicillin (7.5 µL of a 100 mg/mL stock), isopropyl β-D-1-

thiogalactopyranoside (IPTG, 10 µL of a 10 mM stock), and sodium acetate (60 µL of a 1 

M stock).  Cells are then grown 16 h at 30°C in an incubator. Cells (10 µL) are then 

transferred to 10 mL of fresh M9 minimal media that has been supplemented with the 

appropriate antibiotic (7.5 µL from a 100 mg/mL stock of ampicillin), IPTG (10 µL of a 

10 mM stock) and, if appropriate, sodium acetate (60 µL of a 1 M stock solution), cis-3-

chloroacrylic acid (60 µL of a 1 M stock solution) or trans-3-chloroacrylic acid (60 µL of 

a 1 M stock solution). The absorbance of the cells in the M9 minimal media was between 

0.01 and 0.1 at 600 nm. The final pH for all growth conditions were between 7.2 and 7.5. 

Cells were then allowed to grow at 37°C for 1-7 days. 

 

Competition Growth Experiments 

pET3b(fg41msad/A1X ciscaad) Competition Growth Experiment. E. coli SELECT cells 

were transformed utilizing three pET3b(fg41msad/A1X ciscaad) library vector plasmids 

(corresponding to a cis-CaaD construct with Pro-1, Ala-1 and Gly-1) and plated onto 

separate LB/ampicillin plates.  Following overnight incubation at 37°C, one colony per 

plate was chosen and grown in LB/ampicillin liquid media supplemented with IPTG (10 

µL of a 10 mM stock) and sodium acetate (60 µL of a 1 M stock).  Following overnight 

incubation at 30°C, 10 µL from each tube was transferred into M9 minimal media 

supplemented with ampicillin (7.5 µL from a 100 mg/mL stock), IPTG (10 µL of a 10 

mM stock) and either sodium acetate (60 µL of a 1 M stock), cis-3-chloroacrylic acid (20 

µL of a 1 M stock) or trans-3-chloroacrylic acid (20 µL of a 1 M stock), and grown for 7 
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days at 37°C.   

pET3b(fg41msad/ciscaad) and pET3b(fg41msad/cg10062) Competetition Growth 

Experiment. pET3b(fg41msad/ciscaad) and pET3b(fg41msad/cg10062) were transformed 

into E. coli SELECT cells and plated onto separate LB/ampicillin plates.  Following 

overnight incubation at 37°C, 1 colony per plate was chosen and grown in LB/ 

Ampicillin liquid media supplemented with IPTG (10 µL of a 10 mM stock) and sodium 

acetate (60 uL of a 1 M stock).  Following overnight incubation at 30°C, 10 µL from each 

tube was transferred into M9 minimal media supplemented with ampicillin (7.5 µL from 

a 100 mg/mL stock), IPTG (10 µL of a 10 mM stock) and either sodium acetate (60 µL 

of a 1 M stock), cis-3-chloroacrylic acid (20 µL of a 1 M stock) or trans-3-chloroacrylic 

acid (20 µL of a 1 M stock) and grown for 7 days at 37°C.   

 

5.3 Results 

Expression and Purification of Cg10062 and its mutants 

 The cg10062 gene was amplified from genomic DNA of C. glutamicum and fused 

into the start codon of expression vector pET3b, resulting in the pET3b(cg10062) 

construct. The cg10062 gene in pET3b(cg10062) is under the control of a T7 promoter, 

and the enzyme was produced constitutively in a soluble and active form in E. coli BL21-

Gold(DE3). The cell lysate was processed and passed through hand-packed disposable 

columns. Typically, a yield of  ~50 mg of homogeneous protein per liter of culture was 

obtained. The mutants of Cg10062 (A32T, A34T, A32T/A34T, 

A32T/H33G/A34T/P35Q/L36H/Y37F) all purified with comparable yields.   
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Dehalogenation of cis-3-Chloroacrylic Acid by Cg10062 and its Mutants 

 The low cis-CaaD activity of Cg10062 precluded the use of a previously 

described assay, which follows the decrease in substrate absorbance at 224 nm [2]. The 

absorbance of the large amount of substrate and protein required to produce a detectable 

reaction rate does not permit accurate measurements at 224 nm. Hence, a coupled assay 

was developed that follows the formation of NADH from NAD+. In this assay, 

dehalogenation of cis-3-chloroacrylic acid produces malonate semialdehyde, which is 

decarboxylated by FG41 MSAD to afford acetaldehyde. The large excess of aldehyde 

dehydrogenase converts acetaldehyde to acetate, and the oxidation of acetaldehyde is 

coupled to the reduction of NAD+.  Using the coupled assay, the dehalogenase activity 

for Cg10062 and its mutants with cis-3-chloroarylic acid was determined (Table 5.2). 
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Table 5.2 
   Kinetic Parameters for the Cg10062-Catalyzed Dehalogenation of cis-3-Chloroacrylic 
Acid 
 

 

 

1The kinetics parameters for the A32T mutant of Cg10062 were not determined. Instead, a 
survey to determine if dehalogenase activity had increased was carried out by incubating the 
enzyme (1 µM by subunit mass) with 200 µL of a 50 mM stock of cis-3-chloroacrylic acid 
in 1 mL of 20 mM Na2HPO4 buffer pH 9.0 and monitored at 224 nm over a period of 8 h. 
No change in absorbance was detected, which would indicate the Km of this mutant did not 
improve to warrant further study. 
 

Expression of Bacterial Selection Vectors 

 pET3b(ciscaad) and pET3b(fg41msad). An experiment was carried out to 

determine if the plasmids encoding one of the two genes under study enabled growth of 

E. coli SELECT.  The plasmids were transformed into E. coli SELECT cells and plated 

onto LB/ampicillin plates.  After overnight incubation at 37°C, a colony was selected and 
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grown overnight at 30°C in 10 mL of liquid growth media supplemented with ampicillin 

(7.5 µL from a 100 mg/mL stock), IPTG (10 µL of a 10 mM stock) and sodium acetate 

(60 µL of a 1 M stock). The following day, 1 mL of each was centrifuged and the 

supernatant was decanted. The pellets were resuspended in 10 mM Na2HPO4 buffer pH 

8.0, and assayed for cis-CaaD or MSAD activity. Both activities were detected.  When 10 

µL of overnight cells were transferred into M9 minimal media, media containing sodium 

acetate displayed growth after 1 day. After 2 days, cells transformed with 

pET3b(ciscaad) and grown in M9 minimal media containing 6 mM of cis-3-chloroacrylic 

acid showed slight growth [OD600 ~ 0.02 vs. OD600 ~ 0.7 for pET3b(fg41msad/ciscaad)]. 

No growth was detected for cells transformed with pET3b(fg41msad) after 7 days. 

 

pET24a(ciscaad/fg41nsad_gs) Vector. Following sequencing of the vector to verify no 

mutations had been incorporated, the newly constructed vector was transformed into E. 

coli SELECT cells and plated onto LB/Kanamycin plates.  After overnight incubation at 

37°C, a colony was selected and grown overnight at 37°C in 10 mL of liquid growth 

media supplemented with kanamycin (7.5 µL from a 10 mg/mL stock), IPTG (10 µL of a 

10 mM stock) and sodium acetate (60 µL of a 1 M stock). The following day, 1 mL of 

culture was centrifuged and the supernatant was decanted. The pellet was resuspended in 

10 mM Na2HPO4 buffer pH 8.0, and assayed for both cis-CaaD and MSAD activity.  No 

MSAD activity was detected for this construct, although cis-CaaD activity was detected. 

Similar results were noted for the various constructs of pET24a, the 

pETDuet(ciscaad/fg41msad) vector and the pETDuet(fg41msad/ciscaad)  vector.  When 

transferred into M9 minimal media, only media supplemented with sodium acetate 
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displayed growth after 7 days. 

 

pET3b(fg41msad/ciscaad) Vector. Following the sequencing of the vector to verify that 

no mutations had been incorporated, the newly constructed vector was transformed into 

E. coli SELECT cells and plated onto LB/ampicillin plates.  After overnight incubation at 

37°C, a colony was selected and grown overnight at 30°C in 10 mL of liquid growth 

media supplemented with ampicillin (7.5 µL from a 100 mg/mL stock), IPTG (10 µL of a 

10 mM stock) and sodium acetate (60 µL of a 1 M stock). The following day, 1 mL of 

culture was centrifuged and the supernatant was decanted. The pellet was resuspended in 

10 mM Na2HPO4 buffer pH 8.0, and assayed for both cis-CaaD and MSAD activity.  

Both activities were detected.  Subsequently, 10 µL of the overnight was transferred to 10 

mL M9 minimal media containing either sodium acetate, cis-3-chloroacrylic acid or 

trans-3-chloroacrylic acid (60 µL from a 1 M stock solution for all), and grown for a 

period of 7 days at 37°C.  M9 minimal media supplemented with sodium acetate showed 

growth within a day.  The M9 minimal media supplemented with cis-3-chloroacrylic acid 

showed growth within 2-3 days. No growth was detected in the M9 minimal media 

supplemented with trans-3-chloroacrylic acid after 7 days. 

 

pET3b(fg41msad/ P1A ciscaad) Vector. Following the sequencing of the vector to verify 

that no mutations had been incorporated, the newly constructed vector was transformed 

into E. coli SELECT cells and plated onto LB/ampicillin plates.  After overnight 

incubation at 37°C, a colony was selected and grown overnight at 30°C in 10 mL of 

liquid growth media supplemented with ampicillin (7.5 µL from a 100 mg/mL stock), 
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IPTG (10 µL of a 10 mM stock) and sodium acetate (60 µL of a 1 M stock). The 

following day, 10 µL of the overnight culture was transferred to 10 mL of M9 minimal 

media containing either sodium acetate, cis-3-chloroacrylic acid, or trans-3-chloroacrylic 

acid (60 µL from a 1 M stock solution for all), and grown for a period of 7 days at 37°C.  

M9 minimal media supplemented with sodium acetate showed growth within 24 hours 

whereas the M9 minimal media supplemented with cis-3-chloroacrylic acid took 5 days 

to show growth.  No growth was observed after 7 days of incubation in trans-3-

chloroacrylic acid supplemented media. 

 

pET3b(fg41msad/A1X ciscaad) Library Vector. Out of the six plasmids that were 

sequenced, three had an alanine at position one [pET3b(fg41msad/A1A ciscaad) 

(although 2 had silent mutations)], one had a proline pET3b(fg41msad/A1P ciscaad) at 

position one, one had a glycine pET3b(fg41msad/A1G ciscaad) at position one, and one 

did not sequence correctly.   

 

pET3b(fg41msad/Cg10062) Vector. Following sequencing of the vector to verify that no 

mutations had been incorporated, the newly constructed vector was transformed into E. 

coli SELECT cells and plated onto LB/ampicillin plates.  After overnight incubation at 

37°C, a colony was selected and grown overnight at 30°C in 10 mL of liquid growth 

media supplemented with ampicillin (7.5 µL from a 100 mg/mL stock), IPTG (10 µL of a 

10 mM stock) and sodium acetate (60 µL of a 1 M stock). The following day, 1 mL of 

culture was centrifuged and the supernatant was decanted. The pellet was resuspended in 

10 mM Na2HPO4 buffer pH 8.0, and assayed for both cis-CaaD (using the coupled assay) 
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and MSAD activity.  Both activities were detected.  Following this, 10 µL of the 

overnight culture was transferred to 10 mL of M9 minimal media containing either 

sodium acetate, cis-3-chloroacrylic acid or trans-3-chloroacrylic acid (80 µL from a 1 M 

stock solution for all), and grown for a period of 7 days at 37°C.  M9 minimal media 

supplemented with sodium acetate showed growth within a day.  The M9 minimal media 

supplemented with cis-3-chloroacrylic acid showed growth within 7 days (OD600 ~0.54). 

Slight growth was detected in the M9 minimal media supplemented with trans-3-

chloroacrylic acid after 7 days. 

 

Competition Growth Experiment. E. coli SELECT was transformed utilizing the plasmids 

isolated from the pET3b(fg41msad/A1Xciscaad) library (A1A, A1P and A1G) and plated 

onto LB/ampicillin plates.  Following overnight incubation at 37°C, one colony from 

each plate was inoculated into 10 mL of liquid growth media supplemented with 

ampicillin (7.5 µL from a 100 mg/mL stock), IPTG (10 µL of a 10 mM stock), and 

sodium acetate (60 µL of a 1 M stock), and grown at 30°C for 16 h. The following day, 

10 µL from each of the overnight cultures was transferred to 10 mL of M9 minimal 

media containing either sodium acetate, cis-3-chloroacrylic acid or trans-3-chloroacrylic 

acid (60 µL from a 1 M stock solution for sodium acetate, 20 µL from a 1 M stock 

solution of cis-3-chloroacrylic acid or trans-3-chloroacrylic acid), and grown for a period 

of 7 days at 37°C. M9 minimal media supplemented with sodium acetate and cis-3-

chloroacrylic acid both showed growth within a day and no growth was detected in the 

M9 minimal media supplemented with trans-3-chloroacrylic acid. After 48 h, 10 µL of 

cells in the M9 minimal media containing cis-3-chloroacrylic acid was transferred to 
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SOC media and incubated for 2 h. The cells in the SOC media (100 µL) were then plated 

on an LB/ampicillin plate and grown overnight at 37°C.  Four colonies were selected and 

the plasmid DNA was isolated and sequenced.  All four colonies corresponded to a 

glycine at position one.  

 In a separate experiment E. coli SELECT was transformed utilizing the plasmids 

from the pET3b(fg41msad/ciscaad) and pET3b(fg41msad/cg10062) and plated onto 

LB/ampicillin plates.  Following overnight incubation at 37°C, one colony from each 

plate was inoculated into 10 mL of liquid growth media supplemented with ampicillin 

(7.5 µL from a 100 mg/mL stock), IPTG (10 µL of a 10 mM stock), and sodium acetate 

(60 µL of a 1 M stock), and grown at 30°C for 16 h. The following day, 10 µL from each 

of the overnight cultures was transferred to 10 mL of M9 minimal media containing 

either sodium acetate, cis-3-chloroacrylic acid or trans-3-chloroacrylic acid (60 µL from 

a 1 M stock solution for all), and grown for a period of 3 days at 37C. M9 minimal media 

supplemented with sodium acetate showed growth within a day. The M9 minimal media 

supplemented with cis-3-chloroacrylic acid showed growth within 3 days. No growth was 

detected in the M9 minimal media supplemented with trans-3-chloroacrylic acid.  Cells 

(10 µL) in the M9 minimal media containing cis-3-chloroacrylic acid were transferred to 

1 mL of SOC media and incubated for 2 h. Subsequently, 100 µL of the solution was 

resuspended and plated on an LB/ampicillin plate and grown overnight at 37°C.  Four 

colonies were selected and the plasmid DNA was isolated and sequenced. Three of the 

four sequences corresponded to the plasmid pET3b(fg41msad/ciscaad) while the last one 

corresponded to pET3b(fg41msad/cg10062).  In a separate set of experiments, a PCR 

screen was utilized to determine how many of the colonies contained the gene encoding 
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cis-CaaD.  From this experiment, 19 of 20 colonies screened contained 

pET3b(fg41msad/ciscaad), whereas one had pET3b(fg41msad/cg10062). 

 

5.4 Discussion 

 Cg10062 was recently cloned and expressed, and found to have both low-level 

CaaD and cis-CaaD activities [16].  A structural comparison of the active sites of cis-

CaaD with Cg10062 revealed two differences between cis-CaaD and Cg10062. The first 

was a 3-chloro binding site in cis-CaaD (Thr-32, Thr-34, Leu-38, Arg-70 and Leu-119).  

Cg10062 shared three of the five residues with the exception at positions 32 and 34 

(threonine substituted with alanine).  A second difference involved a loop that may play a 

role in substrate specificity for cis-CaaD (Figure 5.6A). The 8-residue loop contains of 

Leu-31, Thr-32, Gly-33, Thr-34, Gln-35, His-36, Phe-37, and Leu-38.  In Cg10062, these 

residues are contains Leu-31, Ala-32, His-33, Ala-34, Pro-35, Lys-36, Tyr-37, and Leu-

38 (Figure 5.6B). The differences in the residues in this loop may explain the low-level 

cis-CaaD activity of Cg10062. 
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Figure 5.6: A) Proposed loop in cis-CaaD that may play a role in substrate specificity. B) 

The equivalent loop in Cg10062 

 

 An investigation into these residues was preformed.  Mutants of Cg10062 (A32T, 

A34T, and A32T/A34T) were constructed, as well as a construct that contained all the 

residues found in the cis-CaaD loop, A32T/H33G/A34T/P35Q/L36H/Y37F Cg10062.  

Kinetic characterization of these mutants showed no increase in the cis-CaaD activity of 

Cg10062. 

 In light of these results, an investigation into evolving Cg10062 into a more 

efficient cis-CaaD was conducted.  Since single point mutations did not reveal a more 

efficient cis-CaaD, a library of mutants need to be constructed using either random 

mutagenesis or DNA shuffling techniques [72, 73]. Because of the large number of 

constructs that could be generated, it is not possible to characterize this library using 

current techniques in our laboratory.  Instead, a bacterial in-vitro selection that could 
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eliminate non-viable mutants, or even mutants below a certain threshold of activity would 

be useful.  Hence, we used a previously developed E. coli strain, E. coli SELECT, that is 

only able to grow in minimal media that was supplemented with both glucose and either 

sodium acetate or acetaldehyde [74].  E. coli SELECT lacks the enzyme pyruvate 

dehydrogenase, which is used to convert pyruvate into acetyl-CoA.  It also has a 

constitutively over-expressed gene, adhE.  The gene product of adhE has both an alcohol 

and acetaldehyde dehydrogenase activity, which can convert either acetic acid or 

acetaldehyde into acetyl-CoA.   We utilized this feature of E. coli SELECT along with a 

plasmid that can express a dehalogenase and a decarboxylase to develop a bacterial 

selection that will be used to detect variants of Cg10062 with increased dehalogenase 

activity.   

 In the first experiment conducted with E. coli SELECT, vectors that encode the 

gene for either cis-CaaD or FG41 MSAD were transformed into E. coli SELECT.  The 

purpose of this experiment was to make sure that neither gene product alone could 

convert cis-3-chloroacrylic acid into acetaldehyde, which would allow E. coli SELECT to 

grow.  The result of this experiment showed that the vector encoding FG41 MSAD was 

not able to grow, but the vector encoding cis-CaaD showed growth within 7 days. 

Previous work showed that malonate semialdehyde decarboxylates to acetaldehyde at a 

slow rate in the absence of FG41 MSAD (Serrano H, Whitman CP, unpublished results). 

This observation suggests that a vector encoding the gene for cis-CaaD may be sufficient 

enough for this selection, although the dicistronic vector constructed later, 

pET3b(fg41msad/ciscaad), grew at a faster rate (1-2 days vs. 7 days). 
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 Many dicistronic vectors were constructed, but most would only express the gene 

encoding cis-CaaD.  The first set of vectors relied on the pET24a plasmid system, a 

vector that imparts kanamycin resistance to transformed cells.  This vector is under the 

control of the lac operator [75, 76].  The protein product of the lacl gene, lac repressor, 

binds tightly to the lac operator and blocks RNA polymerase from binding to the T7 

promoter, thus blocking transcription[75, 76].  IPTG binds to the lac repressor, blocking 

binding to the lac operator, which then allows the gene of interest to be expressed [76].  

The dicistronic vector constructed contained one T7 promoter and two ribosome binding 

sites. The promoter recruits RNA polymerase, producing one mRNA transcript. The two 

ribosome binding sites allows for both the genes on the mRNA transcript to be translated 

into the two proteins of study.  Unfortunately, only cis-CaaD was expressed in any 

measurable form.  Alternative vectors were constructed with the gene for FG41 MSAD 

upstream of the cis-CaaD gene, but this also failed to produce any measurable FG41 

MSAD activity.  A second set of vectors were constructed that contained the gene for 

MSAD and cis-CaaD in both arrangements. Both failed to produce any observable 

MSAD activity. 

 A second vector, pETDuet-1, which was designed to express two genes due to the 

presence of two multiple cloning sites (MCS), each of which is preceded by a T7 

promoter/lac operator and ribosome binding site (rbs), was constructed. This arrangement 

allows for two mRNA transcripts to be made, which would, in theory, allow for both 

proteins to be expressed.  Unfortunately, like the pET24a vector, the only protein to be 

expressed was cis-CaaD. 
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 The final construct used was the pET3b system.  The pET3b vector was chosen 

because it lacks the lac repressor gene (lacl). The lack of lacl allows for constitutive 

expression of genes on the pET3b vector [16].  The constitutive expression of the two 

genes, along with the induction of transcription by IPTG, for any lac repressor protein 

that may be encoded by E. coli SELECT, made this vector ideal for this study.  Within 1-

4 days, cells containing the pET3b(fg41msad/ciscaad) or pET3b(fg41msad/cg10062) 

plasmids showed growth in liquid M9 minimal media supplemented with cis-3-

chloroacrylic acid.   

 With a vector system in hand that worked for wild-type proteins, a proof of 

concept experiment was carried out where a previously identified cis-CaaD mutant with 

low-level activity was introduced into pET3b(fg41msad/ciscaad) with the expectation of 

recovering wild-type cis-CaaD.  The mutant chosen was P1A cis-CaaD, which contains 

low-level dehalogenase activity, as determined by a 1H-NMR spectroscopy experiment 

[2] P1A cis-CaaD and FG41 MSAD both expressed in Lurea-Broth liquid media 

supplemented with IPTG.  When pET3b(fg41msad/P1A ciscaad) transformed E. coli 

SELECT cells were introduced into M9 minimal media supplemented with cis-3-

chloroacrylic acid, they took twice as long to grow over cells transformed with the 

pET3b(fg41msad/ciscaad) vector.  The next step was to construct a library of mutants 

using pET3b(fg41msad/P1A ciscaad) as a template with a set of primers having a 

degenerate sequence corresponding to position one on the gene, thereby incorporating all 

64 codons. Randomly selecting six out of over 300 colonies and sequencing their DNA 

revealed that only one of the six had not incorporated a mutation at position 1.  Two of 

them contained silent mutations, while another one had a revertant back to wild-type cis-
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CaaD (A1P). A third colony had a mutation to a glycine (A1G).  These constructs were 

transformed into E. coli SELECT cells and grown overnight in Luria-Broth and then 

transferred to the selective M9 minimal media.  After a day, cells were visible in the M9 

minimal media supplemented with cis-3-chloroacrylic acid.  After 48 h, cells were plated 

and four were selected and had the plasmid DNA isolated and sequenced.  All four 

plasmids contained a cis-CaaD gene with a glycine at position 1. This result suggests that 

glycine at position 1 would serve as a viable alternative to a proline at this position. 

 Finally, an experiment was conducted to see if a more efficient dehalogenase 

could be isolated.  In this experiment both pET3b(fg41msad/ciscaad) and 

pET3b(fg41msad/cg10062) were transformed into E. coli SELECT competent cells.  

They were grown overnight in Luria-Broth media.  The following day, a small amount 

(10 µL) of each was transferred into 10 mL of M9 minimal media that was supplemented 

with 2 mM of cis-3-chloroacrylic acid.  This amount was chosen because of the 

differences in Km between cis-CaaD and Cg10062 (0.152 mM and 19 mM respectively).  

At this low of a concentration of cis-3-chloroacrylic acid, it was postulated that the E. 

coli SELECT transformed with the better dehalogenase, cis-CaaD, would grow faster 

than the E. coli SELECT transformed with the cg10062 gene. Based on results from both 

plasmid sequencing and a PCR screen that utilized primers specific to the cis-CaaD gene, 

22 out of 24 colonies that were screened contained the gene encoding cis-CaaD.  This 

experiment demonstrated that a more efficient dehalogenase, based on differences of Km 

could be isolated by lowering the concentration of the supplemented cis-3-chloroacrylic 

acid.   
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 A library of Cg10062 mutants can now be constructed utilizing the 

pET3b(fg41msad/cg10062) vector and the more efficient dehalogenase can be selected.  

This system would not only work for Cg10062 for cis-CaaD activity, but also for its 

CaaD activity. Furthermore, other members of the tautomerase superfamily could also be 

incorporated in order to select for mutants that have dehalogenase activity. 
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