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The Biosynthesis of Coenzyme M and the Catabolism of Halogenated 

Aromatic Compounds 

 

Stephanie Michelle Taylor, Ph.D 

The University of Texas at Austin, 2012 

 

Supervisor:  Christian P. Whitman 

 

Methanogens, members of the domain Archaea, are unique in their ability to 

reduce carbon substrates to methane. Coenzyme M (CoM) is required in all 

methanogenic pathways.  The biosynthesis of this coenzyme has been well studied in 

Class I Methanogens, but in Class II Methanogens, such as Methanosarcina acetivorans, 

little is known.  The first step in the biosynthetic pathway might be catalyzed by cysteate 

synthase (CS), which converts phosphoserine to cysteate by the addition of sulfite. The 

46 kDa enzyme was successfully purified from inclusion bodies and characterized.  The 

identity of the product was confirmed by liquid chromatography-mass spectrometry (LC-

MS) results as well as by derivatization of the reaction product coupled with high 

pressure liquid chromatography (HPLC) analysis.  Kinetic analysis showed that the 

enzyme has a Km of 0.43 mM for its substrate, phosphoserine, and a Km of 0.05 mM for 

its required nucleophile, sulfite.  Four compounds were found to be inhibitors and IC50 

values were determined. The results show that CS carries out a new reaction and narrows 

the gap in our knowledge of Class II Methanogen CoM biosynthesis. 

 In the second part of this dissertation, five enzymes in a newly discovered but 
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poorly characterized pathway for the degradation of halogenated aromatic compounds in 

Leptothrix cholodnii SP-6 were examined.  The pathway reportedly culminates in the 

production of 2-chloroacetaldehyde, a well-known alkylating agent. In order to determine 

if 2-chloroacetaldehyde is produced and how the organism survives in its presence, the 

pathway intermediates are being identified.  To this end, 4-oxalocrotonate tautomerase 

(4-OT), 4-oxalocrotonate decarboxylase (4-OD), vinylpyruvate hydratase (VPH), 

pyruvate aldolase (PA) and acetaldehyde dehydrogenase (AAD) were cloned, expressed 

and characterized.  4-OT was found to process the 5-(chloro)-2-hydroxymuconate, but 

only when the equilibrium was shifted by the addition of 4-OD and VPH.  Steady state 

kinetic analysis showed that while there is a slight decrease in Km for the halogenated 

substrate when compared to the non-halogenated substrate, indicating a difference in 

binding.  There is also a 30-fold decrease in the turnover number, indicating a preference 

for the non-halogenated substrate.  The identity of the product, 5-(chloro)-2-oxo-4-

hydroxypentanoate, was verified by 
1
H NMR spectroscopy.   A stereochemical analysis 

was also carried out.  
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Cysteate Synthase: A Novel Enzyme in the Coenzyme M Biosynthesis 

Pathway 

INTRODUCTION 

Methanogenesis in Archaea 

 Methanogens, single-celled organisms that produce methane, can take up a variety 

of carbon sources including carbon dioxide, acetate, formate and even carbon monoxide,
2
 

and produce methane.  These anaerobes usually get electrons from formate or diatomic 

hydrogen
3
.  Some are restricted to using only one carbon source. Others, like 

Methanosarcina spp. can use a variety of substrates.  Regardless of the starting material, 

in order to create the ATP all organisms use as their energy source, they reduce their 

oxidized carbon substrate to methane.   

 Methanogenesis is responsible for producing 400 million tons of methane each 

year
4
.  It has even been argued that this methane is a significant contributor of greenhouse 

gases, yet if harnessed, could be used as an energy source
4
.  To get from carbon dioxide 

to methane requires six coenzymes: methanofuran, 5,6,7,8-tetrahydromethanopterin, F420-

H2, F420, Coenzyme M and Coenzyme B (Figure 1.1). 

 Of all the methanogenic coenzymes, Coenzyme M, the smallest terminal methyl 

carrier, is perhaps the most fascinating.  Discovered in 1971 by McBride and Wolfe,
5
 

coenzyme M (CoM, 2-mercaptoethanesulfonic acid) is unique in its high sulfur content 

(45%), rare in being a natural sulfonic acid
6
, and important as the terminal methyl carrier 

in methanogenesis for methyl-coenzyme M reductase. 



 2 

  

Figure 1.1 From Carbon Dioxide to Methane in Methanogens 

 A)  The simplified pathway for reducing carbon dioxide to methane is shown 

along with three of the necessary coenzymes as methyl carriers, methanofuran (MF), 

5,6,7,8-tetrahydrosarcinopterin (H4SPt) and finally Coenzyme M (CoM).  Adapted from 

Galagan, J. E., et al. Genome Research (2002) 532-542.  B)  Coenzyme M is the terminal 

methyl carrier in methanogenesis.  Unique in its high sulfur content and simple molecular 

structure, much work has gone into uncovering the biosynthesis of this coenzyme in 

various species of methanogens.
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 The biosynthesis of this compound has been studied in detail in 

Methanocaldococcus jannaschii
8
.  The pathway was revealed by following labeled 

carbon substrates, and the incorporation of those labels.  First, (2R)-phospho-3-

sulfolactate synthase (ComA) adds sulfite to phosphoenolpyruvate to produce 

phosphosulfolactate.  Phosphosulfolactate phosphatase (ComB) then removes a 

phosphate group to yield sulfolactate.  ComC, an NAD
+
-dependent dehydrogenase, 

oxidizes sulfolactate to sulfopyruvate, and sulfopyruvate decarboxylase (ComDE) 

releases a carbon dioxide to give sulfoacetaldehyde. A final unidentified enzyme 

catalyzes the last step to CoM (Figure 1.2). Class I methanogens, like M. jannaschii have 

homologues corresponding to each of these enzymes in their genome, however Class II 

methanogens, of which Methanosarcina spp.
 

is a member, lack at least a ComA 

homologue.   



 4 

 

Figure 1.2 Biosynthesis of CoM in M. jannaschii 

 The known pathway for the biosynthesis of coenzyme M in class I methanogens.  

It requires four enzymes and begins with phosphoenolpyruvate.  Adapted from Graham, 

D. E., Xu, H., White, R. H., J. Biol. Chem. (2002) 277: 13421-13429 
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Methanosarcina acetivorans 

 Methanogens of the domain Archaea can have extreme living habitats, many 

times found around hydrothermal vents.  Methanosarcina acetivorans is different, being 

found in marine sediment
9
 or clumps of decaying algae

2
.  First isolated from a marine 

canyon, it is theorized that M. acetivorans might help break down algae and other organic 

matter.  It is known to use the largest variety of carbon sources for producing methane, 

such as methanol, acetate, methylamines
9
, and even carbon monoxide

2
. When first 

isolated from marine sediments, it was observed that several cells would develop to live 

in one communal envelope.  It has also been suggested that they may have the ability to 

differentiate
7
.  Methanosarcina acetivorans is the largest archaeal genome to be 

sequenced at 5,751,492 base pairs
7
.  Within its genome, it appears to have genes to utilize 

all three pathways for methanogenesis. This particular species of methanogen is truly 

unique and may hold key evolutionary clues to the development of archaea.  

 As a Class II methanogen, M. acetivorans lack a ComA homologue.  These 

species must have another way of initiating the synthesis of CoM.  In 1985, Robert White 

hypothesized five different schemes for the biosynthesis of CoM
6
.  Three of these 

possible routes included cysteate as an intermediate.  However, with no known enzyme to 

produce it, cysteate was not considered to be part of this pathway until now.  CoM 

biosynthesis in Methanosarcina acetivorans may start with the production of cysteate 

from phosphoserine (Figure 1.3) by way of a cysteic acid synthase evolved from 

threonine synthase.   



 6 

 M. acetivorans has two genes labeled as threonine synthases.  However, one of 

these is in the genetic context of comDE, leading to the possibility that it is involved in 

the formation of CoM.  This cysteate synthase has never before been characterized.  

However, Graham, et. al
20

 has shown that this reaction does occur by the gene product of 

MA3297.  Cysteic acid synthase is homologous to threonine synthase, requires PLP and a 

nucleophile, sulfite, to function.   



 7 

 

Figure 1.3 Proposed Pathway to CoM Involving Cysteic Acid 

With a new enzyme involved, the biosynthesis of CoM can now begin with 

phosphoserine.  The addition of sulfite is catalyzed by the proposed novel enzyme 

cysteate synthase.  This gives evidence for a possible pathway for the biosynthesis of 

CoM in Class II methanogens. 
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Threonine Synthases 

 Threonine synthases are found in a variety of organisms.  They have been well-

studied in organisms such as E. coli, Arabidopsis and Thermus thermophilus.  Threonine 

synthase is a type II fold pyridoxal 5’-phosphate (PLP)-dependent enzyme.  There are 

two different classes of threonine synthases.  Class II threonine synthase lacks the N-

terminal S-adenosylmethionine (SAM) binding domain found in Class I threonine 

synthases, and has an additional 50 residues at the C terminus
10

.  Class I enzymes are 

usually found in plants, whereas Class II are typically found in bacteria.  Threonine 

synthases catalyze the reaction of phosphohomoserine to threonine via a β-γ replacement 

reaction involving the formation of a Schiff base between the substrate and PLP
11

.  It is 

not surprising that a cysteate synthase could evolve from this class of enzyme because of 

the similarities in the substrates, coenzyme requirement and reaction chemistry.  



 9 

 

Figure 1.4 Proposed Cysteate Synthase and Threonine Synthase Reactions 

 The proposed cysteate synthase reaction uses phosphoserine as a substrate (A).  

The known threonine synthase reaction uses phosphohomoserine as a substrate (B).  Both 

of these produce inorganic phosphate. 
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T. thermo  -----------------------------------------MRPP----------LIERYRNLLPVSEKT 19  

M. tuber   -----------------------------------------MTVPPTATHQPWPGVIAAYRDRLPVGDDW 29  

MA1610     -----MYHLKCIECGAEYSRDEVIYTCSKCDGLLDVIYDYSSIKIDMEKLKTECPSVWKYAKLLPVERE- 65  

Mhun1619   -----MFDLVCIGCGATYQSDAVIYTCKKCGHLLEVRYDLANINITRKDWQKRPISVWRYRELLPVAGE- 65  

Mhun2977   ---MTGYTLTCPVCNKEFSDSYTLTCPGGCQGLIRAKYAARQITLHDA------PGVFKYMDWLPVTGV- 61  

MA3297     MIAMGRFILKCLKCGREYSQEYRLTCEN-DDSFLRAEYLEKKLELRKQ------PGIGRFHSWLPVQEE- 63 

              PLP 

T. thermo  PVISLLEGSTPLIPLKGPEEARKKGIR-LYAKYEGLNP-------TGSFKDRGMTLAVSKAVEGGAQAIA 81  

M. tuber   TPVTLLEGGTPLIAATN--LSKQTGCT-IHLKVEGLNP-------TGSFKDRGMTMAVTDALAHGQRAVL 89  

MA1610     -PVTIQEGGTPLYKCDR--LAEKIGIKKLYVKHEGMNP-------TGSFKDRGMTVGVTKALELGMNTVA 124  

Mhun1619   -PVTLQEGGTPLYHLKR--IGDELGIKELYAKHEGMNP-------SGSFKDRGMTVGVSMALQLGMKSVA 124  

Mhun2977   ----LRTRAEPVCFKSE-GLARALGLSDLWIVFSGYWPEVGAFAVSGSFKEFEAFPTMQRLSERTKGIIQ 125  

MA3297     ----LTTEAGPITYKSE-ALARELGLSNLYIGFSGYWPEKGAFIKTCSFKELEAHPTMQLLKESGGKAIV 127 

 

T. thermo  CASTGNTAASAAAYAARAGILAIVVLPAGYVALGKVAQSLVHGARIVQVE--GNFDDALRLTQRLTEAFP 151  

M. tuber   CASTGNTSASAAAYAARAGITCAVLIPQGKIAMGKLAQAVMHGAKIIQID--GNFDDCLELARKMAADFP 159  

MA1610     CASTGNTSAALAIYGAKAGIPVVVLLPAGKVALGKVAQALMHGAKVLSIR--GNFDDALALVRTLCSQEK 194  

Mhun1619   CASTGNTSASLAVYGAKAGIPVIVLLPSGKVALGKVAQALMHGAKVISIN--GNFDRALEMVRDLCETKG 194  

Mhun2977   VSSAGNTGRAFAEVSAETCQPVIIVVPESARDRLFTTS-PAHDTLLITIS--GDYTDAINLGSRICTLPG 194  

MA3297     LASAGNTGRAFAHVSALTGTDVYIVVPDSGIPKLWLPEEPTDSIHLISMTPGNDYTDAINLAGRIAKLPG 197 

            Substrate Binding 

T. thermo  -VALVNSVNPHRLQGQKTLAFEVVDELG-DAPHYHALPVGN-AGNITAHWMGYKAYHALGKARRLPRMLG 217  

M. tuber   TISLVNSVNPVRIEGQKTAAFEIVDVLG-TAPDVHALPVGN-AGNITAYWKGYTEYHQLGLIDKLPRMLG 226  

MA1610     -IYLLNSINPYRLEGQKTIGFEIADQLDFKVPDRIVLPVGN-AGNITAIYKGFREFKILGITDSLPKMTG 261  

Mhun1619   -IYLLNSVNPYRLEGQKTIGFEAIDQLNGEVPDRMVLPVGN-AGNISAVYKGLIELSELGFIDKMPMMTG 261  

Mhun2977   IFPEGGAKNVARRDGMGTVMLAGTLAMG-TLPDWYLQAVGSGTGGIAAYEASLRLIADGRFGTRMPRLLL 261  

MA3297     MVPEGGARNVARREGMGTVMLDAAVTIG-KMPDHYFQAVGSGTGGISAWEASLRLREDGRFGSKLPKLQL 266 

 

T. thermo  FQAAGAAPLVLG--------RPVERPETLATAIRIGNPASWEG----------AIRAKEESGGVIEAVTD 278  

M. tuber   TQAAGAAPLVLG--------EPVSHPETIATAIRIGSPASWTS----------AVEAQQQSKGRFLAASD 287  

MA1610     IQAEGSCPIVKAIKSGAPAITPEENPETVATAIRIGNPVNATK----------ALSAIRESGGTAESVTD 330  

Mhun1619   IQAEGSQPVVRAIKENLPEVIPEGSPETVATAIRIGAPVNAEK----------VLHAIRMSKGTADYVTD 330  

Mhun2977   FQNEPFIPMVRAWQEKRREIK-DEDMPDAEQAISQVYSDVLTNRTPPYGIVGGVFDTLIATNGLMAGVSS 331  

MA3297     TQNLPFVPMYNAWQEGRRDIIPEIDMKDAKKRIEETYATVLTNRAPPYSVTGGLYDALVDTDGIMYAVSK 336 

                   

T. thermo  EEILFAYRYLAREEGIFCEPASAAAMAGVFKLLREGRLEPESTVVLTLTGHGLKD-PATAERVAELPPPV 338  

M. tuber   EEILAAYHLVARVEGVFVEPASAASIAGLLKAIDDGWVARGSTVVCTVTGNGLKD-PDTALKDMPSVSPV 347  

MA1610     EEILAAQKDLARLEGIGVEPASAASVAGLRKLVDMGVIGRDETVVCITTGHLLKD-PQTVIDVCEEPTVV 390  

Mhun1619   AEILAMQRDLAQKEGIGVEPASAASVAGVKKLVEAGVIDHDERIVCVVTGHLLKD-PETVIKQCAPPIEC 390  

Mhun2977   ADAQEAGKLFSSSEGIDPDPAAAVCVAGLMRAVRSGVIKPDEKILLNITGGGYARGRKDLPRFVKAPDIM 400  

MA3297     EEALDAKALFESLEGIDILPPSAVAAASLLKAVEAGNVGKDDTILLNIAGGGFKRLKEDFTLFQIEPEIT 406 

 

T. thermo  PARLEAVAAAAGLL--------- 351  

M. tuber   PVDPVAVVEKLGLA--------- 360  

MA1610     DANIDAIREAIFGKAK------- 405  

Mhun1619   GATLESLLSALQL---------- 402  

Mhun2977   VSK-ETPFEKISAKVQEWMRYYA 422  

MA3297     VSNPDVPLEELKL---------- 419 

Figure 1.5 Sequence Alignment of Threonine Synthases and Cysteate Synthases 

The first four sequences are threonine synthases from Thermus thermophilus, 

Mycobacterium tuberculosis, Methanosarcina acetivorans, and Methanospirillum 

hungatei.  The last two sequences are proposed cysteate synthases from M. acetivorans 

and M. hungatei.  It can be seen that there are distinct differences between cysteate 
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synthases and threonine synthases, while other features, such as the PLP binding domain 

labeled above has been conserved. 
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METHODS 

 Materials. Chemicals, biochemicals, buffers and solvents were purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, MO), or Fisher Scientific Inc. (Pittsburgh, PA). 

Enzymes and reagents used for molecular biology procedures were obtained from New 

England Biolabs, Inc. (Ipswich, MA).  For HPLC derivatives, FDNP-Val-NH2 (1-fluoro-

2,4-dinitrophenyl-L-valine amide) was synthesized from difluorodinitrobenzene (6 mmol, 

Alfa Aesar), mixed with L-valine amide (3 mmol, Bachem)
12

.  

 Strains and DNA.  Escherichia coli BW25113, JW0002-3 and JW0003-2 strains 

were obtained from the Coli Genetic Stock Center (Yale University, New Haven, CT).  

M. acetivorans C2A genomic DNA was a gift from Professor William Metcalf (School of 

Molecular and Cellular Biology, University of Illinois at Urbana-Champaign, Urbana, 

IL). 

 Cloning MA3297 constructs.  Cloning procedures were followed as described 

elsewhere
13

.  DNA sequences were confirmed by Sanger sequencing at the DNA 

Sequencing Facility in the Institute for Cellular and Molecular Biology (University of 

Texas at Austin, TX).  All primers were designed by Dr. David Graham, as well as 

cloning procedures carried out for all pDG constructs.  For the remaining construct, 

pST001, cloning procedures were carried out by Stephanie Taylor.  Distinguishing details 

of the constructs used are listed in Table 1.1.  
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Table 1.1: Plasmid Expression Vectors Containing the MA3297 Genea 

Plasmid Name Distinguishing Features Restriction Sites 

Utilized  

Vector 

pDG461b NusA fusion, His tag BamHI; XhoI pET 43.1a 

pDG464c Untagged NdeI pET 43.1a 

pST001
b 

GST fusion BamHI; XhoI pET 41a 

pDG613d Bases 122-1251 (40 

amino acid truncation) 

NdeI; BamHI pET 43.1a 

 

  

                                                 
a All constructs contain the same gene, MA3297 from Methanosarcina acetivorans. 
b Designed to yield a soluble protein. 
c Expressed as insoluble protein to be refolded from inclusion bodies 
d A truncation of MA3297.  The 40 amino acids removed may correspond to a metal binding domain. 
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 Protein Expression.  Plasmids were transformed into BL21 (DE3) strain of E. coli 

as described previously.
14

  Cells were grown in Luria Bertani broth (LB) at 37C with 

100 g/mL ampicillin (Ap) and shaken at 250 rpm.  One 20-mL starter culture containing 

LB/Ap media was inoculated with a single colony of E. coli BL21 (DE3) cells 

transformed with the pET vector construct.  After shaking at 37ºC for 16 h, aliquots of 

the cells (typically 5 mL) were added to 500 mL LB/Ap media and shaken as described 

above.  Protein expression was induced with 1% (w/v) -D-lactose when the OD600 

reached 0.6-0.8.  The culture continued to grow at 37C for 3 h with continuous shaking.  

The cells were harvested by centrifugation and stored at -20C.  Cells were allowed to 

defrost on ice for 30 min before resuspension in 50mM TES-NaOH buffer, pH 7.  Cells 

were lysed with a French press minicell at 8,000 lb./in
2
.  The cell lysate was sonicated for 

4 min on ice with a microtip (15W, 30% duty; Branson).  The lysed cells were 

centrifuged at 18,000 g.  For preparations of pDG461, the supernatant was retained for 

further purification.  For preparations of pDG464 and pDG613, the pellet was retained 

for further purification.  One construct, pST001, was not purified further after these initial 

steps. 

For purification of MA3297 from cells that expressed the plasmid pDG461, 

purification procedures were carried out using anion exchange chromatography with an 

AKTAprime FPLC system as described elsewhere
14

. 

For purification of MA3297 from cells that expressed the plasmids pDG464 or 

pDG613, the pellet was washed by resuspending in the appropriate buffer and sonicating 
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for 1 min using the parameters described above.  The suspension was centrifuged for 10 

min at 12,500 x g, and the pellet retained.  This was carried out two times with a buffer 

containing 2% Trition X-100, 100mM NaCl and 50mM Tris-HCl buffer pH 8, and once 

with the same buffer without detergent.  These pellets were stored at -20°C. 

To refold by rapid dilution, washed pellets were dissolved in 6M guanidine HCl 

to a final concentration of about 1 mg/mL, as estimated by SDS-PAGE, and centrifuged 

at 18,000 g to remove particulates.  The supernatant was removed and added dropwise 

into refolding buffer (20% (v/v) glycerol, 20mM MgCl2, 50mM Tris-HCl buffer pH 8, 

1M KCl, 2.5 mM dithiothreitol and 10 M pyridoxal-5’-phosphate at 4C, in a 20:1 ratio 

of buffer to protein).  The solution was stirred at 4C overnight.  Figure 6 shows the 

relative purities of each step of rapid dilution.  The enzyme was stable and maintained 

activity when stored at -20°C in 20% (v/v) glycerol for at least 28 days.  Protein 

concentrations were determined using the Bradford assay (Thermo-Pierce)
14

. 
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Figure 1.6 Purification Steps of Rapid Dilution  

 The SDS-PAGE image above displays a ladder on the far left, followed by the 

washed pellet from cells expressing pDG464 (Lane 1), insoluble material after the pellet 

is resuspended in 6M guanidine HCl (Lane 2), insoluble material after refolding (Lane 3), 

soluble, and refolded protein (Lane 4). 
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 Kinetic Parameters.  The reaction mixtures contained 100-300 L of 100 mM 

Tris-HCl buffer pH 7, 100 mM KCl, 10 M PLP, 5 mM Na2SO3, 10 mM phosphoserine, 

and enzyme at 37C for 30 min.  Phosphohomoserine was also tested as a substrate.  For 

kinetic determination, a range of 0.1-5 mM phosphoserine was used.  For determination 

of kinetic parameters for Na2SO3, a range of 0.02-0.5 mM Na2SO3 was utilized. The 

release of phosphate was measured by combining the sample with molybdate reagent (3.4 

mM  ammonium molybdate, 0.5 M H2SO4) and 10% (w/v) ascorbic acid in a 3:6:1 

ratio
15

.  The sample was incubated with the colorimetric reagent at 45C for 20 min 

before measuring the absorbance at 800 nm using a DU800 spectrophotometer 

(Beckman).   

 Inhibitor Studies.  For initial inhibitor studies, the assays described above were 

modified as follows. The concentrations of phosphoserine (0.5 mM) and Na2SO3 (0.1 

mM) were not varied and 1 mM of one inhibitor was added: L-aspartate, 2-amino-3-

phophonopriopionic acid (AP3), 2-amino-4-phophonobutyric acid (AP4), 2-amino-5-

pentanoic acid (AP5), cysteic acid, serine, threonine, lysine, O-acetylserine, D-glutamate, 

L-glutamate and D-glutamine.  Of these, AP3 (0.5-5 mM), AP4 (2-50 mM), cysteic acid 

(5-50 mM) and serine (10-30 mM) were further analyzed to estimate IC50 values using 

the range of concentrations found in parenthesis.  To determine the IC50, the data were fit 

to a four parameter function using KaliedaGraph software where H is the Hill 

Coefficient, x is the concentration of inhibitor in mM and y is the absorbance at 800 nm: 

Y = ymin + (ymax – ymin)/(1+(x/IC50)
H
) 
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 Thin Layer Chromatography.  Initial activity was shown by separation of product 

from substrate by thin layer chromatography.  After incubation, 5 µL of the reaction 

mixture was spotted on a TLC plate along with 2 µL of the substrate, phosphoserine and 

2 µL of the proposed product, cysteate.  The mobile phase was a 40:10:5 solution of 

acetonitrile, water and formic acid. Plates were developed with 0.2% ninhydrin in ethanol 

(w/v).  Using this technique, phosphoserine (Rf = 0.1) and cysteic acid (Rf=0.4) were 

easily distinguished from one another. 

 Liquid Chromatography, Mass Spectrometry.  For analysis of the reaction 

products of MA3297, a reaction mixture was evaporated to dryness under a vacuum, 

derivatized by resuspension and incubation at ambient temperatures for 30 min in 

trifluoroacetic acid anhydride.  The solution was evaporated to dryness with a nitrogen 

stream, then resuspended in deionized water and placed in HPLC autosampler (Thermo-

A4954-010) for analysis. 

 HPLC Analysis of Reaction Products.  (Performed by Dr. David Graham)  To 

analyze the products of the reaction via HPLC, a completed reaction mixture (50 µL) was 

mixed with acetone (100 µL), 1 M sodium bicarbonate (30 µL), and 7.5 mg/mL FDNP-

Val-NH2 (100 µL in acetone)
12

.  This solution was heated at 50 C for 2 h.  Hydrochloric 

acid (5 µL of 6M) was added before evaporating to dryness using a stream of nitrogen at 

60 C.  The residue was resuspended in deionized water, centrifuged and the supernatant 

removed to an autosampler vial.  The liquid was passed through a Security Guard C18 

guard cartidge (Phenomenex; 3 x 4 mm) then a Hydro-RP HPLC column (Phenomenex; 
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80 Å; 4.6 x 260 mm) with the following program:  equilibration with 85% 50 mM Tris 

buffer/acetic acid, pH 8.0 (Buffer A), 15% acetonitrile (Buffer B) at a flow rate of 1.0 

mL/min, then run with the program found in Table 1.2. 

 Size Exclusion Chromatography.  The apparent mass of the protein was 

determined by HPLC size exclusion chromatography.  The protocol is described 

elsewhere
16

. 
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Table 1.2: HPLC Gradient Programa for the Isolation of the Reaction Product 

Time Point in Run Buffer 

0 min 15% B 

5 min 15-30% B 

20 min 30-80% B 

23 min 80-15% B 

26-31 min 15% B 

 

  

                                                 
a HPLC program designed to separate derivatives of phosphoserine and cysteate.  These two species were 

difficult to resolve using any HPLC column alone, and were therefore derivatized. 
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RESULTS 

 Three plasmid constructs were made to determine the optimal purification 

scheme. The NusA construct, pDG461, expressed soluble protein that could not be easily 

isolated from contaminant proteins.  This tagged enzyme was used in early activity assays 

to determine reaction conditions.  Another construct, pST001, fused MA3297 to 

glutathione S-transferase (GST), to create a soluble construct that might be more easily 

purified.  However, when expressed, only insoluble protein resulted, and this protein was 

not used in any experiments. The untagged pDG464 yielded only insoluble protein, 

which was refolded from inclusion bodies.  This enzyme was used to determine Km 

values and IC50 values for all inhibitors.   

To determine the optimum refolding conditions different buffers, salts, metals and 

other components were tested.  Initially, thirty-two different conditions were tested.  

From these different reactions, the conditions that yielded the highest activity were 

combined together in a second round of trials (Figure 1.7).  Solutions of 1 M Tris-HCl 

buffer at pH 7, glycerol and dithiothreitol all showed high levels of activity.  In the next 

iteration, seven reactions were tried with varying combinations of components giving the 

highest activities.  The third round focused on adding different salts and metals, and 

showed that KCl and MgCl2 increased the specific activity of the enzyme.  The final 

round tested the concentration of salt.  This showed that there was no significant different 

between adding 1M Tris-HCl buffer and 1M KCl.  For the purpose of working in a better 

pH range of Tris, 50mM Tris-HCl buffer pH 8 with 1M KCl was chosen as the final 

buffer and salt concentrations.  These refolding trials resulted in a final refolding buffer 
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of 50 mM Tris-HCl buffer pH 8, 1 M KCl, 20% (v/v) glycerol, 10 µM PLP, 20 mM 

MgCl2 and 2.5 mM DTT.  It was found that the protein was fully refolded after only 5 h 

of stirring at 4C.   
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Figure 1.7 An Example of Refolding Trials 

Every other trial condition is labeled to ease reading.  Each bar is an average of 

three samples.  Units are in specific activity, µmol/min/mg enzyme.  Some of the 

refolding solutions contained zinc, copper, magnesium, detergents (P40), sucrose, 

potassium chloride, sodium chloride, arginine, ethylene glycol and glycerol as well as a 

pH range from 6-9. 
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Using the NusA fusion MA3297, it was shown that there is no production of 

phosphate without addition of phosphoserine, Na2SO3 or enzyme.  When any one of these 

components is absent, the reaction cannot proceed.  The addition of PLP as a cofactor 

was shown to increase activity, showing a similarity to threonine synthase
10

.  It was also 

shown that the enzyme is not heat stable, as all activity is lost when incubated for 5 min 

at 90°C.  No activity was found when using phosphohomoserine, the substrate of a 

threonine synthase.  To investigate the promiscuity of the enzyme, many different 

nucleophiles were tested with the same substrate, phosphoserine.  No significant activity 

could be seen with thiosulfite, nitrite, cyanide or thiocyanide.  Adding sulfide did show a 

positive result.  It is unclear whether this activity is from sulfide or from the chemical 

conversion of sulfite from the sulfide.  These same nucleophiles were also investigated as 

potential inhibitors of the enzyme.  However, none that were tested showed any 

inhibition. 

 The activity of cysteate synthase was linear over the course of more than an hour. 

Reactions were allowed to proceed for 30 min before measuring the amount of phosphate 

produced.  The apparent Km of phosphoserine was found to be 0.43 ± 0.09 mM (Figure 8) 

with a kcat value of 8.9 ± 0.5 min
-1

.  The apparent Km of sulfite for cysteate synthase was 

51 ± 10 M.  Once these values were determined, potential phosphoserine inhibitors were 

investigated.  No inhibition was seen with L-glutamate, D-glutamate, L-glutamine or L-

homoserine.  L-aspartate, 2-amino-4-phosphonobutyric acid (AP4), 2-amino-5-

phosphonopentanoic acid (AP5), cysteic acid, serine, threonine, lysine, and O-

acetylserine had some inhibitory effects, although the change in activity was less than 
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20%.  AP3, 2-amino-3-phophonopriopionic acid, showed the greatest effect on activity.  

Four of these inhibitors were chosen based on their structural resemblance to the 

substrate or product, as well as their inhibitory effect.  IC50 values were obtained (Table 

3).  After fitting the data, it was seen that AP3 had the lowest IC50 at 1.1 +/- 0.11 mM, 

followed by cysteate at 12.6 +/- 0.42 mM, AP4 with 16.5 +/- 0.51 mM and finally serine 

at 37.1 +/- 6.60 mM.  AP5 has been crystallized with threonine synthase as a substrate 

analog
10

.  Here, AP4 does show some inhibition, but AP3, the smallest analog tested 

shows the greatest effect.  AP4 was expected to be the better inhibitor, for two reasons.  

First, its structure most closely mimics the substrate, phosphoserine, and is therefore a 

better substrate analog.  Second, as AP5 has been crystallized with threonine synthases, it 

is known that AP5 is a good inhibitor of an enzyme whose substrate is one carbon longer 

than cysteate synthase.  Following the same pattern, it seemed likely that the better 

inhibitor would be a substrate analog instead of a product analog.  More important than 

size, however, is the large negatively charged group.  This seems to be an important 

feature for potent inhibitors for cysteate synthase.  
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Figure 1.8 Kinetic Curves for Determining Kinetic Parameters 

 Cysteate synthase shows a similar Km to its E. coli homologue, threonine synthase 

(A).  The Km for sulfite is much lower (B).  
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Table 1.3: IC50 Values of Inhibitorsa for MA3297 

Inhibitor Structure IC50 

2-amino-3-

phosphonopriopionic acid 

(AP3) 
 

1.1 ± 0.11 mM 

Cysteic acid 

 

12.6 ± 0.42 mM 

2-amino-4-

phosphonobutyric acid 

(AP4) 

 

16.5 ± 0.51 mM 

Serine 

 

37.1 ± 6.6 mM 

 

 

                                                 
a Inhibitors are listed from the most to least effective. 
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 Evidence for the Product, Cysteate.  Trifluoroacetic acid anhydride derivatives of 

the reaction products gave the spectra seen in Figure 1.9.  Peaks were identified by mass 

to charge ratio.  A significant amount of substrate remains in the reaction as seen by the 

peaks at 280 Da and 394 Da, corresponding to phosphoserine derivatized and doubly 

derivatized, respectively.  Some serine appears to be present, most likely due to chemical 

reactions during the derivatization process.  The peak with a mass to charge ratio of 264 

corresponds to the product, cysteate.  Further evidence of the product, cysteate, is seen in 

Figure 1.10 with FDNP-Val-NH2 derivatized enzymatic reactions separated by HPLC 

and detected by UV at 340 nm.  It can be seen that no substrate is processed without 

either enzyme or Na2SO3 (Traces A and B).  Finally, in Trace C it is seen that cysteate is 

produced in the presence of enzyme, Na2SO3 and phosphoserine. 
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Figure 1.9 LC-ESI MS for the Product of MA3297 

 The enzymatic reactions was quenched with trifluoroacetic anhydride and the 

compounds derivatized.  ESI-MS shows evidence for cysteate as a product (Cys-TFA). 
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Figure 1.10 HPLC Analysis of the Product of MA3297 

 HPLC anlaysis of the FDNP-Val-NH2 derivatized reaction product of MA3297.  

Trace A shows a control reaction without enzyme.  Trace B displays another control 

reaction without Na2SO3.  Trace C shows a reaction complete with all components.  

Trace D displays phosphoserine and cysteate standards.  



 31 

The N-terminal domain is proposed to be a metal binding domain, possibly 

binding zinc. A fourth construct, pDG613 removed 40 N-terminal amino acids to 

investigate this domain. The proposed metal binding domain is still to be investigated.  

Neither the full length nor the truncated MA3297 could be purified in large enough 

quantities to submit a sample for metal analysis.  Activity of the truncated mutant was 

almost 30-fold lower than full-length MA3297, showing drastically reduced activity.  

This could have resulted in a completely inactive enzyme, however the activity present 

was statistically above background.  Depending on the purpose of the deleted domain, it 

was likely that this truncation could cause a variety of problems for the enzyme, 

especially those regarding stability.  While it is relatively simple to completely destroy all 

activity of an enzyme, it is far more interesting to see a mutation that, although does 

drastically affect the protein, does not completely disable it.  This observation prompts 

more questions about the exact purpose of the N-terminal domain. 

The HPLC analytical size exclusion column showed two main peaks for pDG464, 

one at 53 kDa and a second at 146 kDa, indicating a trimer for MA3297.  Interestingly, 

pDG613 shows only a peak at 48 kDa, with no indication of an oligomer.  It appears that 

this domain may be important for forming the oligomer.  
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DISCUSSION 

 Two methods were found to obtain soluble protein.  The first involved a large 

protein tag, NusA, which may have affected MA3297's catalytic activity.  The second, 

more efficient route of refolding from inclusion bodies produced more active protein with 

fewer purification steps.  It is possible that this method could be further optimized, 

especially if the proposed N-terminal metal-binding domain requires a specific metal, 

such as zinc, or other components to ensure complete formation of the trimer.  Also, if 

this process could be optimized, it may be possible to obtain sufficient enzyme for metal 

analysis.  In these studies, sufficient enzyme could not be obtained. 

 While T. thermophilus and M. tuberculosis threonine synthases form 

homodimers
17,18

, both MA1610, the threonine synthase from M. acetivorans and 

MA3297 form homotrimers.  In T. thermophilus and M. tuberculosis, each active site is 

within each subunit and is not shared between subunits.  There may be some form of 

allosteric regulation present in the oligomers.  This could explain the lower activity found 

in the NusA construct, if the NusA protein obstructed the formation of the trimer. 

 AP5 has been used as a substrate analogue for T. thermophilus threonine synthase 

crystal structures.  For MA3297, AP3 could serve as a useful inhibitor in any future 

crystallographic studies as it was shown to be the most effective inhibitor. 

 HPLC and LC-MS analysis of the reactions shows evidence for a novel enzyme, 

cysteate synthase.  Not only does it have unique activity, but this also closes a gap in the 

CoM biosynthesis for Class II methanogens.  Its mechanism utilizes PLP as a cofactor 
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and requires sulfite as a nucleophile, catalyzing a β-replacement reaction.  This could be 

similar to the mechanism utilized by threonine synthases (Figure 11). 
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Figure 1.11 Threonine Synthase Mechanism 

 First, the α-amino group of the substrate attacks the C4' of PLP (A), creating an 

external aldimine
17

 (B).  Next, a carbanion intermediate is formed when the active site 

Lys abstracts a proton from the substrate's C
α
 (C, additional resonance structures not 

shown).  The active site Lys then donates a proton to the C4' of PLP, forming the α-

ketimine (D).  The ε-amino group of Lys abstracts the pro-R hydrogen from C
β
 of the 

substrate, forming the enamine (E).  Lys then transfers this proton to the phosphate group 

of the substrate, causing its γ-elimination, creating a β, γ-unsaturated ketimine (F).  Next, 

the proton from C4' is transferred to C
γ
, forming the α,β-unsaturated aldimine (G).  This 

transfer is possible through a variety of chemical shuttles, none of which has been clearly 

shown to be the true mechanism.  In the last step, Lys abstracts a proton from a water 

molecule, creating a hydroxide ion that attacks the C
β
 of the substrate (H).  At the same 

time, Lys donates a proton to C
α
.  This results in a final product of adding water across 

the double bond to yield an external aldimine.  (Adapted from Covarrubias
17

)
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 Compared to the threonine synthase from E. coli the Km is similar (0.5 mM), but 

for sulfite is 10-fold lower
11

.  The turnover number for MA3297 at 8.9 min
-1

 is 

significantly lower than that of threonine synthase (7.3 s
-1

)
11

.  This 40-fold difference 

could be explained by a variety of factors including the shift from anaerobic to aerobic 

conditions.  Another possibility is that CoM may not be in as high demand as threonine, 

and its lower turnover rate may suit the purpose of the species. 

 Though its sequence is similar to Class II threonine synthases, MA3297’s 

mechanism may be similar to enzymes involved in producing cysteine. O-Acetylserine 

sulfhydralase is in the same β-family of PLP-dependent enzymes as threonine synthases.  

It is involved in the biosynthesis of cysteine and has been shown to utilize phosphoserine 

as a substrate in catalyzing the formation of cysteine with bisulfide from a protein 

thiocarboxylate carrier
19

.  This enzyme may hold additional clues to the evolution and 

mechanism of the cysteate synthase. 
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The Catabolism of Halogenated Aromatic Compounds by the Meta-

fission Pathway 

INTRODUCTION 

 Many microorganisms utilize aromatic compounds as their sole sources of carbon 

and energy.  These aromatic compounds can be degraded into intermediates that enter the 

Krebs cycle.  In Pseudomonas putida mt-2 aromatic hydrocarbons such as benzene, 

toluene and xylenes are processed to a catechol or an alkyl-substituted catechol
1
.  The 

determining degradation step is the ring opening, which can occur at two different 

positions on the ring.  Two separate pathways, depending on the mode of ring opening, 

the ortho-fission pathway and the meta-fission pathway, result (Figure 2.1).  In the ortho-

fission pathway ring fission occurs between the two hydroxyl groups.  A series of 

enzymes processes the ring fission product to produce β-ketoadipate and, further in the 

pathway, intermediates that can enter the Krebs cycle.  In the meta-fission pathway, ring 

fission occurs adjacent to a hydroxyl group.  The ring fission enzymes process the 

product to pyruvate and acetyl CoA
1
. 
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Figure 2.1  Ring Fission of Catechol  

 Ortho-fission is indicated on the left and meta-fission is shown on the right. 
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 The meta-fission pathway is an inducible set of enzymes that can convert catechol 

and 4- or 5-carbon substituted catechols.  In Pseudomonas putida mt-2, this pathway is 

encoded on the TOL plasmid, pWW0.  First, the catechol undergoes ring opening by a 

dioxygenase to yield 2-hydroxymuconate semialdehyde (2).  The aldehyde on C-6 is 

oxidized by a NAD
+
-dependent dehydrogenase, 2-hydroxymuconate semialdehyde 

dehydrogenase (2-HMSD), to give 2-hydroxymuconate (3, 2-HM). Next, 4-

oxalocrotonate tautomerase (4-OT) catalyzes a 1,5-keto-enol tautomerization of 2-HM to 

afford 2-oxo-3-hexendioate (4), which is decarboxylated by the metal dependent 4-

oxalocrotonate decarboxylase (4-OD) to generate 2-hydroxy-2,4-pentadienoate (5, HPD).  

Water is added to the C-4 position of HPD by the metal dependent vinylpyruvate 

hydratase (VPH).  The product, 2-oxo-4-hydroxypentanoate (6), is cleaved by pyruvate 

aldolase (PA) to yield pyruvate (7) and acetaldehyde (8).  An NAD
+
-dependent 

acetaldehyde dehydrogenase (AAD) adds coenzyme A (CoA) to acetaldehyde to yield 

acetyl-CoA (9) (Figure 2.2). This chapter will focus on three of these meta-fission 

enzymes, 4-OT, 4-OD and VPH.   
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Figure 2.2  The Meta-fission Pathway. 

 The set of enzyme-catalyzed reactions that comprise the meta-fission pathway for 

the degradation of catechol and alkyl-substituted catechols as found in P. putida mt-2.  
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 4-OT is a member of the tautomerase superfamily.  In this superfamily, 

characterized by a catalytic amino-terminal proline and a β-α-β fold, there are five known 

families of enzymes.  These families are illustrated by 4-OT, cis-3-chloroacrylic acid 

dehalogenase (cis-CaaD), malonate semialdehyde decarboxylase (MSAD), 5-

(carboxymethyl)-2-hydroxymuconate isomerase (CHMI), and macrophage migration 

inhibitory factor (MIF)
1
 (Figure 2.3).  trans-3-Chloroacrylic acid dehalogenase (CaaD), a 

member of the 4-OT family, was initially cloned from Pseudomonas pavonaceae strain 

170.  This enzyme is a heterohexamer, consisting of three α-subunits (containing 75 

amino acids) and three β-subunits (consisting of 70 amino acids).  CaaD is involved in 

the degradation of 1,3-dichloropropene.  This compound exists as an isomeric mixture, 

and cis-CaaD along with CaaD, are required to degrade it.  cis-CaaD exists as a 

homotrimer, with each monomer consisting of 149 amino acids.  One of cis-CaaD’s 

monomers corresponds to an , dimer from CaaD.  Downstream from CaaD and cis-

CaaD in the degradation pathway of 1,3-dichloropropene, MSAD catalyzes a metal-ion 

independent decarboxylation reaction.  MSAD is a homotrimer where each monomer has 

129 amino acids.  All three of these enzymes share conserved residues with 4-OT and 

CHMI.  CHMI, from Escherichia coli C, catalyzes a tautomerization reaction similar to 

that of 4-OT, but in a pathway for the degradation of aromatic amino acids.  Finally, MIF 

has two separate functions as a pro-inflammatory cytokine and a phenylpyruvate 

tautomerase
1
. 
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Figure 2.3  The Reactions Catalyzed by the Tautomerase Superfamily  

 All enzymes require the amino-terminal proline (Pro-1) for catalysis. 
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 The tautomerase superfamily represents an example of divergent evolution.  All 

the enzymes are constructs using the same structural scaffolding, the -- fold.  The 

diverse reactions such as tautomerization, decarboxylation and dehalogenation all use 

common active site residues.  For example, CaaD, cis-CaaD, MSAD, 4-OT and CHMI 

use arginine residues in addition to the catalytic N-terminal proline
1
.  When a diverse set 

of enzymes has the same structure, it supports the idea that they diverged from a common 

ancestral protein.  In the tautomerase superfamily, some of these enzyme families might 

have evolved separately to degrade unique compounds to be used as sole carbon sources 

by different organisms.  These observations provide evidence for divergent evolution 

through the versatility of a common sturdy and resilient structure. 

 4-OT and CHMI, in addition to belonging to the tautomerase superfamily, are 

both involved in the degradation of aromatic compounds.  While 4-OT is in the pathway 

for aromatic hydrocarbons, CHMI plays a similar role in the pathway for the degradation 

of aromatic amino acids in the homoprotocatechuate (HPC) pathway. The catalytic 

amino-terminal proline in both enzymes acts as a base to abstract a proton from the 2-

hydroxyl group of the substrate and place it at the C-5 position
1
.  Figure 2.3 shows the 

reactions for each enzyme.  In both the meta-fission and HPC pathways, prior to 

tautomerization is an oxidation reaction carried out by a NAD
+
-dependent dehydrogenase 

[5-(carboxymethyl)-2-hydroxymuconate dehydrogenase (CHMSD), and 2-HMSD, 

respectively].  The following step in either pathway is a decarboxylation reaction 

catalyzed by either 5-(carboxymethyl)-2-oxo-3-hexene-1,6-dioate decarboxylase 

(COHED) or 4-OD, respectively. The HPC degradation pathway catalyzes the same 
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series of reactions as those in the catechol meta-fission pathway in the conversion of 3,4-

dihydroxyphenylacetate to succinic semialdehyde and pyruvate.  The only difference is 

the 5-carboxymethyl group on the intermediates of the HPC. These similar chemistries 

are not in conjunction with similar sequences, yet the pathways share obvious 

commonalities. 

 4-OT is a fascinating enzyme.  It is a hexamer where each monomer consists of 

only 62 amino acids.  Each monomer is coupled to another monomer, where the pair of 

parallel -sheets runs anti-parallel in the homodimer, creating a trimer of homodimers.  

Each of the six active sites contains a catalytic Pro-1 that acts as a base to transfer a 

proton from the 2-hydroxyl group to the C-5 position (Figure 2.4C).  The active site also 

has Arg-11, which interacts with the 6-carboxylate group and Arg-39, which is near the 

2-hydroxyl group and the C-1 carboxylate group (Figure 2.4). In addition to its 

tautomerization reaction, 4-OT has also been shown to have a low level CaaD activity
1
. 
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Figure 2.4 Crystal Structure of 4-OT 

 A) The 4-OT monomer with the catalytic residues, Pro-1, Arg-11 and Arg-39 

shown by sticks in red.  B) The homohexamer form of 4-OT from P. putida mt-2, with 

the catalytic Pro-1 shown in each active site by sticks in red in Pymol
26

 (PDB 4OTA) C) 

The mechanism of 4-OT displays the importance of the catalytic Pro-1. 
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 A recent BLAST search of the National Center for Biotechnology Information 

(NCBI) database, shows over 7,000 entries for 4-OT.  This number continues to increase. 

In addition to the many canonical 4-OT isozymes, two recent homologues were 

identified.  The first is a heterohexamer 4-OT from Chloroflexus aurantiacus J-10-fl.  

This heterohexamer, made of a trimer of β dimers, contains only three active sites as the 

catalytic Pro-1 is found in the β monomer
2
.  It also uses Arg-12 and Arg-40 (from the –

subunit).  The second 4-OT homologue, designated TomN, is found not in a catabolic 

pathway, but in the biosynthetic pathway for the C ring of the antibiotic and antitumor 

agent, tomaymycin, from Streptomyces achromogenes.  Although its natural substrate is 

likely not 2-HM, TomN processes 2-HM and, like 4-OT, it is a homohexamer where each 

monomer has 66 amino acids. TomN also has a catalytic N-terminal proline, Arg-11 and 

Arg-39
3
.  

 The 4-OD/VPH complex follows 4-OT in the meta-fission pathway.  4-OD and 

VPH have been isolated from P. putida mt-2 as well as expressed recombinantly. They 

co-purify from the native organism, and the recombinant 4-OD and VPH, when 

expressed separately, are unstable or insoluble
4, 5

.  By expressing 4-OD and VPH on a 

dicistronic plasmid, a soluble protein complex resulted.  The complex shows the highest 

activity in a pH range of 5.8-7.5
4
.  

 The mechanisms of 4-OD and VPH have been studied in some detail.  Both 

enzymes require a metal ion, and Mg
2+

 or Mn
2+

 are preferred
4
.  4-OD and VPH do not 

utilize a Schiff base in their mechanism.  Labeling studies, using 
2
H2O, indicated that the 

C-4 hydroxyl group added by VPH originated from a solvent water molecule
6
.  Initially, 
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there was a question of whether HPD or 2-oxo-3-pentanoate (10) was the biological 

substrate for VPH.  A mutant 4-OD/VPH complex, 4-OD/E106Q-VPH, which has full 

decarboxylation activity, yet no hydratase activity, addressed this question.  When the 4-

OD/E106Q-VPH reaction was carried out in 
2
H2O using HPD, a racemic mixture of [3-

2
H]10 resulted, indicating that 10 originated from a nonenzymatic reaction, and that HPD 

was the likely substrate for VPH
5
.  Based on these results, the most reasonable 

mechanism is one where VPH first catalyzes the ketonization of HPD to 2-oxo-4-

pentanoate (11) prior to the Michael addition of water (Figure 2.5).  Recently, another 

VPH active-site mutant, 4-OD/K60A-VPH uncoupled the ketonization from the 

hydration.  UV traces at 233 nm suggest that 11 accumulates in solution
7
.  Finally, 

isotope effect studies utilizing 
13

C found that the carbon-carbon bond cleavage was rate 

limiting or nearly rate limiting
5
. 
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Figure 2.5  Reaction Mechanism of 4-OD/VPH 

 The reaction mechanism for 4-OD/VPH, which is described in the text.  

Compound 10 likely results from a non-enzymatic process and is not believed to be 

involved in the 4-OD/VPH reaction.
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 A single amino acid change, i. e., E106Q, in VPH causes a loss of the hydratase 

activity. The Glu-106 may be involved in coordinating the metal ion, or be an active site 

residue.  In addition to mechanistic insight, 4-OD/E106Q-VPH is used to isolate the 

product of the 4-OD reaction, HPD, which is used to assay the hydratase reaction
5
.  Other 

VPH active site mutants were constructed, but these mutants (D78N, D154N, D158N, 

D178N, D254N, E108Q and E139Q) only produced insoluble protein.   

 It has recently been reported that a modified meta-fission protein may be able to 

degrade the 5-chloro analogs of the canonical meta-fission pathway intermediates. 

Comamonas sp. strain CNB-1 is reportedly able to utilize 4-chloro-nitrobenzene (4-CNB) 

as a sole carbon source.  The accumulated evidence indicates that a meta-fission pathway 

from this organism is responsible for conversion of 4-CNB to the Krebs Cycle 

intermediates
8
.  A gene cluster was identified as being responsible for the degradation of 

4-CNB, cnb-orf1-cnbCaCbDEFGHI.  In this gene cluster, the enzymes show a high 

sequence identity (4-OT: 46%; 4-OD: 61%; VPH: 64%) to the enzymes found in the 

catechol meta-fission pathway for P. putida mt-2.  Of particular interest are cnbG, a 4-OT 

homologue, cnbF, a 4-OD homologue and finally cnbE, a VPH homologue.  The genes 

from the beginning of the cluster, cnbA (4-CNB nitroreductase), cnbB 

(hydroxylaminobenzene mutase), cnbCab (2-aminophenol-1,6-dioxygenase) and cnbD 

(2-aminomuconic 6-semialdehyde dehydrogenase) were all cloned, expressed and 

assayed for activity.  These along with cnbH, a 2-amino-5-chloromuconic acid 

deaminase, gave a product that LC-MS results identified as 5-(chloro)-2-

hydroxymuconate (5-Cl-2-HM)
8
.  With no clear dehalogenase in the operon, 4-OT is the 
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next proposed enzyme in this degradation pathway.  In this case, 4-OT, 4-OD and VPH 

would be acting on the 5-chloro analog of these substrates to produce 5-(chloro)-2-oxo-4-

hydroxypentanoate.  If this compound is processed by the PA (not seen in this operon, 

but present in the catechol meta-fission pathway, and chromosomal DNA of C. strain 

CNB-1), 2-chloroacetaldehyde (2-CAA) would be produced (Figure 2.6, 2.7).  2-CAA is 

a potent alkylating agent and is toxic to cells.  These observations raise three questions: 

1) Is 2-CAA produced?  2) How does the cell protect itself from alkylation by 2-CAA?  

3) What is the basis for the selectivity of the enzymes for the halogenated substrates? 

 One mechanism for managing the toxicity of 2-CAA has been described.  First, 

chloroacetaldehyde dehydrogenase (Cl-AAD) is a NAD
+
-dependent dehydrogenase that 

oxidizes 2-CAA to 2-chloroacetic acid.  Although Cl-AAD is involved in degrading 2-

CAA, its Km is lower for non-halogenated substrates.  Cl-AAD is overexpressed when 

Xanthobacter autotrophicus GJ10 is grown on chlorinated substrates.  The 

overexpression is most likely to compensate for the higher Km values measured for Cl-

AAD has for its chlorinated substrates
9
.  Further evidence supporting the importance of 

Cl-AAD in degrading halogenated compounds comes from the growth of Pseudomonas 

sp. GJ1 on 2-bromoethanol.  In this situation, Cl-AAD is overexpressed, and makes up to 

50% of the total protein content
10

.  Finally, it was found that when bacteria are 

encouraged to utilize  polychlorinated biphenyls (PCBs) as carbon sources, Cl-AAD 

expression increased as well as the enzymes involved in catechol degradation pathways
11

.  

Hence, overexpression of Cl-AAD may be one mechanism in managing the toxicity 

associated with degrading halogenated compounds.
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Figure 2.6  The Proposed Meta-fission Pathway for Halogenated Catechols 

 The same chemical reactions take place as shown in Figure 2.2, but process a 5-

chloro substrate.  It is proposed that 4-OT catalyzes a tautomerization of 5-(chloro)-2-

hydroxymuconate (5-Cl-2-HM, 12) to yield 5-(chloro)-2-oxo-3-hexendioate (13) which is 

decarboxylated by 4-OD to afford 5-(chloro)-2-hydroxy-2,4-pentadienoate (5-Cl-HPD, 

14).  Water is added across the double bond by VPH to give 5-(chloro)-2-oxo-4-

hydroxypentanoate (15) which is proposed to be cleaved by pyruvate aldolase (PA) to 

yield pyruvate (7) and 2-chloroacetaldehyde (16).  

 

Figure 2.7  Reactions of Chloroacetaldehyde 

 Chloroacetaldehyde can react with almost any compound containing a double 

bond (A) resulting in an alkylation.  Hazadarzous to any living organism, this alkylation 

can even affect DNA bases such as guanosine
30

 (B). 
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 The meta-fission pathway from L. cholodnii shares high sequence identity and 

similarity to that of C. strain CNB-1 (4-OT: 78%, 87%; 4-OD: 82%, 90%; VPH: 85%, 

92%, identities and similarities, respectively here and throughout).  L. cholodnii SP-6 has 

two 4-OT enzymes, yet only one is in the context of a meta-fission pathway operon.  

However, M. petroleiphilum PM1 has two separate operons, each encoding a meta-fission 

pathway.  The first, designated 459 has a higher sequence identity to C. strain CNB-1 (4-

OT: 84%, 94%; 4-OD: 82%, 92%; VPH: 87%, 94%) and a lower sequence identity to P. 

putida mt-2 (4-OT: 41%, 66%; 4-OD: 65%, 77%; VPH: 60%, 76%).  The second operon, 

designated 508, has a higher sequence identity to P. putida mt-2 (4-OT: 69%, 76%; 4-

OD: 66%, 82%; VPH: 74%, 82%) than C. strain CNB-1 (4-OT: 36%, 66%; 4-OD: 52%, 

62%; VPH: 67%, 80%). 

 The purpose of this research is to clone, express, and characterize 4-OT, 4-OD 

and VPH from the chloro-meta-fission pathway.  The kinetic parameters for 4-OT, 4-OD 

and VPH from Leptothrix cholodnii SP-6 (Lc) and Methylibium petroleiphilum PM1 

(Mp) will be determined to assess the enzyme’s selectivity for the 5-chloro substrates.  

These parameters will be compared to those measured for the enzymes from P. putida 

mt-2 (Pp). Only preliminary data could be obtained for 4-OD/VPH from either operon 

from M. petroleiphilum PM1.  An in-depth comparison has been made between the 

enzymes of L. cholodnii SP-6 and P. putida mt-2.  In addition to kinetic parameters, the 

products of these enzymes were identified by chemical and spectral analysis and the 

stereochemistry of the VPH product was determined. 
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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. (Milkwaukee, WI) or EM Science (Cincinnati, OH).  The 

syntheses of 2-hydroxymuconate (2-HM, 3)
12

, 5-(methyl)-2-hydroxymuconate (5-CH3-2-

HM, 12)
13

, and 2-hydroxy-2,4-pentadienoate (HPD, 5)
5
 have been reported previously. 

The syntheses of 5-(chloro)-2-hydroxy-2,4-hexadiene-1,6-dioate (5-Cl-2-HM, 14), 5-

(bromo)-2-hydroxy-2,4-hexadiene-1,6-dioate (5-Br-2-HM), and the isolation of 5-

(chloro)-2-hydroxy-2,4-pentadienoate (5-Cl-HPD) and 5-(bromo)-2-hydroxy-2,4-

pentadienoate (5-Br-HPD) using 4-OD/E106Q VPH were carried out by Dr. William H. 

Johnson, Jr.  The Phenyl Sepharose 6 Fast Flow, DEAE-Sepharose resins, and the 

prepacked PD-10 Sephadex G-25 columns were obtained from GE Healthcare 

(Piscataway, NJ).  The Econo-Column chromatography columns and Freeze ‘N Squeeze 

units were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA).  Enzymes and 

reagents used for molecular biology procedures were obtained from New England 

Biolabs, Inc. (Ipswich, MA). 

 Bacterial Strains, Plasmids and Growth Conditions.  E. coli strain DH5 was 

obtained from Invitrogen (Carlsbad, CA).  E. coli strain BL21-Gold (DE3) was obtained 

from Stratagene (La Jolla, CA).  E. coli strain C41 (DE3) was purchased from Lucigen 

(Middleton, WI).  Leptothrix cholodnii SP-6 cells was a gift from Dr. David Emerson 

(Bigelow Laboratory for Ocean Sciences, East Boothbay, ME).  The isolation of genomic 

DNA from Leptothrix cholodnii SP-6 cells was carried out by Dr. Elizabeth A. Burks.  



 57 

The pET vectors were obtained from Novagen (Madison, WI).  Plasmids were isolated 

from cell cultures using the Sigma GenElute Plasmid Miniprep Kit, following the 

manufactuer’s directions.  Cells for cloning and overproduction were grown on Luria-

Bertani (LB) agar plates or in LB medium supplemented with kanamycin (Kn) (30 

µg/mL).  The sources for the components of LB medium are reported elsewhere
14

.  The 

plasmids containing the genes for 4-OD and VPH from P. putida mt-2 (Pp) were 

constructed previously
5
.  The 4OD/K60A-VPH mutant from P. putida mt-2 was also 

constructed previously
7
.  The Lc 4-OT construct was amplified from genomic DNA and 

cloned into the pET24a expression vector by Dr. Elizabeth A. Burks. 

 General Methods.  Techniques for restriction enzyme digestion, ligation, 

transformation, and other standard molecular biology manipulations were based on 

methods described elsewhere
14

.  All PCR reactions were carried out in a heated top Gene 

Amp PCR System 2700 (Applied Biosystems, Foster City, CA).  Oligonucleotide primers 

were synthesized by Sigma-Aldrich.  DNA sequencing was performed at the DNA core 

facility of the Institute of Cellular and Molecular Biology (ICMB) at the University of 

Texas.  Mass spectral data were obtained on an LCQ electrospray ion-trap mass 

spectrometer (Thermo, San Jose, CA) in the ICMB Protein and Metabolite core facility.  

The samples were prepared as described previously
15

.  Kinetic data were obtained at 

24°C on an Agilent 8453 diode-array spectrophotometer.  Nonlinear regression data 

analysis was performed using Grafit (Erithacus Software Ltd., Staines, U.K.) obtained 

from Sigma-Aldrich.  Protein concentrations were determined by the Waddell method
16

.  

4-OT was analyzed using tricine SDS-PAGE on 15% gels.  All other proteins were 
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analyzed using Tris-glycine SDS-PAGE on 12% gels.  Gels were run on a Bio-Rad Mini-

Protean II gel electrophoresis apparatus
17

.  NMR spectra were recorded in 100% H2O on 

a Varian Unity INOVA-500 spectrometer, as reported previously
2,15

.    

Synthesis and Isolation of Substrates 

Synthesis of 5-(chloro)-2-Hydroxy-2,4-hexadiene-1,6-dioate.  This protocol was 

based on a previous one
13

. Chlorine gas was slowly streamed over a solution of ethyl 

crotonate (18.4 g, 160.9 mmol), dissolved in carbon tetrachloride (100 mL, 1.04 mol) and 

DMF (2 drops) for 1 h.  The solution was stirred at room temperature overnight.  Solvent 

was then removed at reduced temperature to yield 15.9 g of residue, which is mostly 

ethyl 2,3-dichlorobutyrate with a trace of ethyl-2-chlorocrotonate.  This product was 

dissolved in acetone (150 mL, 2.04 mol), and potassium carbonate (20 g, 144.7 mmol) 

was added, and the solution gently refluxed for 3 days.  After cooling, the solid was 

filtered off and rinsed with ethyl acetate.  The solvent was removed in vacuum and the 

residue purified by flash column chromatography (8:1 hexane/ethyl acetate).  Fractions 

containing product were combined and evaporated to dryness.  The residue was used 

without further identification. 

Sodium metal (19.7 g, 856.3 mmol) was allowed to react with ethanol (50 mL, 

856.3 mmol) and the mixture was added to 300 mL of toluene.  The solution was distilled 

at 90°C to remove any water and ethanol.  The sodium ethoxide solution was cooled in an 

ice bath and ethyl oxalate (4.9 g, 33.7 mmol), followed by ethyl 2-chlorocrotonate (5 g, 

33.7 mmol) were added.  This mixture was equilibrated to room temperature and stirred 
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for 4 days.  The bright yellow solid that precipitated was filtered, washed with hexane, 

and air-dried to yield 4.23 g. 

 The solid was suspended in water (100 mL, 5.6 mol) and cooled in an ice bath. 

Sodium hydroxide (32 mL, 32 mmol) was added dropwise over 30 min, and the reaction 

mixture was allowed to equilibrate to room temperature overnight.  The mixture was 

again cooled to 0°C and concentrated phosphoric acid was added dropwise to adjust the 

pH to ~1.8.  The solid was filtered, air dried, and then crystallized from ethyl acetate to 

yield 1.91 g. 
1
H NMR (H2O, 600 MHz)  6.17 (1 H, d, J = 11.5), 7.40 (1 H, d, J = 11.5); 

13
C NMR (CD3OD, 75 MHz)  152.1 (C3), 170.9 (C4), 179.3 (C5), 196.4 (C2), 212.5 

(C6), 213.0 (C1). 

 Synthesis of 5-(bromo)-2-Hydroxy-2,4-hexadiene-1,6-dioate.  Procedures were 

carried out as described above for 5-Cl-2-HM except that bromine was added dropwise 

under argon in place of chlorine gas.  

 Isolation of 5-(chloro)-2-Hydroxy-2,4-pentadienoate using 4-OD/E106Q VPH 

(from Pseudomonas putia mt-2).  The protocol was based on a previous one
5
 with the 

following modifications.  5-Cl-2-HM (1.0 mmol) was suspended in 100 mM Na2HPO4 

buffer (25 mL) that contained 3 mM MgCl2.  The pH was adjusted with 1M NaOH to 7.2.  

To this solution, 5-(carboxylmethyl)-2-hydroxymuconate isomerase, (250 µL of a 3.4 

mg/mL solution) was added and allowed to react for 5 min before adding 4OD/E106Q 

VPH from P. putida mt-2 (2.5 mL of 1.2 mg/mL solution).  The reaction mixture was 

monitored by UV, and quenched (1 M HCl, 10 mL) when the 265 nm peak no longer 

changed (~20 min).  A solution of 1M NaOH was added dropwise until the pH was 
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between 1.8 and 2.  Extraction with ethyl acetate and further purification steps were 

carried out as reported previously
5
.  

 Isolation of 5-(bromo)-2-Hydroxy-2,4-pentadienoate using 4-OD/E106Q VPH 

(from Pseudomonas putida mt-2).  The protocol was carried out as described above for 5-

chloro-2-hydroxy-2,4-pentadienoate except 5-Br-2-HM was used in place of 5-Cl-2-HM.  

DNA Manipulation and Cloning Procedures 

 Growth of Leptothrix cholodnii SP-6.  Procedures were carried out by Dr. 

Elizabeth A. Burks.  Leptothrix cholodnii SP-6 cells were grown in “PYG” media 

described previously
18

. PYG media contains 0.25 g each of peptone, yeast extract and 

glucose per liter of solution and was made 2.4 mM in magnesium sulfate and 0.63 mM 

calcium chloride.  The pH is adjusted with NaOH to 7.6.  Inoculation was done by 

wetting a sterile swab in sterile water, rubbing it around the desired culture plate and 

transferring the cells to a 10 mL portion of PYG.  The two cultures were left shaking at 

room temperature.  After a 48 h incubation period, each culture showed a small amount 

of growth.  Four fresh cultures were inoculated with 0.9 mL of the 48 h culture to 10 mL 

fresh PYG for a total of 8-10 mL cultures. The 8 cultures were grown at room 

temperature with shaking. After approximately 65 h, the mat of cells from the bottom of 

each tube was transferred to a sterile microcentrifuge and the liquid removed. The eight 

cultures yielded approximately 50 mg of cells.   

 Isolation of Genomic DNA from L. cholodnii SP-6.  Genomic DNA was extracted 

based on a procedure described elsewhere
19

. Briefly, cells were suspended in 0.5 mL of 

SET buffer [20 mM Tris-Cl buffer (pH 8), 75 mM NaCl, 25 mM EDTA] and divided 
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evenly between two microcentrifuge tubes.  To each tube was added an equal volume 

(0.25 mL) of 20 mg/mL lyzozyme.  The suspended cells were incubated at 37°C.  After 

30 min, 16 µL of 10 Bactozol Enzyme Solution (Molecular Research Center, Inc., 

Cincinnati, OH) was added to one tube and the mixture was allowed to incubate for 3 h.  

Subsequently, the material in the two tubes was combined into one tube.  To the 1 mL 

solution was added 0.125 mL (1/8 volume) of sterile 10% SDS and 0.125 mL (1/8 

volume) of 0.5 mg/mL proteinase K in SET buffer.  The tube was incubated at 55°C for 2 

h with occasional gentle inversion.  Following the incubation period, proteinase K was 

inactivated by placing the tube in boiling water for 10 min.  The mixture was cooled to 

room temperature and divided evenly among 4 microcentrifuge tubes (~ 0.3 mL in each 

tube). Each was made 0.2 M in NaCl by adding 0.20 mL (2/3 volume) of 0.5 M NaCl and 

extracted with equal volume of chloroform containing oil red O for 30 min with gentle 

rocking at room temperature. The aqueous layer was recovered and extracted with 

chloroform/oil red O.  Equal volumes of isopropanol were added to the aqueous layers, 

and the mixture was incubated at room temperature for 5 min.  The DNA was then 

pelleted by centrifugation for 20 min at about 11,800 x g at room temperature.  The liquid 

was replaced with 100 µL of ethanol and the tubes stored overnight at -20°C. 

 The following day the DNA was recovered by centrifugation and each pellet was 

suspended in 100 µL of 10 mM Tris-Cl buffer (pH 8.5).  The suspensions were pooled.  

The DNA was further purified by phenol extraction followed by chloroform extraction.  

The DNA was precipitated with salt and ethanol, overnight at -20°C.  The DNA was then 
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pelleted by centrifugation and suspended in 0.1 mL of buffer.  The concentration was 

calculated from UV A280/A260 and was 16 ng/µL. 

 Cloning of the 4-OT Gene from Leptothrix cholodnii SP-6 Genomic DNA.  One 50 

µL PCR reaction was set up and contained 480 ng of genomic DNA, dNTPs (0.2 mM), 

Vent polymerase (0.5 unit), the accompanying 10 buffer (diluted to 1 which 

contributes 2 mM MgSO4), and appropriate primers, lcCl4OTforward 

(5’TAGTAGTAGCATATGCCCTTTGCCCAG-3’) and lcCl4OTreverse 

(5’GATGATGATCTCGAGTCATTATTAGCGTCCGAG-3’) (0.4 µM). The PCR 

amplification protocol, designated PCR#1 consisted of an initial 5-min denaturation cycle 

at 94° C, followed by 29 cycles of 94 °C for 1 min, 55 °C for 2 min, and 72 °C for 3 min, 

a 10-min elongation cycle at 72 °C, and ending with a hold at 4 °C.  The reaction 

produced a DNA piece of the desired size that was eluted from a 1% agarose gel and 

processed through a Freeze ‘N Squeeze unit (Bio-Rad, Inc., Hercules, CA).  The liquid 

that was recovered was used as the template DNA for subsequent PCR in which four 

reactions (50 µL) were set up.  Each reaction contained 1 µL of the template DNA along 

with the components listed above. The PCR amplification protocol consisted of an initial 

2-min denaturation cycle at 94° C, followed by 29 cycles of 94 °C for 1 min, 55 °C for 2 

min, and 72 °C for 3 min, a 10-min elongation cycle at 72 °C, and ending with a hold at 4 

°C.  The desired reaction product was recovered from an agarose gel using a Freeze ‘N 

Squeeze units followed by precipitation with ethanol.  The PCR product was cloned into 

pET24a from which the BglII recognition site was removed between NdeI and XhoI. 

After PCR screening one positive clone was sequenced and used for protein expression. 
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 Construction of Mutants in 4-OT from Leptothrix cholodnii SP-6.  To introduce a 

mutation into Lc 4-OT, extension overlap PCR was used.  All primers for the 4-OT 

mutations are listed in Table 2.1.  Two sets of PCR reactions were set up.  To introduce 

the P1A mutation, the first reaction utilized primers pET24afor and Lc4OTP1Arev and 

synthesized the first half of the 4-OT gene (Reaction 1).  The second reaction used 

primers T7term and Lc4OTP1Afor and synthesized the later half of the 4-OT gene 

(Reaction 2).  Each 50 µL reaction mixture contained 5 µL 10 thermo buffer, 1 µL 

10mM dNTPs, 0.6 µL template DNA (25 ng/µL Lc 4-OT in pET24a), 0.25 µL Vent 

DNA polymerase (2U/mL), 2 µL each of the forward and reverse primers.  The amplified 

reaction was carried out in the DNA thermal cycler using the PCR program designated 

PCR #2.  The program starts at 94°C for 2 min, then cycles from 94°C for 1 min, 55°C 

for 1 min, 72°C for 3 min, for 18 cycles and ends with 10 min at 72°C, holding at 4°C.  

The PCR products were eluted on a 1% agarose gel, bands of the appropriate size were 

excised, isolated using the Freeze ‘N Squeeze units, precipitated using ethanol, and 

resuspended in sterile water.  To combine these two pieces, another 50 µL PCR reaction 

was carried out, with 5 µL 10 thermo buffer, 1 µL 10mM dNTPs, 0.3 µL Taq DNA 

polymerase (2U/µL), 2 µL pET24for, 2 µL T7term, 4 µL of the purified PCR product 

from Reaction 1, and 2 µL of the purified PCR product from Reaction 2.  This mixture 

was placed in the thermocycler and amplified using PCR #2.  The product was eluted on 

a 1% agarose gel, the band of the appropriate size was excised and purified, as described 

above.  The product was used as a template for further PCR.  To amplify the mutated 4-

OT gene, eight reaction mixtures (50 µL) were set up, each containing 5 µL 10 thermo 
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buffer, 1 µL 10mM dNTPs, 2 µL of template 4-OT, 0.25 µL Vent DNA polymerase 

(2U/µL), 2 µL pET24afor, and 2 µL T7term.  The reaction mixtures were placed in the 

thermocycler and amplified with PCR #2.  This product was eluted on a 1% agarose gel, 

the bands of appropriate size were excised and purified as described above. The PCR 

product and pET24a were then treated with the appropriate restriction enzymes, NdeI and 

XhoI.  After incubation at 37°C for 4 h, reactions were eluted on 1% agarose gel.  Bands 

of appropriate size were excised and purified by the method described above. Plasmids 

were ligated using NEB’s quick ligation T4 DNA ligase and resuspended in 10 µL 

Qiagen’s elution buffer.  An aliquot (5 µL) was mixed with 40 µL E. coli DH5 cells and 

electroporated using a Bio-Rad Micro Pulser Electroporator unit.  Cells were allowed to 

recover at 37°C for 3 h in SOC broth.  Cells were harvested by centrifugation at 955  g 

for 3 min and then streaked on LB/Kn plates and incubated at 37°C overnight.  Colonies 

were screened using the colony PCR method as follows.  Ten colonies were chosen 

randomly.  For each colony, a toothpick was touched to the colony, swirled in 50 µL of 

sterile water in an eppendorf tube and finally streaked across a LB/Kn agar plate.  These 

plates were incubated at 37°C.  The eppendorf tubes with water and cell mixture were 

placed in a boiling water bath for 10 min, then centrifuged at 12,500  g for 2 min. The 

supernatant (10 µL) was used in a 50 µL PCR reaction containing 5 µL 10 thermo 

buffer, 1 µL 10 mM dNTPs, 1 µL forward primer (pET24for), 1 µL reverse primer 

(T7term), 0.3 µL Taq DNA polymerase and H2O to volume.  This reaction mixture was 

placed in the thermocycler and subject to PCR #2.  An aliquot of each reaction (10 µL) 

was visualized on a 1% agarose gel.  Two colonies were chosen randomly from those that 
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tested positive, grown up in LB/Kn media, and plasmids isolated using Sigma Plasmid 

Prep Kit.  Sequences were confirmed by DNA sequencing. 

 To introduce the R11A mutation into the Lc 4-OT, overlap PCR was used as 

described for the P1A-4-OT mutant, with the following modifications.  Two sets of PCR 

reactions were set up, the first utilized the primers pET24for and Lc4OTR11Arev to form 

the first half of the 4-OT gene (Reaction 3).  The second reaction used primers T7term 

and Lc4OTR11Afor for the later half of the 4-OT gene (Reaction 4).  For the first round 

of PCR, 0.6 µL template DNA (25 ng/µL Lc 4-OT in pET24a) was used.  For the overlap 

PCR, 4 µL of the purified PCR product from Reaction 3 and 2 µL of the purified PCR 

product from Reaction 4 were used as template DNA.   

 To introduce the R39A mutation into Lc 4-OT, overlap PCR was used as 

described for the P1A-4-OT mutant with the following modifications.  Two sets of PCR 

reactions were set up, the first utilized the primers pET24afor and Lc4OTR39Arev to 

form the first part of the 4-OT gene (Reaction 5).  The second used primers T7term and 

Lc4OTR39Afor for the later half of the 4-OT gene (Reaction 6).  For the first PCR 

reaction, 0.4 µL template DNA (200 ng/µL Lc 4-OT in pET24a) was used.  For the 

overlap PCR reaction, 2 µL of the purified PCR product from Reaction 5 and 3 µL of the 

purified PCR product from Reaction 6 were used as template DNA.      
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Table 2.1: Primers Used for L. cholodnii SP-6 4-OT Mutants 

Primer Name Oligonucleotide Sequence
a
 

Lc4OTP1Afor GGAGATATACATATGGCCTTTGCCCAG 

Lc4OTP1Arev CTGGGCAAAGGCCATATGTATATCTCC 

Lc4OTR11Afor GCTGGAAGGCGCCACCGAAGACC 

Lc4OTR11Arev GGTCTTCGGTGGCGCCTTCCAGC 

Lc4OTR39Afor CAGGCAAACGTCGCCGTTTGGATCC 

Lc4OTR39Arev GGATCCAAACGGCGACGTTTGCCTG 

pET24for 

 

GATCCCGCGAAATTAATACGAC 

T7term 

 

GCTAGTTATTGCTCAGCGG 

 

  

 

                                                 
a All primers are written in the 5’ to 3’ direction, and were used as 10 µM stocks in the quantities described 

in the text. 
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 Cloning of the 4-OD and VPH Genes from L. cholodnii SP-6.  The 4OD/VPH 

complex from L. cholodnii SP-6 was cloned from genomic DNA, using the primers listed 

in Table 2.2, as follows. Primers were named based on the gene number notations as 

found in the NCBI database.  For cloning the 4-OD gene, Lcho16for was used as the 

forward primer and Lcho16rev was used as the reverse primer. Lcho17for was used as 

the forward primer and Lcho17rev was used as the reverse primer for cloning the VPH 

gene.  For the initial PCR of each gene from genomic DNA, three 50 µL reactions were 

prepared for each target gene. Each 50 µL reaction contained 10 µL of 0.05 µg/µL 

genomic DNA, 5 µL of 10 thermo buffer, 1 µL 10 mM dNTPs, 2.5 µL bovine serum 

albumin (10 mg/mL), 0.25 µL Vent DNA polymerase (2U/µL), and the forward and 

reverse primers (2 µL each) and distilled H2O to volume.  For reaction 1, H2O was added 

to volume.  For reaction 2, 1 µL of 50 mM MgCl2 and H2O were added to volume.  For 

reaction 3, 2 µL of 50 mM MgCl2 and H2O were added to volume.  Reactions were 

placed in a heated top thermocycler and subjected to the program PCR #1.  PCR reactions 

were eluted on 1% agarose gels.  Bands of the appropriate size were excised, isolated 

using the Freeze ‘N Squeeze units, precipitated using ethanol, and resuspended in sterile 

water.  The product was used as template DNA in future reactions.  To further amplify 

the template DNA, additional 50 µL reactions were carried out using 2 µL of this 

template, 5 µL 10 thermo buffer, 1 µL 10mM dNTPs, 2 µL of each primer, 0.25 µL of 

Vent DNA polymerase (2U/µL) and distilled H2O up to volume.  These reactions were 

subjected to PCR#1, and treated as described above.  The PCR product and pET24a were 

then treated with the appropriate restriction enzymes.  For the VPH construct, NdeI and 
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BamHI were used. For the 4-OD construct, NdeI and HindIII were used. The reactions 

were ligated using NEB’s quick ligation T4 DNA ligase and the sequences verified first 

using the colony PCR protocol as described previously in “Construction of Mutants in 4-

OT from Leptothrix cholodnii SP-6” followed by DNA sequencing.   
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Table 2.2:  Primers Used for Cloning the 4-OD and VPH Genes from L. cholodnii SP-6 

 

Primer Name DNA bases from 5’ to 3’a 

Lcho17for TAGTAGTAGCATATGGACGCACTCACCATCC 

Lcho17rev GATGATGATGGATCCTCATTATTAAATAAACCGCACCGACG 

Lcho16for TAGTAGTAGCATATGGCACTGAATCGCACCG 

Lcho16rev GATGATGATAAGCTTTCATTATTAGACGAAACGCATCGACAC 

Lcho16forEcoRI TAGTAGTAGGGATCCAGAAGGAGATATACATGGCACTGAATCGC

ACCG 

LcVPHK60Afor CATCGGCAAGGCGATCGGCGTCACC 

LcVPHK60Arev GGTGACGCCGCTCGCCTTGCCGATG 

 

                                                 
a All primers are written in the 5’ to 3’ direction and were used as 10 µM stocks in amounts described. 
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 Cloning the 4-OD Gene into the Plasmid Containing VPH from L. cholodnii SP-6.  

An additional forward primer (Lcho16forEcoRI) was used to create a unique EcoRI 

restriction site for insertion of the 4-OD gene after the VPH gene in pET24a.  The PCR 

was repeated as described above for template amplification, utilizing program PCR#2.  

The pET24a vector containing the VPH gene and the PCR product containing the 4-OD 

sequence with new restriction sites as well as a ribosome binding site and TATA box 

were treated with HindIII and EcoRI.  Digestion, ligation and confirmation of the 

sequence were carried out as described above (“Cloning the 4-OD Gene into the Plasmid 

Containing VPH Gene from L. cholodnii SP-6”). 

 Construction of the VPH Mutants in the Plasmid Containing 4-OD/VPH from L. 

cholodnii SP-6.  To introduce the K60A mutation into Lc VPH, overlap PCR was used as 

described for the P1A-4-OT mutant with the following modifications.  Two sets of PCR 

reactions were set up, the first utilized the primers Lcho17for and LcK60Arev and 

synthesized the first half of the VPH gene (Reaction 7).  The second used primers 

Lcho17rev and LcK60Afor and synthesized the later half of the VPH gene (Reaction 8).  

For the first PCR reaction, 0.6 µL template DNA (25 ng/µL Lc 4-OD/VPH in pET24a) 

was used.  For the overlap PCR reaction, 4 µL of the purified PCR product from Reaction 

7 and 2 µL of the purified PCR product from Reaction 8 were used as template DNA.    

Upon sequencing, one additional mutation was identified in the sequence as F110Y.  Due 

to its position outside the active site, the construct was used as is. 

 Cloning the 4-OD Gene into the Plasmid Containing the K60A VPH Gene.  To 

insert the Lc 4-OD gene sequence into the plasmid containing the K60A VPH gene 
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sequence, both Lc K60A VPH (3,000 µg) and the Lc 4-OD/VPH (8,000 µg) plasmid 

were treated with HindIII and EcoRI for 4 h at 37°C, eluted on 1% agarose gel, and the 

appropriate bands excised.  The 4-OD gene sequence was then ligated into the restriction 

enzyme-digested plasmid K60A VPH, and its sequence verified as described above. 

Cloning of the 4-OD and VPH Gene Sequences from Methylibium petroleiphilum 

PM1 Genomic DNA.  M. petroleiphilum PM1 has two separate operons containing the 

genes for the meta-fission pathway enzymes.  Hence, the enzymes were designated by a 

number according to their NCBI database designation.  Accordingly, 459 refer to the 4-

OD gene in the first operon and 460 refers to the VPH gene in the same operon.  

MNLD459 refers to the 459 gene using the seventh amino acid, the second methinione in 

the sequence as the initiating methionine.  This change was made based on two 

observations.  First, low levels of activity were found with the 459 construct, and second, 

database sequences with high sequence similarity that had a N-terminal sequence of 

MNLD.  This change resulted in a more active complex.  508 and 509 refer to the 4-OD 

and VPH gene, respectively, in the second operon.   

For cloning the gene for 459, MpCl459 forward and 459MpClrev were used as 

the forward and reverse primers, respectively (Table 2.3).  For cloning the 460 gene, 

MpCl460 forward and MpCl460 reverse were used as the forward and reverse primers, 

respectively.  For the initial PCR from genomic DNA, three 50 µL reactions were 

prepared for each target as described above (“Cloning of the 4-OD and VPH Genes from 

L. cholodnii SP-6”). Reactions were placed in a heated top thermocycler and amplified 

using the program designated PCR #1.  PCR reactions were eluted on 1% agarose gels.  
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Bands of the appropriate size were excised, isolated using a Freeze ‘N Squeeze unit, 

precipitated using ethanol, and resuspended in sterile water.  The resulting DNA was 

used as template DNA in future reactions.  To further amplify the template DNA of each 

gene, additional 50 µL reactions were carried out using 2 µL of this template, 5 µL 10 

thermo buffer, 1 µL 10mM dNTPs, 2 µL of each primer, 0.25 µL of Vent DNA 

polymerase (2U/µL) with H2O to volume.  These reactions were treated as described 

above.  The PCR product and pET24a were then treated with the appropriate restriction 

enzymes (NdeI and BamHI for 459 and NdeI and HindIII for 460).  After incubation at 

37°C for 4 h, reactions were eluted by 1% agarose gel.  Bands of the appropriate size 

were excised and purified by the method described above.  Plasmids were ligated using 

NEB’s quick ligation T4 DNA ligase and resuspended in 10 µL Qiagen’s elution buffer.  

An aliquot (5 µL) was mixed with 40 µL E. coli DH5 cells and electroporated using a 

Bio-Rad Micro Pulser Electroporator unit.  Cells were allowed to recover at 37°C for 3 h 

in SOC broth.  Cells were harvested by centrifugation at 955  g for 3 min and then 

plated on LB/Kn agar plates and incubated at 37°C overnight.  Colonies were screened 

using the colony PCR method.  Two colonies were chosen randomly from those that 

tested positive, grown up in LB/Kn media (30 g/mL), plasmids isolated by Sigma 

Plasmid Prep Kit, and sequences confirmed.   

 Cloning the 460 Gene Sequence into the pET24a Plasmid Containing the 459 

Gene Sequence.  The PCR was repeated as described above (“Cloning the 4-OD Gene 

into the Plasmid Containing VPH Gene from L. cholodnii SP-6”) for synthesis of the 

template to generate a 460 sequence with a HindIII site (already contained in the primer 
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MpCl460forward).  pET24a containing the 459 gene and the PCR product containing 460 

were treated with HindIII and EcoRI.  Digestion, ligation and confirmation of the vector 

sequence were carried out as described above.  In a second PCR, MNLD459for and 

MNLD459rev were used as the forward and reverse primer, respectively (Table 2.3), and 

the order of the genes for the enzymes was reversed so that the 460 gene sequence is 

upstream of the MNLD459 gene sequence on the plasmid construct.  The PCR was 

carried out as for the amplification of template DNA as above, with the exception of the 

template DNA, which was replaced by 2 µL of 50 ng/µL stock of pET24a with 459.  

Digestion with EcoRI and HindIII, ligation, transformation and verification of the 

sequence were carried out as described earlier. 

 Cloning 508 and 509 Gene Sequences from M. petroleiphilum PM1 Genomic 

DNA.  The VPH gene is referred to as 509, while 508 refers to the 4-OD gene.  For 

cloning 508 from genomic DNA, 508Mp2 forward and 508Mp2 reverse were used as the 

forward and reverse primers, respectively.  For cloning 509 from genomic DNA, 509Mp2 

forward and 509Mp2 reverse were used as the forward and reverse primers, respectively 

(Table 2.3).  All cloning procedures were followed as for 459 and 460 from genomic 

DNA, with the following changes: BamHI and NdeI were used to digest 508, while NdeI 

and HindIII were used to digest 509.  Both genes were successfully cloned into separate 

vectors.  The sequence for 509 was also successfully cloned downstream of the 508 

sequence using the protocol for cloning the MNLD459 sequence downstream of the 460 

sequence.  
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Table 2.3: Primers Used in the Cloning of 4-OD and VPH Sequences from M. 

petroleiphilum PM1 

Primer Name Oligonucleotide Sequencea  

MpCl459 

forward 

TAGTAGTAGCATATGAGCGGAAGAAACGAC 

459MpClrev GATGATGATGGATCCTCATTATTAGACGAAGCGCATCG 

MpCl460 

forward TAGTAGTAGAATTCAAGAAGAGATATACATATGGACCTCCAA

C 

MpCl460 

reverse GATGATGATAAGCTTTCATTATTATTCGACGAAGCGCAC 

MNLD459for 
TAGTAGTAGAATTCAAGAAGGAGATATACATATGAACCTC 

MNLD459rev 
GATGATGATAAGCTTTCATTATTAGACGAAGCGCGATCG 

508Mp2 

forward 

TAGTAGTAGCATATGACCCTCACGCTG 

508Mp2 

reverse GATGATGATGGATCCTCATTATTAGATGAAGCGG 

509Mp2 

forward TAGTAGTAGAATTCAAGAAGGAGATATACATATGATGAACAA

CGAAAC 

509Mp2 

reverse GATGATGATAAGCTTTCATTATTACAGGGCACTCCTTCCATG 

 

  

  

 

                                                 
a All primers are written in the 5’ to 3’ direction, and were used as 10 µM stocks in the quantities described 

in the text. 
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Expression, Purification and Characterization of Enzymes 

 Expression of 4-OT, 4-OD/VPH and Mutants.  Two 20 mL starter cultures 

containing LB/Kn media (30 g/mL) were inoculated with single colonies of E. coli C41 

(DE3) cells transformed with the pET vector construct (Lc 4-OT, Pp 4-OD/VPH, Lc 4-

OD/VPH, Mp 4-OD/VPH plasmids, or mutants).  After shaking at 37ºC for 16 h, aliquots 

of the cells (typically 3.5 mL) were added to 400 mL of sterile LB/Kn to give a final 

OD600 of ~0.05.  The flasks (2L) were allowed to shake at 37°C, and cultures were 

induced with 0.5 mM isopropyl-β-D-thiogalactoside (IPTG) when the OD600 reached 0.6-

0.8.  The cells continued to grow for 3 h, and were harvested by centrifugation at 10,000 

g for 20 min at 4°C and stored at -80°C.  Typically, 9 g of cells were harvested from four 

600 mL cultures. 

 Purification of Lc 4-OT.  The purification procedures were adapted from previous 

protocols
20

 and modified as follows.  Typically, 2 g of cells were thawed and suspended 

in 5 mL of 20 mM HEPES buffer (pH 7.6), 10% glycerol, 1 mM DTT, 200 mM KCl 

(Buffer A).  Sonication and centrifugation were carried out as described previously
20,2

.  

The supernatant was separated from the pellet after the high speed spin.  The pellet was 

discarded.  The supernatant was then diluted 2-fold with 20mM HEPES buffer (pH 7.6) 

(Buffer B) to lower the salt concentration before applying to a DEAE-Sepharose column 

(4 mL of resin), which had been equilibrated with 20 mM HEPES buffer (pH 7.6), 100 

mM KCl.  After application of the protein, the column was washed with 2 column 

volumes of equilibrating buffer (~10 mL).  These “flow through” fractions were assayed 

using 2-HM as described elsewhere
12

 and fractions (1 mL) with the highest activity were 
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pooled.  The concentration of (NH4)2SO4 in the pooled fractions was raised to 1.5 M and 

stirred on ice for 30 min and applied to a Phenyl-Sepharose column (4 mL) equilibrated 

with 20 mM HEPES buffer (pH 7.6), 1.5 M (NH4)2SO4.  After the sample was loaded, the 

column was washed with 20 mL equilibrating buffer.  A 10 gradient (40 mL) was run 

from 1.5 M to Buffer B.  The fractions were assayed as described above, and examined 

by SDS-PAGE using a tricine gel.  Fractions with the highest activity and purity were 

pooled, and exchanged into 20 mM potassium phosphate buffer (pH 7.3) using an 

Amicon Ultra centrifugal filter unit (0.5 mL, 3K membrane).  The sample was analyzed 

by mass spectrometry to verify the molecular mass. 

 Purification of 4-OD/VPH and Mutants from P. putida mt-2 and L. cholodnii SP-

6.  The purification procedures were adapted from previous protocols
5
.  Typically, 2 g of 

cells were thawed and suspended in 5 mL of 20 mM HEPES buffer (pH 7.6), 5 mM 

MgCl2, 10% glycerol, 1 mM DTT, 200 mM KCl (Buffer A).  Sonication and 

centrifugation were carried out as described previously
2, 20

.  The supernatant was 

separated from the pellet after the high speed spin. The supernatant was retained and 

purified through the first column to be used as crude material. The pellet was 

resuspended in 1 mL of Buffer A and incubated for at least 8 h at 4ºC, and it was this 

suspended pellet that was carried through the complete purification protocol. The 

suspension of the high speed pellet was then diluted 4-fold with 20 mM HEPES buffer 

(pH 7.6), 5 mM MgCl2 (Buffer B) to lower the salt concentration before applying to a 

DEAE Sepharose column (4 mL of resin), which had been equilibrated with 20 mM 

HEPES buffer (pH 7.6), 50 mM KCl, and 5 mM MgCl2.  After loading the protein, the 
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column was washed with 5 column volumes of equilibrating buffer (20 mL).  A 10 

gradient from 50-400 mM KCl (40 mL) was then applied to elute the protein.  Fractions 

were assayed using 2-HM and 4-OT as described elsewhere
5
, and those with the highest 

4-OD activity were pooled.  The concentration of (NH4)2SO4 in the pooled fractions was 

raised to 1.2 M and stirred on ice for 30 min.  Typically, this did not require 

centrifugation, and was applied to a Phenyl-Sepharose column (4 mL) equilibrated with 

20mM HEPES buffer (pH 7.6), 5 mM MgCl2, 1.2 M (NH4)2SO4.  After the sample was 

loaded, the column was washed with 20 mL equilibrating buffer.  A 10 gradient was run 

from 1.2 M to 0 M (NH4)2SO4 (40 mL).  An additional 5 column volumes (20 mL) of 

Buffer B were applied to ensure elution of all protein.  The fractions were assayed as 

described above, and those with the highest 4-OD activity were pooled.  A second DEAE 

Sepharose column was run under the same conditions as above except an 80 mL gradient 

was used.  Fractions were assayed for 4-OD activity and visualized using SDS-PAGE for 

homogeniety.  If necessary, an additional DEAE column was used.  Fractions were 

pooled and concentrated.  Each protein sample (Lc 4-OD/VPH, Pp 4-OD/VPH) was 

analyzed by mass spectrometry.  The enzyme or mutant enzyme was exchanged into the 

assay buffer using an Amicon Ultra centrifugal filter unit (0.5 mL, 3K membrane). 

 Purification of 4-OD/VPH from M. petroleiphilum PM1.  Only the 459/460 and 

460/MNLD459 constructs were expressed.  The first construct, 459/460 was found to 

express mostly insoluble protein, and therefore only 460/MNLD459 was purified.  

Purification procedures were adapted from previous protocols
5
 and modified as follows.  

Typically, 2 g of cells were thawed and suspended in 5 mL of 20 mM HEPES-KOH 
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buffer (pH 7.6), 5 mM MgCl2 buffer, with one of various components added to stabilize 

the enzymes including 10% glycerol, 1 mM DTT, 200 mM KCl, or 500 mM NaCl.  

Sonication and centrifugation were done as described previously
2, 20

.  The supernatant 

was separated from the pellet after the high-speed spin, and the pellet was discarded.  

However, in more recent procedures the high speed spin was eliminated completely.  

(SDS-PAGE analysis showed that after the high speed spin, the two bands corresponding 

to 4-OD and VPH were no longer in equal ratios.  It appeared that more VPH was found 

in the high speed supernatant.)  The supernatant was then diluted 4-fold with 20 mM 

HEPES buffer (pH 7.6), 5 mM MgCl2 (Buffer A) to lower the salt concentration before 

applying to a DEAE-Sepharose column (4 mL of resin) equilibrated with 20 mM HEPES 

buffer (pH 7.6), 200 mM KCl, and 5 mM MgCl2 (Buffer B).  After application of the 

protein, the column was washed with 5 column volumes of equilibrating buffer (20 mL).  

A 10 gradient was run from 50-400 mM KCl (40 mL).  Fractions were assayed for 

activity using the 4-OD activity assay, as described earlier.  The most active 4-OD 

fractions were pooled and the concentration of (NH4)2SO4 was raised to 1.2 M in the 

pooled fractions and stirred on ice for 30 min.  This solution was not typically cloudy, but 

if necessary, the mixture was centrifuged as described previously
3
.  The supernatant was 

then applied to a Phenyl-Sepharose column (4 mL) equilibrated with 20 mM HEPES 

buffer (pH 7.6), 5 mM MgCl2, 1.2 M (NH4)2SO4.  After the sample was loaded, the 

column was washed with 20 mL equilibrating buffer.  A 10 gradient was run from 1.2 

M to 0 M (NH4)2SO4.  An additional 5 column volumes of Buffer B was applied to 

ensure elution of all protein.  The fractions were assayed as described above, and those 
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with the highest 4-OD activity were pooled.  A second DEAE Sepharose column was run 

under the same conditions as above with the exception of a 20 gradient (80 mL) using 

the same buffers.  Fractions were assayed for 4-OD activity and visualized using SDS-

PAGE for homogeneity. The enzyme was exchanged into the assay buffer using an 

Amicon Ultra centrifugal filter unit (0.5 mL, 3K membrane), and analyzed by mass 

spectrometry. 

Characterization of Enzymatic Reactions 

 Determination of Kinetic Parameters.  The kinetic parameters for HPD, 5-CH3-

HPD and 5-Cl-HPD were determined as follows and are summarized in Table 2.4 and 

2.5.  Reactions were carried out in 10 mM potassium phosphate buffer, pH 7.3 at 25°C.  

Magnesium was present at µM concentrations (1-15 µM), as it was used in the storage 

buffer for the enzyme.  Stock solutions (10-30 mM) of all substrates were made up in 

ethanol.  The hydration of HPD (ε = 12,500 M
-1

cm
-1

) by VPH was monitored by 

following the disappearance of substrate at 265 nm.  Substrate concentrations ranged 

from 1-50 µM.  The enzyme concentrations used were 1.5 nM (Lc 4-OD/VPH) or 2.8 nM 

(Pp 4-OD/VPH). The hydration of 5-CH3-HPD (ε = 14,900 M
-1

cm
-1

) by VPH was 

monitored by the disappearance of substrate at 275 nm.  Substrate concentrations ranged 

from 1-60 µM.  The enzyme concentrations used were 27 nM (Pp 4-OD/VPH) and 20 

nM (Lc 4-OD/VPH). The hydration of 5-Cl-HPD (ε = 14,400 M
-1

cm
-1

) by VPH was 

monitored by following the disappearance of substrate at 275 nm.  Substrate 

concentrations ranged from 1-50 µM.  The enzyme concentrations used were 0.16 µM 
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(Pp 4-OD/VPH) and 0.12 µM (Lc 4-OD/VPH). The reactions were initiated by the 

addition of substrate. 

 The decarboxylation of 2-oxo-3-hexenedioate by 4-OD was measured by 

following the disappearance of substrate at 236 nm.  Substrate concentrations ranged 

from 10-100 µM.  The enzyme concentrations used were 0.35 µM (Pp 4-OT), 0.11 µM 

(Pp 4-OD/VPH), 0.4 µM (Lc 4-OT) and 0.15 µM Lc (4-OD/VPH).  For the 

decarboxylation reaction, substrate was generated by the addition of 2-HM and 4-OT, 

which incubated at ambient temperature for at least 5 min before the reaction was 

initiated by the addition of enzyme.  Sufficient 4-OT was added so that the appearance of 

the substrate at 236 nm was less than 1 s. 5-Cl-2-oxo-3-hexendioate and 5-Br-2-oxo-3-

hexendioate were not examined as substrates because their concentrations could not be 

accurately determined.  Although 4-OD/VPH did show activity above background levels 

with 5-Br-HPD, the Km value too large to reach saturation. 

 Isolation of 3-Hydroxybutyrate, 3-Hydroxypentanoate, and 3-Hydroxy--butyro-

lactone.  To determine the stereochemistry of the C4 hydroxyl of the products of VPH, 2-

oxo-4-hydroxypentanoate, 5-methyl-2-oxo-4-hydroxypentanoate, and 5-chloro-2-oxo-4-

hydroxypentanoate, the oxidative decarboxylation products (3-hydroxybutyrate, 3-

hydroxypentanoate, and 3-hydroxy--butyl-lactone, respectively), were isolated.  The 

isolation protocol is based on a previous protocol
6
.  The VPH products were generated 

from 2-HM, 5-CH3-2HM, and 5-Cl-2-HM using 4-OT (Pp 4-OT: 6.7 mg/mL; Lc 4-OT: 1 

mg/mL) and 4-OD/VPH (Pp 4-OD/VPH: 2.1 mg/mL; Lc 4-OD/VPH: 0.8 mg/mL) from 

P. putida mt-2 and L. cholodnii SP-6.  Each substrate (32 mg of 2-HM, 5-CH3-2-HM, 5-



 81 

Cl-2-HM) was processed to the VPH product within 30 min.  To achieve this, 10 L of 

either Pp 4-OT or Lc 4-OT were used with 50 L of the same (Pp or Lc) 4-OD/VPH.  For 

each reaction, 32 mg of substrate was dissolved in 100 mM Na2
2
HPO4 buffer, pH 9 (~4.8 

mL).  The pH was adjusted to ~7.0 with 2M NaOH (~ 10 L).  The solution was 

distributed evenly into 8 test tubes (~ 0.6 mL each).  4-OT was added to each tube, 

followed by 4-OD/VPH.  The reaction mixtures were incubated at room temperature for 

30 min before determining whether the reaction was complete.  Completion was assessed 

by following the UV trace at 265 nm (2-HM) or 275 nm (5-CH3-2-HM, 5-Cl-2-HM).  

Readings were taken every 10 min until the reactions were complete (the UV trace no 

longer changed).  Hydrogen peroxide (61 µL) was added to each reaction mixture and the 

resulting mixture was allowed to incubate at room temperature for 1 h.  A solution of 

catalase (10 mg/mL) in deionized water was made, and 10 µL of this solution was added 

to each reaction.  The reaction mixtures were allowed to sit at room temperature for 1 h 

before the addition of another aliquot of the catalase solution.  The reaction mixture 

continued to incubate at ambient temperatures overnight.  The 8 test tubes were 

combined, and the pH was lowered to 1.8 with 1M HCl and then saturated with NaCl.  

The organic material was extracted three times with ethyl acetate (~25 mL).  The ethyl 

acetate layers were combined and dried with anhydrous Na2SO4.  The mixture was 

evaporated to dryness, then resuspended in ethyl acetate. The lactone was further purified 

by flash chromatography (4:1 ethyl acetate: hexane).  After removing the solvent, 5.5 mg 

of product was purified.  For 3-hydroxybutyrate and 3-hydroxypentanoate, the product 

was further purified by a formate column followed by a silica gel column eluted with 
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ethyl acetate.  Fractions (4 mL) were collected, evaporated to dryness, and confirmed by 

1
H NMR spectroscopy.  3-Hydroxybutyric acid 

1
H NMR (CD3OH, 600 MHz)  1.17 (3H, 

d, J = 6.2), 2.40 (2H, m), 4.14 (1H, m);
 13

C NMR (CD3OH, 75 MHz)  72.2 (C4), 93.6 

(C2), 114.5 (C3), 224.5 (C1).  3-Hydroxypentanoic acid 
1
H NMR (CD3OH, 600 MHz)  

0.95 (3H, t), 1.50 (2H, m), 2.35 (1H, dd, J = 8.2), 2.44 (1H, dd, J = 4.7), 3.89 (1H, m); 

13
C NMR (CD3OH, 75 MHz)  59.2 (C5), 79.9 (C4), 91.8 (C2), 119.8 (C3), 224.7 (C1).  

3-Hydroxy--butyrolactone. 
1
H NMR (CD3OH, 600 MHz)  2.37 (1H, m), 2.80 (1H, dd, 

J = 5.9), 4.23 (_H, d), 4.20 (1H, m), 4.2 (1H, d, J = 4.3), 4.54 (1H, m); 
13

C NMR 

(CD3OH, 75 MHz)  87.5 (C2), 117.4 (C3), 126.7 (C4), 228.0 (C5).   

 Assignment of the Stereochemistry of 3-Hydroxybutyrate, 3-Hydroxypentanoate, 

and 3-Hydroxy--butyro-lactone Generated by 4-OD/VPH.  The three isolated products 

were dissolved separately in 100 mM Na2HPO4 buffer (pH 7.3).  This was loaded into the 

cell for the Perkin Elmer 241 MC Polarimeter.  This instrument utilized a Na lamp with 

the following settings: aperture 0, wavelength 589 nm and slit 3 mm.  Readings were 

taken (at least 10) and averaged to produce the reported rotation, which corresponds to 

previous reports
6
.  Rotations were also obtained for commercial compounds 

corresponding to each isolated compound.  Each commercial compound was purified by 

formate column before obtaining a rotation. 

 Identification of the 4-OD/VPH (from L. cholodnii SP-6 and P. putida mt-2) 

Product by 
1
H NMR Spectroscopy.  Lc 4-OD/VPH and Pp 4-OD/VPH were quantified by 

monitoring the disappearance of 5-CH3-HPD or 5-Cl-HPD at 275 nm.  The rate of the 
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reaction was then used to scale up the reaction (using 4 mg of substrate) such that it 

would be complete in 20 min.  All enzymes were exchanged into 100 mM Na2
2
HPO4 

buffer, pH 7.2.  5-CH3-HPD (16.8 mg) was dissolved in DMSO-d6 (120 µL), and 30 µL 

of this solution were added to 600 µL of 100 mM Na2
2
HPO4 buffer (pH ~9).  The 

addition of substrate adjusted the pH to neutrality.  An initial H
1
 NMR spectrum of the 

reaction mixture was recorded before enzyme was added.  After enzyme (25 µL Pp or Lc 

4-OD/VPH, 4 mg/mL) was added (25 µL), spectra were acquired every 3 min until the 

reaction was complete.  This same series of 
1
H NMR experiments were repeated using 5-

Cl-HPD, where 12.3 mg was dissolved in 90 µL DMSO-d6. 
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RESULTS 

 Sequence Analysis of 4-OT from Leptothrix cholodnii SP-6.  The Lc 4-OT 

sequence was found by performing a BLAST search of the NCBI database using the 4-

OT from C. strain CNB-1 as the query sequence.  This also revealed a similar 4-OT in 

Methylibium petroleiphilum PM1.  These three 4-OTs share high sequence similarity.  

The Lc 4-OT is 78% identical to that of the 4-OT homologue in C. strain CNB-1 (88% 

similar) and 45% identical to P. putida mt-2 (71% similar).  Lc 4-OT, as well as the 4-OT 

homologues from M. petroleiphilum PM1 and C. strain CNB-1 contain Pro-1, Arg-11 and 

Arg-39 which have been identified as residues necessary for catalysis (Figure 2.8).  The 

M. petroleiphilum PM1 4-OT homologue has been crystallized and shown to have 

activity with 2-HM
21

. 
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                 10        20        30        40        50        60 

Pp PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEMAKGHFGIGGELASKVRR  

CF600 PIAQLYIIEGRTDEQKETLIRQVSEAMANSLDAPLERVRVLITEMPKNHFGIGGEPASKVRR 

Mp PFAQIYLIEGRTEEQKRAVIEKVTQAMMEAVGAPKENVRVWIHDVPKENWGIGGVSAKALGR 

Burk PFAQIYMIEGRTEDQKKAVIEKVSQALVEATGAPIANVRVWIQEVPKENWGIAGVSAKELGR 

Lc PFAQIYLLEGRTEDQKRAVIEKVTAALVEALDAPQANVRVWIHDMPKENWGIAGKSAKDLGR 

Com PFAQIYILEGRTPEQKKAVIEKVTQALHEATDAKKETIRVWIHEMPKENWGIAGVSAKDLGR 

TomN PLIRVTLLEGRSPQEVAALGEALTAAAHETLGTPVEAVRVIVEETPPERWFVGGRSVAERRASPS 

 *       ***              *            **             * 

 

Figure 2.8 Sequence Analysis of 4-OT from L. cholodnii SP-6 

 Sequence alignment of 4-OT homologues.  Conserved active site residues are 

highlighted in yellow.  Completely conserved residues are noted underneath by asterisks. 

Sequences are ordered from highest to lowest percentage of sequence similarity (from top 

to bottom) with the 4-OT from P. putida mt-2 (Pp) (at the top).  The sequences include 4-

OT from Pseudomonas sp. CF600, 4-OT from M. petroleiphilum PM1 (Mp; 

gi124260227) in an operon containing meta-fission pathway enzymes, 4-OT from 

Burkholderia sp. JS667 (Burk; gi226935196), 4-OT from L. cholodnii SP-6 (Lc; 

gi171060013), 4-OT from C. sp. CNB-1 (Com; gi77994508), and TomN from 

Streptomyces achromogenes (TomN; gi224179050).  The alignment was carried out 

with ClustalW
22

. 
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 Expression, Purification, and Characterization of Lc 4-OT.  Lc 4-OT was purified 

in a two-step protocol (anion exchange and hydrophobic chromatography).  Typically this 

procedure yielded ~10 mg of non-homogenous protein (as assessed by SDS-PAGE) per 

liter of cell culture.  The semi-purified protein was analyzed by SDS-PAGE and 

electrospray ionization mass spectrometry (ESI-MS). The SDS-PAGE displayed not one 

but two bands at the expected molecular mass (data not shown).  These two bands co-

purified through multiple steps.  Mass spectral analysis revealed three distinct signals 

with masses corresponding to the expected mass of 4-OT (6916 Da), 4-OT with 

methionine still present on the N-terminus (7047 Da) and 4-OT with N-formyl-

methionine (7076 Da) (Figure 2.9).  The dominant peak is that of the fully processed 4-

OT enzyme.  However, significant amounts of the unprocessed proteins remain
23

. 

 ESI-MS treatment showed that the initiating N-formylmethionine had not been 

removed from each N-terminal proline.  In this case, the amino-terminal group would not 

be Pro-1 as is typical for the tautomerase superfamily.  This initiating methionine should 

be removed by a methionyl aminopeptidase, the removal of which is correlated with the 

amino acid in the second position.  In this case, the amino acid in the second position is a 

proline residue, which should have no effect.  The third residue is a phenylalanine which, 

although not as effective at hindering methionyl aminopeptidases, can have this effect
24

.  

As previous 4-OTs have been shown to have an N-terminal proline as its catalytic 

residue, it is likely the unprocessed species will have reduced or no catalytic activity.  

However, without separating these very similar proteins and determining kinetic 

parameters for each individually, it cannot be assumed that there is no residual activity 
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from the unprocessed enzymes. Lc 4-OT was found to process 2-HM (Figure 2.10).  It 

has also been shown to process 5-Cl-2-HM and 5-CH3-2-HM similarly to Pp 4-OT (data 

not shown).  For both Lc 4-OT and Pp 4-OT, 5-Cl-2-HM was processed only in the 

presence of the downstream enzymes 4-OD/VPH.  This same phenomenon was seen with 

5-Br-2-HM (data not shown).  MS analysis showed a mixture of 4-OT with unblocked 

proline, N-formyl enzyme and N-formyl methionine enzyme.  Because such a mixture 

resulted, it was decided not to carry out kinetic analysis with this protein. 



 88 

 

 

Figure 2.9 ESI-MS Analysis of 4-OT from L. cholodnii SP-6 

 The signal at 6921.0 Da corresponds to 4-OT that had undergone post-

translational modification to remove the initiating N-formylmethionine. The signal at 

7052.0 matches that of 4-OT with a N-terminal methionine.  The third signal at 7079.0 

Da corresponds to 4-OT with the N-formylmethionine.  
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Figure 2.10 Tautomerization of 2-Hydroxymuconate by 4-OT from L. cholodnii SP-6 

 A UV spectrum of the enzymatic ketonization of 2-HM (96 M, max = 295) in 20 

mM Na2HPO4 (pH 7.3) by Lc 4-OT (21 M) to the product, 2-oxo-3-hexenedioate (max 

= 236 nm) at 0.5 s intervals. 
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 Sequence Analysis of 4-OD/VPH.  Lc 4-OD and VPH were located just upstream 

of Lc 4-OT in the L. cholodnii genome.  A BLAST search of the NCBI database using Lc 

VPH as the query returned C. strain CNB-1 and M. petroleiphilum PM1 in the top ten 

hits.  There is high sequence similarity between the meta-fission enzymes of L. cholodnii, 

C. strain CNB-1 (85% identical) and one meta-fisssion operson of M. petroleiphilum 

PM1 (87% identical) containing 459 (4-OD homologue) and 460 (VPH homologue) 

(Figure 2.11).  Both Mp VPH homologues (460 and 509) are included in the sequence 

analysis.  The 460 homologue is more similar to L. cholodnii SP-6, while the 509 

homologue is more similar to P. putida mt-2. 

 Mutations of active site residues of VPH have been analyzed previously, and are 

annotated in the sequence alignment ().  The conserved aspartate residues have been 

changed to asparagines and most resulted in insoluble protein
5,7

.  The conserved 

glutamate residues were replaced with glutamines, and only one mutant, 4-OD/E106Q-

VPH was soluble, and proved to have no VPH activity
5
.  Further work by S. Miller

7
 () 

found that the 4-OD/K60A-VPH construct uncoupled the ketonization from the hydration 

reaction in the VPH and showed a 1600-fold decrease in kcat.  Other mutations such as 4-

OD/L72A-VPH gave a 7-fold decrease in kcat, a comparable Km value to that of wild type, 

and a 10-fold decrease in the kcat/Km value.  The 4-OD/S161A-VPH showed a 20-fold 

decrease in kcat, a similar Km value to that of the wild type, and a 10-fold decrease in 

kcat/Km.  The ExE motif has been shown to bind a Mg
2+

 ion in the E. coli crystal structure 

of MhpD (PDB: 2eb5), while the ADNA motif (residues 157-160) has been shown to be 

partially involved in making up the active site.  
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Mp460   ------------------MDLQRIQGYGDELYQALLNRTPVAPLTEREPEITIDDAYQIQ 42  
Com     MNRTQAKVVEGKFPTQNTMDNSKIQHYGDELYQSLLDRQPVAPLTDREADITIEDAYQIQ 60  

Lc      ------------------MDALTIQRYGDELYQALVSREAVEPLTNREPGITIDDAYQIQ 42  

Mp509   -----------------MMNNETIERYGDELYEALLARRVVAPLLEREPQIRVEDAYRIQ 43  

bphX1   ------------------MTPELIGTLGDELYSALCTRTVVEPLTSRHPEYTVEDAYHIH 42  

cumE    ------------------MSPELIETLGDELYAALCSRTVVDPLTSRYPDITIDNAYHIQ 42  

xylJ    ------------------MDKTLINELGDELYQAMVQRETVTPLTSRGFDISVEDAYHIS 42  

MhpD    ----------------MVMTKHTLEQLAADLRRAAEQGEAIAPLRDLIGIDNAEAAYAIQ 44  

myco    -----------------MLRDATRDELAADLAQAERSRDPIGQLTAAHPEIDVVDAYEIQ 43  

etbE    -----------------MLDEQTINELAAELYRAEAERVQIEQFSQRFPGMTIDDGYQVS 43        

                                           

                       GxKxG             PDxG     

Mp460   LRMIQRRLDAGETVIGKKIGVTSKVVMDMLKVNQPDFGHLLSGMAFNEGEPVRMST-LIA 101  

Com     LRMIQRRLDAGERVVGKKIGVTSKVVMDMLKVNQPDFGHLLSGMVYNEGQPIPVSS-MIA 119  

Lc      LRVIQRRLDAGEIVIGKKIGVTSKVVMDMLGVNQPDFGHLLSGMVFNEGEPVDTAK-LIA 101  

Mp509   QRMVARRVAAGERVVGKKIGVTSKPVQDFLGVYEPDFGQLTSGMARSEAEGVDLGA-LIQ 102  

bphX1   QRMISRRLQAGERVVGKKIGVTSAAVMNMLGVYQPDFGYMLDGMIVSDGGSIAMSS-LIQ 101  

cumE    QRMISRRLQAGERIVGKKIGVTSAAVMNMLGVSQPDFGYMLDGMIYGDGAAIDAAT-LIQ 101  

xylJ    LRMLERRLAAGERVIGKKIGVTSKAVQNMLGVHQPDFGYLTDAMVYNSGEAMPISEKLIQ 102  

MhpD    HINVQHDVAQGRRVVGRKVGLTHPKVQQQLGVDQPDFGTLFADMCYGDNEIIPFSR-VLQ 103  

myco    LINIRQRVAEGARVVGHKVGLSSPIMQQMMGVDEPDYGHLLDDMQVFEDTPVQASR-YLS 102  

etbE    RAWEALKRKDGRTVLGHKIGLTSRAMQQAAGIREPDYGTLLDDMFFAEGDDVPFRR-FIA 102 

                                                                  

        PxxExE                                                  DTx 

Mp460   PKAEAEVAFVLKRDLIGPGVTAADVLRATDCVMPCFEIVDSRIR------DWKIKIQDTV 155  

Com     PKAEAEVAFILARDLEGPGVTAADVLRATDCVMPCFEIVDSRIK------DWKIKIQDTV 173  

Lc      PKAEAEVAFILARDLTGPGVTAADVLRATDCVMPCFEIVDSRIR------DWKIKIQDTV 155  

Mp509   PKAEAELAFVLERDLVGPGVTAADVIRATAYVSPCFEIVDSRIR------DWKIKIQDTV 156  

bphX1   PKAEGEIAFVLKKDLMGPGVTNADVLAATDFVMPCFEIVDSRIG------DWKIKIQDTV 155  

cumE    PKAEGEIAFVLKKDLMGPGVSAADVLAATEGVMACFEIVDSRIT------DWKIHIQDTV 155  

xylJ    PRAEGEIAFILKKDLMGPGVTNADVLAATECVIPCFEVVDSRIQ------DWKIKIQDTV 156  

MhpD    PRIEAEIALVLNRDLPATDITFDELYNAIEWVLPALEVVGSRIR------DWSIQFVDTV 157  

myco    PRVEVEVGFILAADLPGAGCTEDDVLAATEALVPAIELIDTRIK------DWQIKICDTI 156  

etbE    PKVEVELAFVLGRSLKGPGVTIFDVLEATDFVVPAAEIIDARIQRVSEITKSRRKVEDTI 162  

          

        ADNA                 

Mp460   ADNASCGVLVLGGVRKDPRRLDLALAGMVLEKNGEIVSTSTGASVQGSPVNAVAWLANTL 215  

Com     ADNASCGVLTLGGLRKSPRDLDLALAGMVLEKNGEIISTSCGASVQGSPVNAVAWLANTL 233  

Lc      ADNASCGVLTLGGTRRSPRDIDLALAGMVLEKNGEIVSTSCGAAVQGSPVNAVAWLANTL 215  

Mp509   ADNASCGVYLIGEAKAHPRQLDVALAGMVLEKNGELHSTGVGAAVQGSPVHAVAWLANTL 216  

bphX1   ADNASCGMFVLGSSAADPRRIDLMTCGMVLEKNGEIIATGAGAAALGSPVNSVAWLANTL 215  

cumE    ADNASCGVFVLGDRMVDPRGLDLRTSGMVLEKNGETVVTGAGAATMNSPVNAVVWLANTL 215  

xylJ    ADNASCGLFVLGDQAVSPRQVDLVTCGMLVEKNGQLLSTGAGAAALGSPVNCVAWLANTL 216  

MhpD    ADNASCGVYVIGGPAQRPAGLDLKNCAMKMTRNNEEVSSGRGSECLEHPLNAAVWLARKM 217  

myco    ADNASAAGFVLGAARVPPADLDVRAIDAKLTRNGEVVAEGRSDAVLGNPATAVAWLAGKV 216  

etbE    ADNAASAGVVVSGRPVRPDAFDLRWVGAVLSKNAMVEETGIAAGVLNHPANGIVWLVKRL 222 

                                   
Mp460   GRLGIALKAGDVILSGSQSPLVPVVAGDSLYCSVGGLGSTSVRFVE-------- 261  

Com     GRLGIGLKAGDIILSGSQSPLVPVVAGDSLYCSVGGLGGTSVRFVA-------- 279  

Lc      GRLGISLKAGDVILSGSQSPLVPVKPGDSLHCSVGGLGSTSVRFI--------- 260  

Mp509   GALGLPFRAGEVILSGSQSALVPVTDGDELVCTIGGLGTCRARFHGRSAL---- 266  

bphX1   GRLGIGLKAGEVILSGALAAMFPAQAGDHFRVTIGGIGGCSVRFH--------- 260  

cumE    GKLGIPLKAGEVILSGALGAMVPVKAGDNLRVSIGGIGNCSVRFH--------- 260  

xylJ    GHFGIGLKAGEVILSGSLVPLEPVKAGDFMRVDIGGIGSASVRFI--------- 261  

MhpD    ASLGEPLRTGDIILTGALGPMVAVNAGDRFEAHIEGIGSVAATFSSAAPKGSLS 271  
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myco    ESFGVRLRKGDIVLPGSCTFAVEARAGDEFVADFTGLGLVRLSFE--------- 261  

etbE    ARWGEGIEAGEIVLGGSFTRPVEAGPGDVFHADYGPLGSFSFRFG--------- 267 

Figure 2.11  Sequence Analysis of VPH 

 A sequence alignment of ten hydratases.  From top to bottom is Mp 460, M. 

petroleiphilum PM1, Com, C. strain CNB-1; Lc, L. cholodnii; 509, M. petroleiphilum 

PM1; bphX1 (gi1389645), Pseudomonas pseudoalcaligenes; cumE (gi1732455), 

Pseudomonas fluorescens; xlyJ, P. putida mt-2; MhpD (gi|1665749), E. coli W3110; 

myco (gi|15610672), Mycobacterium tuberculosis H37Rv; etbE (gi|1906779), 

Rhodococcus sp. RHA1.  Conserved residues are highlighted in red.  Conserved sequence 

motifs are indicated in italics above the sequence.  Mutants made from (Stanely, 2000), 

are marked by  above the sequence, and mutants made from (Miller, 2008) are indicated 

by . The alignment was carried out with ClustalW
22

.  Sequence alignment is based in 

part on the alignment carried out by Pollard and Bugg (1998)
25

. 
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 Expression, Purification, and Characterization of 4-OD/VPH and mutants from 

M. petroleiphilum PM1.  Expression of the 459/460 construct yielded mostly insoluble 

protein.  A second construct removing the first six amino acids of 459 was made that 

closely aligned with other similar database sequences, creating the construct 

460/MNLD459.  This construct was purified in a three-step protocol (anion exchange, 

hydrophobic, anion exchange chromatography).  Typically this purification procedure 

yielded ~ 4 mg of homogenous protein (as assessed by SDS-PAGE) per liter of cell 

culture.  The purified proteins were analyzed by SDS-PAGE and ESI-MS.  

 Despite many combinations of lysis buffers and additives to optimize protein 

stability, the 460/MNLD459 complex still lost activity over a period of hours to days.  

The difference between the 459 sequence obtained and that reported in the database could 

be the cause of the instability (Figure 2.12).  The sequence for 459 was cloned from 

genomic DNA a second time.  The resulting gene contained a different set of mutations in 

the same region.  The area of mutation is GC rich, and it is likely that this area is prone to 

errors. 

 ESI-MS analysis was carried out to verify the purity and molecular mass of 

460/MNLD459.  (Figures 2.13)  ESI-MS treatment showed two signals for each sample. 

VPH (460) had a mass of 27,900 Da, corresponding to an expected 261-amino acid 

residue protein (including the N-terminal methionine) with a calculated mass of 27,905 

Da.  MNLD459 had a mass of 27,962.4 Da, corresponding to an expected 261 amino acid 

residue protein (including the N-terminal methionine) with a calculated mass of 27,964.0 

Da.  These initiating methionines should be removed by a methionyl aminopeptidase, the 
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removal of which is correlated with the amino acid in the second position
24

, an apartate or 

asparagine, respectively.  Both of these residues have shown a 16% cleavage efficiency 

in E. coli
23

, which correlates with the mass spectra results. 
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459             MSGRNDMNLDAKTIAQLAEHLETAELQARDVTKITDDFPGMDWDDAYAIQDEIRRRKESR 60 

MNLD459         ------MNLDAKTIAQLAEHLETAELQARDVTKITDDFPGMDWDDAYAIQDEIRRRKESR 54 

                      ****************************************************** 

 

459             GHKTVGLKAGLTSFAKMKQMGVTSPVFGFVSDYMSRPDGGEIQASELIHPKVEAEICIVT 120 

MNLD459         GHKTVGLKAGLTSFAKMKQMGVTSPVFGFVSDYMSRPDGGEIQASELIHPKVEAEICIVT 114 

                ************************************************************ 

 

459             KAPLRGPGCHVGAVLAAVDFVVPAVEIIDSRYRDFKFDLKSVVADNTSASRFVVGGRMRD 180 

MNLD459         KAPLRGPGCHVGAVLAAVDFVVPAVEIIDSRYRDFKFDLKSVVADNTSASRFVVGGRMRD 174 

                ************************************************************ 

 

459             LAELDLRTLGVVLEKNGQVVAMAAGAAVLGHPAAAVAMLANHLGARGQEIPAGTFIMTGG 240 

MNLD459         LAELDLRTLGVVLEKNGQVVAMAAAAGWP-STAAAVAMLANHLGARGQEIPAGTFIMTGG 233 

                ************************.*.    .**************************** 

 

459             VTEAIAVEAGDAVNVRFQDLGSVSMRFV 268 

MNLD459         VTEAIAVEAGDAVNVRFQDLGSVSMRFV 261 

                **************************** 

 

Figure 2.12  Discrepancies in the MNLD459 Sequence 

 “459” is the the 4-OD sequence from Methylibium petroleiphilum PM1 from the 

NCBI database. “MNLD459” is the sequence that was obtained through cloning from 

genomic DNA as described.  There is a clear segment where the two sequences do not 

align.  These sequences have 94% identity.  The alignment was created using ClustalW
22

. 
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Figure 2.13  ESI-MS Analysis of 460/MNLD459 from M. petroleiphilum PM1 

 The ESI-MS spectra of 460/MNLD459 reveals a non-homogenous sample with 

two major signals.  The peak at 27,900.2 Da (calculated: 27,905.3 Da) corresponds to 460 

(VPH), and the signal at 27,962.4 Da (calculated: 27,964.0 Da) corresponds to 

MNLD459.  Both of these differences in mass suggest that the N-terminal methionine 

was not cleaved from the protein, as is expected with asparate or asparagine residues in 

the second position
23

. 
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 Expression, Purification, and Characterization of 4-OD/VPH and Mutants from 

P. putida mt-2 and L. cholodnii SP-6. Lc 4-OD/VPH and Pp 4-OD/VPH were purified in 

a four-step protocol (anion exchange and hydrophobic chromatography, followed by two 

anion exchange columns).  Typically, this purification procedure yielded ~ 5 mg of 

homogenous protein (as assessed by SDS-PAGE) per liter of cell culture.  The purified 

proteins were analyzed by SDS-PAGE and ESI-MS.  

 ESI-MS analysis was carried out to verify the purity and molecular mass of each 

sample.  (Figures 2.14, 2.15)  ESI-MS treatment showed two signals for each sample.  Pp 

VPH had a mass of 27,873 Da, corresponding to an expected 261-amino acid residue 

protein with a calculated mass of 27,835 Da.  The discrepancy in masses shows that the 

N-formylmethionine was not cleaved from the enzyme.  Pp 4-OD had a mass of 28,524 

Da, corresponding to an expected 264-amino acid residue protein with a calculated mass 

of 28509 Da.  The discrepancy again can be explained by the presence of an N-

formylmethionine. This initiating methionine should be removed by a methionyl 

aminopeptidase, the removal of which is correlated with the amino acid in the second 

position
24

, in this case, an asparate residue. Aspartate in the second position has shown 

low cleavage rates of 16% in E. coli
24

.  Lc VPH had a mass of 27,524 Da, corresponding 

to an expected 260-amino acid residue protein with a calculated mass of 27,524 Da, 

assuming that the N-terminal methionine is present.  Lc 4-OD had a mass of 27,966 Da 

corresponding to an expected 260-amino acid residue protein with a calculated mass of 

27,967 Da.  This shows that the methionine is processed from the Lc 4-OD protein, but 

not the VPH enzyme
24

. 
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 It was found that in P. putida mt-2, the 4-OD complex can be expressed 

separately with soluble protein resulting, while VPH expressed alone remains insoluble
5
. 

However, it was found that in L. cholodnii SP-6 the other subunit of the enzyme complex, 

VPH, can be expressed separately to yield soluble enzyme, while 4-OD remains 

insoluble.  This is more consistent with results from Burkholderia sp
5
.  In all cases of 

soluble enzyme, the activity decreases over a 7-day period. 
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Figure 2.14 ESI-MS Analysis of 4-OD/VPH from P. putida mt-2 

 The ESI-MS spectra of 4-OD/VPH from P. putida mt-2 reveals a homogenous 

sample with two major signals.  The peak at 27,873 Da (calculated: 27,835) corresponds 

to VPH, and the signal at 28,523 Da (calculated: 28,524) corresponds to Pp 4-OD.  Both 

of these differences in mass suggest that the N-formylmethionine was not cleaved from 

the protein. 
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Figure 2.15 ESI-MS Analysis of 4-OD/VPH from L. cholodnii SP-6 

 The ESI-MS spectra of 4-OD/VPH from L. cholodnii SP-6 reveals a homogenous 

sample with two major signals.  The peak at 27,523 Da (calculated: 27,524) corresponds 

to VPH, with an N-terminal methionine, and the signal at 27,966 Da (calculated: 27,967) 

corresponds to Lc 4-OD.
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 Kinetic parameters of 4-OD/VPH.  The kinetic parameters for Lc 4-OD/VPH and 

Pp 4-OD/VPH are summarized in Table 2.4.  The substrate for 4-OD, 2-oxo-3-

hexendioate (max = 236 nm), is generated in situ by the incubation of 2-HM (max = 295) 

with 4-OT prior to the addition of 4-OD/VPH.  Decarboxylation produced HPD, which 

has a max of 265 nm.  However, the VPH reaction produces 2-oxo-4-hydroxypentanoate 

rapidly so that this 265 nm peak is not observed by UV (Figure 2.16.  Reactions were 

monitored by the disappearance of 2-oxo-3-hexendioate (max = 236 nm).  Pp 4-OT was 

coupled with Pp 4-OD/VPH as well as Lc 4-OD/VPH to investigate any differences in 

coupled reactions.  This was repeated with Lc 4-OT, Lc 4-OD/VPH and Pp 4-OD/VPH.  

These values are summarized in Table 2.4.  The published values for the Pp 4-OD/VPH 

complex shows a Km value of 6.6  0.6 M, a kcat of 68  2 s
-1

, resulting in a kcat/Km of 

1.0 x 10
7
 M

-1
s

-1
. 
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Table 2.4: Steady State Kinetic Parameters for 4-OD/VPHa 

 

  

 

Figure 2.16  Enzymatic Reactions of Kinetic Parameters 

 The enzymatic reactions for the coupled reaction as described in the text. 

  

 

                                                 
a The substrate, 2-oxo-3-hexenedioate, was generated in situ by 4-OT (either Pp or Lc as indicated) in a 

coupled reaction. 

b The substrate, 2-oxo-3-hexenedioate, was generated in situ by Pp 4-OT  

c The substrate, 2-oxo-3-hexenedioate, was generated in situ by Lc 4-OT 

4-OD/VPH Km (M) kcat (s
-1

) kcat/Km (M
-1

s
-1

) 

Ppb 11.5 ± 0.8 55.1 ± 0.02 4.8 x 10
6 

Lc
b
 8.9 ± 1.0

 
37.5 ± 0.02 4.2 x 10

6 

Ppc 7.5 ± 0.7 41.8 ± 0.02 5.5 x 10
6 

Lc
c 

9.7 ± 0.5 39.5 ± 0.01 4.1 x 10
6 

No max 
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 To study the hydratase reaction, HPD ( = 265 nm), 5-CH3-HPD ( = 275 nm), 

and 5-Cl-HPD ( = 275 nm) were used as substrates for steady state kinetic reactions 

with Pp 4-OD/VPH and Lc 4-OD/VPH.  Kinetic parameters are listed in Table 2.5.  The 

reaction is monitored by following the disappearance of substrate.  The Km values of Lc 

4-OD/VPH show a two-fold decrease for HPD and 5-CH3-HPD compared to those of Pp 

4-OD/VPH, indicating tighter binding for all substrates.  There is a four-fold decrease in 

Km for 5-Cl-HPD, again indicating tighter binding of Lc 4-OD/VPH.  There is also a 

four-fold decrease in Km values for 5-Cl-HPD compared to HPD in both Pp 4-OD/VPH 

and Lc 4-OD/VPH, indicating tighter binding for the chlorinated substrate.  Larger 

turnover numbers for Lc 4-OD/VPH indicate faster processing of HPD and 5-CH3-HPD.  

This trend is not seen for 5-Cl-HPD, where the kcat values are roughly equal.  Turnover 

numbers diminish by 25-30 fold for 5-Cl-HPD from HPD.  The chlorinated substrate is 

not the preferred substrate of either enzyme.  There is also a four-fold decrease in 

turnover number for 5-CH3-HPD compared to HPD, leading to the possibility that the 

decrease in turnover number for the chlorinated substrate may be partially due to the 

bulkiness of the substrate.  The tighter binding of the substrate by Lc 4-OD/VPH is also 

reflected in catalytic efficiency.  Lc 4-OD/VPH shows two-fold higher kcat/Km values for 

both HPD and 5-CH3-HPD compared to Pp 4-OD/VPH.  Catalytic efficiency decreases 

for both sets of enzymes from HPD to 5-CH3-HPD, and again from 5-CH3-HPD to 5-Cl-

HPD.  By comparing turnover and catalytic efficiencies of the chlorinated substrate to 

either HPD or 5-CH3-HPD, it seems the chlorinate substrate it not favored. 
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Table 2.5:  A Comparison of 2-Hydroxy-2,4-pentadienoate and Its Analoguesa  

Steady State Reaction Pp 4-OD/VPHb Lc 4-OD/VPH 

 Km (M) kcat (s
-1

) kcat/Km 

(M
-1

s
-1

) 

Km (M) kcat (s
-1

) kcat/Km 

(M
-1

s
-1

) 

 

8.4 ± 0.7 105 ± 0.5 1.3 x 10
7 

3.6 ± 0.3 138 ± 0.7 3.8 x 10
7 

 

4.2 ± 0.3 29 ± 0.02 7.0 x 10
6 

1.8 ± 0.1 35 ± 0.01 1.9 x 10
7 

 

2.8 ± 0.2 5.5 ± 0.01 2.0 x 10
6 

0.6 ± 0.07 4.2 ± 0.01 6.5 x 10
6 

 

  

  

                                                 
a The steady state kinetic parameters were determined as described in the text. 
b Errors are standard deviations. 
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 Kinetic parameters could not be determined for 5-(chloro)-2-oxo-3-hexendioate. 

The tautomerization of 5-Cl-2-HM by Lc 4-OT or Pp 4-OT does not favor the products 

(6% product present). Hence, it is not possible to accurately determine the initial 

concentration of substrate for 4-OD.  Interestingly, 5-Br-2-HM has 37% product present 

at equilibrium and may enable reliable kinetic measurements. Kinetic parameters were 

not determined at this time for 5-Br-HPD. Both Pp 4-OD/VPH and Lc 4-OD/VPH 

process this substrate above background levels, but the reaction is slow and requires large 

amounts of enzyme to ensure accurate determinations of kinetic parameters.  

 Stereochemistry of the Product Generated by the Reaction of 4-OD/VPH with 5-

CH3-HPD and 5-Cl-HPD.  
1
H NMR spectroscopy confirmed that the product of the VPH 

reaction is 2-oxo-4-hydroxypentanoate.  
1
H NMR spectra were obtained for HPD and, 

after incubation with Lc 4-OD/VPH, the product of the hydratase reaction. Both match 

spectra previously reported
5,6

.  

 Both 5-Cl-HPD and 5-CH3-HPD were used as substrates for 4-OD/VPH to 

determine the stereochemistry at C3 and C5 of the corresponding products.  5-CH3-HPD 

was utilized as a non-halogenated control to determine if the electron density of the 

chlorine affects the enzymatic reaction.  First, the reaction was carried out in 20 mM 

K2HPO4 buffer (pH 7.3), and the progress of the reaction was followed by 
1
H NMR 

spectroscopy. 
1
H NMR spectroscopy confirmed the product of the VPH as 5-(chloro)-2-

oxo-4-hydroxypentanoate or 5-(methyl)-2-oxo-4-hydroxypentanoate (Trace A in Figure 

2.17 or 2.18, respectively).  Next, the reaction was carried out in 
2
H2O with 20 mM 

K2HPO4 buffer (pH 7.3) with either Lc 4-OD/VPH or Pp 4-OD/VPH. From these spectra, 
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it is possible to determine the stereoselectivity of the enzyme and confirm that the 

reaction proceeds through a ketonization/hydration sequence of events.  The product of 5-

CH3-HPD with either Lc 4-OD/VPH or Pp 4-OD/VPH is 5-(methyl)-2-oxo-4-

hydroxypentanoate.  The 
1
H NMR spectrum has been enlarged in Figure 2.15 to show 

two main sets of peaks at  1.33 (m, 2H) and  2.63 (dd, 2H).  These signals correspond 

to the 2 protons on C3 and the 2 protons on C5, respectively.  Similarly, both Lc 4-

OD/VPH and Pp 4-OD/VPH produce the same product, 5-(chloro)-2-oxo-4-

hydroxypentanoate from 5-Cl-HPD.  Again, the 
1
H NMR spectrum has been enlarged in 

Figure 2.16 to show three main sets of peaks at  2.82 (dd, 1H),  3.43 (dd, 2H)  4.17 

(m, 1H).   

 The stereochemistry is the same for both substrates tested and both enzymes.  The 

stereochemistry at C-4 is S for 2-HM starting substrate and 5-CH3-2-HM.  The priority 

numbering at C-4 changes with the addition of the chlorine, and therefore the 

stereochemistry of 5-Cl-2-HM is R.  When the reaction is run in the deuterated solvent, 

deuterons are added to the substrate instead of protons.  This difference is displayed in 

Traces B and C of Figures 2.17 and 2.18.  When the reaction is completed, the protons 

present in the spectra correspond to those opposite the hydroxyl group, and deuterons 

correspond to those on the same side. Interestingly, this is true regardless of the presence 

of the halogen.   
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Figure 2.17 
1
H NMR Spectrum of 5-(Methyl)-2-hydroxy-2,4-pentadienoate 

 1
H NMR (800 MHz) of the products of three VPH reactions, generated by the 

specified conditions.  Trace A shows the products of a reaction with Lc 4-OT, 5-CH3-2-

D 
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HM, and Lc 4-OD/VPH in 20 mM K2HPO4 buffer (pH 7.3).  Trace B shows a reaction 

carried out in deuterated 20 mM K2HPO4 buffer (pH 7.3) using Pp 4-OD/VPH and 5-

CH3-HPD.  Trace C shows the same reaction utilizing Lc 4-OD/VPH.  Panel D shows the 

enzymatic mechanism.
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Figure 2.18 
1
H NMR Spectrum of 5-(Chloro)-2-hydroxy-2,4-pentadienoate 

 1
H NMR (800 MHz) of the products of three VPH reactions, generated by the 

specified conditions.  Trace A shows the products of a reaction with Lc 4-OT, 5-Cl-2-

HM, and Lc 4-OD/VPH in 20 mM K2HPO4 buffer (pH 7.3).  Trace B shows a reaction 

D 
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carried out in deuterated 20 mM K2HPO4 buffer (pH 7.3) using Pp 4-OD/VPH and 5-Cl-

HPD.  Trace C shows a reaction utilizing Lc 4-OD/VPH and 5-Cl-HPD.  Panel D shows 

the mechanism of the enzymatic reaction.  
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 To confirm the stereochemistry at the C-4 of the product, the VPH products 

(using 2-HM, 5-Cl-2-HM, and 5-CH3-2-HM as substrates) were isolated, degraded (to  

3S-hydroxybutyrate, 3S-hydroxypentanoate, and 3R-hydroxy--butyro-lactone, 

respectively) and optical rotation determined (Table 2.6).  All products, 3S-

hydroxybutyrate, 3S-hydroxypentanoate, and 3R-hydroxy--butyro-lactone showed the 

same rotation, corresponding to previously reported results
6
. Even though the lactone is 

displayed as the R configuration, it has the same stereochemistry as the other products, 

due to the priority change of the lactone.  This confirms that the two enzymes share the 

same stereochemistry at every chiral center.  

 

  



 112 

Table 2.6a Optical Rotation Values, (3S)-Hydroxybutyratea 

 
 

Source of Product Amountb Rotation 

Pp 4-OT and Pp 4-OD/VPH 7.8 mg []D
20

 +16 

Lc 4-OT and Lc 4-OD/VPH 6.4 mg []D
20

 +16 

Authentic Sample
27 

15.4 mg []D
20

 +16.4 

Table 2.6b Optical Rotation Values, (3S)-Hydroxypentanoate
a
  

 
 

Source of Product Amount
a 

Rotation 

Pp 4-OT and Pp 4-OD/VPH 4.2 mg []D
20

 +87 

Lc 4-OT and Lc 4-OD/VPH 5.5 mg []D
20

 +88 

Authentic Sample
28 

10.1 []D
20

 +89 

Table 2.6c Optical Rotation Values, (3R)-hydroxy--butyrolactone
a
  

 
 

Source of Product Amountc Rotation 

Pp 4-OT and Pp 4-OD/VPH 1.9 mg []D
20

 +40 

Lc 4-OT and Lc 4-OD/VPH 1.8 mg []D
20

 +38 

Literature Value
29

  -- []D
20

 +78.2d 

                                                 
a Oxidative decarboxylation reactions are shown 
b Sample was dissolved in 1 mL of methanol 
c Sample was dissolved in 2 mL of chloroform 
d Sample was dissolved in methanol 
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DISCUSSION 

 Previous to this work, three distinct 4-OTs have been characterized.  TomN, 

found in a biosynthetic pathway from S. achromogenes
3
, a heterohexamer 4-OT in a 

putative meta-fission pathway from C. aurantiacus J-10-fl
2
, and 4-OT from P. putida mt-

2, a homohexamer found in context with catabolic meta-fission enzymes
12

.  All of these 

have been defined as 4-OTs by their ability to catalyze the conversion of 2-HM to 2-oxo-

3-hexendioate.  All three have also been found to share three active site residues, Pro-1, 

Arg-11 and Arg-39. Sequence analysis identified Lc 4-OT as a member of the 4-OT 

family of the tautomerase superfamily.  Its presence in genomic context with other meta-

fission enzymes, sequence analysis, and the presence of the three conserved residues (i.e. 

Pro-1, Arg-11, Arg-39) all on the same monomer (unlike the heterohexamer), suggest 

that Lc 4-OT is most similar to 4-OT from P. putida mt-2.  

 Accordingly, the catalytic Pro-1 acts as a base to abstract a proton from the C-2 

hydroxyl of 2-HM to be donated to the C-5 carbon.  Arg-11 interacts with the C-6 

carboxylate group.  Arg-39 interacts with the C-1 carboxylate group and the 2-hydroxy 

group and stabilizes the developing negative charge (after abstraction at the 2-hydroxy 

postion).  The crystal structure for 4-OT from Methylibium petroliephilum (80% identity 

and 91% similarity to Lc 4-OT) shows a structure with these same characteristics
21

. 

 The sequence alignment of vinyl pyruvate hydratases (Figure 2.10) shows several 

conserved residues and motifs.  The ExE motif gives evidence for binding a metal ion, 

and it has been shown repeatedly that 4-OD/VPH isozymes require
5
 either Mg

2+
 or Mn

2+
.  

The role of the metal ion as part of the mechanism argues against a Schiff base 
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mechanism.  The 4-OD/E106Q-VPH mutant has shown the importance of a residue that 

may be involved in catalysis, as it is in enoyl-CoA hydratase, or may be essential to 

coordinating the divalent metal ion.  Previous work showed the importance of residues 

Asp-78 and Lys-60 for catalysis in VPH
7
.  Lys-60 when mutated to an alanine residue 

uncouples the tautomerization from the hydration reaction, and is likely important for 

catalysis.  The Asp-78 mutant showed first insoluble protein, then, when soluble, a great 

reduction in activity
7
.  This residue may be important for both catalytic and structural 

purposes. The VPH from L. cholodnii shares all of these major conserved residues.  A 

Lys-60 mutant may also help clarify the differences between the Pseudomonas and 

Leptothrix enzymes. Other mutants may reveal additional insights into the active site, 

such as Thr-62.  This residue is conserved between many of the VPH homologues and 

falls just outside of the GxKxG motif.  Its position may even shed light on the differences 

in Km values between P. putida and L. cholodnii.   

  A crystal structure of the 4-OD/VPH complex would be useful in determining 

active site residues.  Currently, experiments with selenomethionine expression are being 

carried out with Lc 4-OD/VPH. Docking and inhibition studies could provide additional 

insights into the mechanism. 

 Like the P. putida mt-2 4-OD/VPH, Lc 4-OD/VPH must be expressed on a 

dicistronic plasmid.  Lc 4-OD and Lc VPH were first cloned and expressed separately 

without soluble results.  This was also seen in M. petroliephilum. 

 The kinetic parameters of the processing of 2-oxo-3-hexenedioate and HPD by 

both Lc 4-OD/VPH and Pp 4-OD/VPH are similar.  These values also match those 
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previously reported from Pp 4-OD/VPH
5
. It seems that Lc 4-OD/VPH is only twice as 

efficient, by looking at Km/kcat values, as Pp 4-OD/VPH with each of the HPD substrates 

tested. Although the Km/kcat values show the best efficiency with HPD, Lc 4-OD/VPH has 

a higher efficiency for all substrates tested. 

 Both Pp 4-OD/VPH and Lc 4-OD/VPH process 5-Cl-HPD, but the chlorinated 

substrate is hydrated 20 fold slower than its unsubstituted form, when compared kcat 

values. The control, 5-CH3-HPD, is hydrated 6- to 8-fold faster than 5-Cl-HPD, yet still 

slower than HPD. The bulkiness of the substrate may be a cause of the decrease in 

turnover number. The Km values are 4-fold lower for the chlorinated substrate, indicating 

tighter binding. These lower Km values may ensure that the halogenated substrate will be 

processed preferentially over the nonhalogenated compound. Also, it can be seen that for 

both enzyme complexes the efficiency decreases for both the methylated substrate and 

the chlorinated substrate.   

 A stereochemical analysis was carried out in order to determine if the reaction 

enzyme proceeds by the same mechansism using different substrates.  By NMR analysis 

and rotational data, the two VPH enzymes catalyze reactions with the same 

stereochemistry. The stereochemistry of the product of Pp 4-OD/VPH with HPD had 

been shown previously
5
.  Neither the addition of a methyl group, chlorine or a change in 

enzymes affected the stereochemistry. The stereochemistry at C-4 is S for 2-HM starting 

substrate and 5-CH3-2-HM.  The priority numbering at C-4 changes with the addition of 

the chlorine, and therefore the stereochemistry of 5-Cl-2-HM is R.  The stereochemistry 

is the same for both substrates tested and both enzymes.   
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Biochemical Studies of a Pyruvate Aldolase/Acetaldehyde 

Dehydrogenase Complex: The Basis for Chlorine Selectivity 

INTRODUCTION 

 Aldolases catalyze stereospecific carbon-carbon bond formation known as an 

aldol condensation or carbon-carbon bond cleavage, known as a retro-aldol reaction.  

Aldolases are of great interest to green technology as these enzymes could be used to 

synthesize a variety of compounds in a stereospecific manner in aqueous conditions
1
.  

 There are two main classes of aldolases, determined by their mechanism of action.  

Class I aldolases use an imine linkage between an active site lysine and the substrate.  

Class II aldolases utilize a divalent metal ion in their mechanism
1
.  Class II aldolases 

have been divided into subclasses based on their crystal structures or their carbonyl 

donors.  The subclass of carbonyl donors can be further divided into two groups: those 

with a phosphate group, and those without a phosphate group.  The first group is 

exemplified by fructose 1,6-bisphosphate (F1,6-B) aldolase
2
 that uses dihydroxyacetone 

phosphate as its carbonyl donor and coordinates a tetrahedral Zn
2+

. Either a glutamate or 

aspartate functions as a catalytic residue
2
.  The carbonyl donors of the other members of 

the subgroups lack a phosphate group.  For this reason, this subgroup of aldolases is 

useful for the synthesis of antibiotics
2
.  The enzymes in this subgroup usually coordinate 

an octahedral ion such as Mg
2+

 or Mn
2+

.  Initial studies of 2-dehydro-3-deoxyglactarate 

aldolase (DDG), suggested that phosphate free in solution might still be required to 

enhance catalysis
2
. This phosphate would act to abstract protons from pyruvate during the 

reaction.  However, another group showed that the phosphate group was not necessary
3
.  
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Not only does the activity of the pyruvate aldolase HpaI from Escherichia coli W have 

higher activity in buffer lacking phosphate, but HpaI was shown via NMR spectroscopy 

to exchange pyruvate methyl protons without the presence of phosphate
3
.  Not only does 

this subgroup’s carbonyl donor lacks a phosphate group, the presence of a phosphate 

group is not required for catalysis. 

 F1,6-B aldolase, DDG aldolase and HpaI all share an (/)8 TIM barrel fold.  

HpaI and DDG aldolase belong to the phosphoenol pyruvate/pyruvate superfamily of 

TIM barrel enzymes
3
.  HpaI and many other members of this superfamily exhibit 

oxaloacetate decarboxylase activity.  Of the enzymes that have a secondary 

decarboxylase activity, arginine residues (Arg70 and Arg75 in HpaI) are conserved
3
.  

HpaI is in the E. coli degradation pathway for 4-hydroxyphenylacetic acid (4-HPA).  4-

HPA is degraded via 3,4-dihydroxyphenylacetic acid (homoprotocatechuate, HPCa)
4
. The 

4-HPA or HPC pathway has been shown to be similar to the catechol meta-fission 

pathway in Pseudomonas putida mt-2.  The pyruvate aldolase (PA) from P. putida mt-2 

shows enhanced activity with Mn
2+

 or Mg
2+

, has a sequence similarity of 40% to HpcH, 

and belongs to this subclass of Class II aldolases.   

 The proposed reaction mechanism of HpaI (HpcH) involves acid/base catalysis.  

First, a proton is abstracted from the hydroxyl group of C4 by the base (Figure 3.1a).  The 

metal, coordinated by His45, stabilizes the carbanion intermediate (Figure 3.1b).  Finally, 

the carbanion abstracts a proton from the acid to give pyruvate (Figure 3.1c).  Two active 

                                                 
a This pathway has two nomenclatures, and is known as the 4-HPA pathway in E. coli W and the HPC 

pathway in E. coli C.  HpcH and HpaI are isozymes, but HpcH is expressed from E. coli C whereas HpaI is 

expressed from E. coli W
4
.  HpcH has been crystallized and has been used to described the structure of 

HpaI.  When discussing specific residues, only the residue numbering for HpaI will be listed. 
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site residues have been shown to be important for activity.  First, replacement of Arg70 in 

HpaI with alanine eliminates activity, implicating it as an important residue
3
. Although 

arginine’s pKa at ~12.5 makes it seem an unlikely catalytic residue, this side chain is at 

the bottom of a hydrophobic pocket, which could lower the pKa substantially.  

Alternatively, it has been suggested that Arg70 assists in the stabilization of the 

negatively charged enolate.  Second, His45 has been identified as an important active site 

residue, although its role in the coordination of a metal ion has been questioned.  It has 

been suggested that His45 acts as a base in the reaction, because the H45A and H45Q 

mutants in HpaI reduce activity
5
.  However, it is difficult to separate a catalytic role from 

that of the metal ion coordination.  The residual activity could be due to a perturbation of 

the metal cofactor.  However, the increase in activity when the H45A and H45Q mutants 

were supplied with external hydroxide is a good indication that it may have a role to play 

in the acid/base chemistry of the mechanism
5
. 
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Figure 3.1 The Proposed Base/Acid Catalyzed Mechanism for HpaI 

 The general base and acid are represented by B and HA, respectively.  The metal 

ion is depicted by the M
2+

.  Adapted from previous work
5
.   
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 The pyruvate aldolase sequence from P. putida mt-2 (Pp PA), (in the meta-fission 

pathway responsible for the degradation of aromatic hydrocarbons to Kreb cycle 

intermediates), shares only 16% identity (40% similarity) to HpcH and 20% identity 

(41% similarity) to DDG aldolase. Even with similar functions and the probability of 

similar structures, the sequences are significantly different.  Another member of this 

family with a 93% similarity to Pp AD is the pyruvate aldolase from Pseudomonas sp. 

CF600.  Recent work on PA and acetaldehyde dehydrogenase (AAD) from Pseudomonas 

sp. CF600 and Burkholderia xenovorans L400 have shed light on important residues for 

catalysis as well as substrate tunneling
6
. 
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Figure 3.2 Meta-fission Pathway in Pseudomonas putida mt-2 

 The meta-fission pathway is described in detail in second chapter, “The 

Catabolism of Halogenated Aromatic Compounds by the Meta-fission Pathway,” of this 

dissertation.  Here, the retro-aldol cleavage of 2-hydroxy-4-oxopentanoate to pyruvate (7) 

and acetaldehyde (8) as catalyzed by pyruvate aldolase (PA) is shown.  Acylating 

acetaldehyde dehydrogenase (DmpF or BphJ) covalently adds coenzyme A to the 

acetaldehyde product of PA. 
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 A crystal structure was determined for the 4-hydroxy-2-ketovalerate aldolase/ 

acylating acetaldehyde dehydrogenase (DmpG/DmpF) complex from Pseudomonas sp. 

CF600
1
.  These enzymes catalyze the final reactions to degrade compounds such as 

benzene and toluene to Krebs cycle intermediates (Figure 3.2).  It was found that the 

aldolase was not active unless expressed with the dehydrogenase.  However, the 

dehydrogenase can retain activity in the absence of the aldolase. DmpG has the 

characteristic (α/β)8 fold of classes II aldolases.  DmpF has a NAD
+
 binding domain and 

a dimerization domain
1
. Its active site is located between these two domains.  

Investigation of the aldolase portion of the crystal structure found that a divalent metal 

ion, Mn
2+

 was coordinated by three residues (Asp-18, His-200 and His-202) and a water 

molecule. Dehydrogenase activity has been shown to be sensitive to thiol-modifying 

reagents, and, consistent with this, Cys-132 is adjacent to the nicotinamide ring of NAD
+
.   
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Figure 3.3  Crystal Structure of Aldolase/Dehydrogenase Complex from Pseudomonas 

CF600 

 

 The crystal structure of DmpG/DmpF from Pseudomonas CF600 (PDB: 1NVM
1
, 

shown in Pymol
7
).  The aldolase is in green, displaying the (/)8 TIM barrel fold.  The 

coordinated metal ion, Mn
2+

 is in pink, with the substrate, oxaloacetate, in dark blue.  The 

acetaldehyde dehydrogenase is shown in cyan.  Adapted from Manjeasetty, Powlowski 

and Vrielink (2003).
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 A hydrophobic substrate tunnel connects the two active sites. Substrate tunneling 

between PA and AAD in the complex allows the reactive aldehyde to be directly shuttled 

to AAD without exposure to solvent.  Tunneling was shown to take place by the lack of a 

lag time in the progression of the activity of the dehydrogenase, usually seen as the 

substrate for the second enzyme in a series reaches saturation.  This was further 

confirmed by a substrate competition experiment.  Two substrates were incubated with 

the PA/AAD complex from Burkholderia xenovorans LB400 (BphI/BphJ)
8
.  

Propionaldehyde, a substrate for BphJ (dehydrogenase), was in 10-fold excess over the 

preferred substrate for BphI (aldolase), 4-hydroxy-2-oxopentanoate.  If substrate 

tunneling did not occur, propionaldehyde would compete with acetaldehyde, and mostly 

propionyl CoA would be formed.  However, mostly acetyl CoA was formed in this 

experiment as a result of substrate tunneling
6
.  This showed that the dehydrogenase was 

accepting most of its substrate directly from the aldolase instead of from the bulk solvent. 

 The crystal structure from Pseudomonas sp. strain CF600 shows that the tunnel 

itself is hydrophobic and therefore unreactive
1
. Most of its residues are from PA.  Tyr-

291 (Y290 in B. xenovorans) acts as a gate, blocking the substrate from entering the 

tunnel from the aldolase active site. Several mutants were made to determine the role of 

particular residues involved in the substrate tunnel in BphI/BphJ
9
.  Residues important 

for stereoselectivity and substrate specificity were also investigated. BphI/BphJ was 

found to utilize 4-hydroxy-2-oxopentanoate (HOPA) or 4-hydroxy-2-oxohexanoate and 

corresponding acetaldehyde or propionaldehyde with the same catalytic efficiency.  Two 

leucine to alanine mutants at positions 87 and 89 (L88 and L90 in Pseudomonas) were 
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made in the aldolase to investigate the substrate tunnel.  The L87A mutant reduced 

specificity for acetaldehyde, yet maintained the larger substrate, propionaldehyde.  L89A 

increased specificity for longer chain aldehydes such as butyraldehyde, pentaldehyde, and 

hexaldehyde due to lower Km values.  The double mutant, L87A/L89A, showed an 

increase in the Km for acetaldehyde and propionaldehyde with little other change
9
.  

Replacement of Tyr-290 from B. xenovorans with either Phe or Ser resulted in loss of 

stereochemical selectivity as these mutants were able to catalyze the aldol cleavage of 

(4R)-HOPA and (4S)-HOPA equally well.  Replacement of His-20 with either alanine or 

serine resulted in a ~100-fold decrease in catalytic efficiencies, suggesting that this 

residue is important for catalysis.  More drastically, the R16A (R17 in Pseudomonas) 

mutant eliminated aldolase activity
9
. These catalytic residues are shared in the Class II 

aldolases.   

 The narrowest point of the substrate channel is 1.6 Å, which is too small to 

accommodate substrates already known to channel
8
.  It is possible that His-20 (H21 in 

Pseudomonas) has two conformations: one in which it acts as a catalytic base to abstract 

a proton in the aldol cleavage in the “closed” position, and a second “open gate” form to 

allow the substrate to channel.  The second narrowest portion of the channel in B. 

xenovorans, diameter ~2.4 Å, is lined by Gly-322, Gly-323, and Leu-89
8
.  On the other 

side of the channel are Ile-172, Ile-196 and Met-198 which are from the dehydrogenase. 

These residues block access to the active site of the dehydrogenase until NAD
+
 is present, 

which causes a conformation change, allowing the substrate a small opening. It should 
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also be noted that for substrates with longer alkyl chains to fit in the active site, the alkyl 

chain must protrude into the aldehyde channel. 

 To investigate the channel in B. xenovorans further, the glycine residues of the 

aldolase, Gly-322 and Gly-323, were replaced with bulkier residues while Leu-89 was 

changed to a smaller residue, alanine
8
.  G322A and G323A channeled acetaldehyde with 

a similar efficiency to that of wild type.  However, bulkier substrates showed a change in 

kinetic parameters.  G322A did channel isobutyraldehyde, but at 70% the efficiency of 

wild type, while G323A failed to channel this substrate.  G323L had a lower efficiency 

(63%) for channeling than acetaldehyde, while G322L, G322F and G323F were unable to 

channel acetaldehyde or propionaldehyde.  The mutant L89A may have widened the 

channel, but it resulted in a 30% reduction in channeling efficiency
8
.  This may be due to 

subverting the gating mechanism and leading to the escape of the substrate. 

 Investigation of the dehydrogenase side of the tunnel in B. xenovorans produced 

similar results.  Y290F, a mutation to a smaller residue, saw a reduction in channeling 

efficiency of more than 30%.  H20A, which changes the gating residue, lowered 

channeling efficiency by more than 70%.  Only the I195F mutant had little effect on 

channeling
9
.   
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Pp      --MTFNPGKKLYISDVTLRDGSHAIRHQYSIQNVQDIARALDKARVDSIEVTHGDGLQGS 58  

DmpG    --MTFNPSKKLYISDVTLRDGSHAIRHQYTLDDVRAIARALDKAKVDSIEVAHGDGLQGS 58  

Lc      --MTVQ-GKKITVHDMTLRDGMHPKRHLMTLEQMKNIATGLDEAGVPLIEVTHGDGLGGS 57  

BphI    --MKLE-GKKVTVHDMTLRDGMHPKRHQMTLEQMKSIACGLDAAGIPLIEVTHGDGLGGS 57  

TTHB246 MSWDLSTAKPPVVVDTTLRDGSHAHRHQYTVEEARAIAQALDEAGVYAIEVSHGDGLGGS 60                      

                *     * ***** *  **         **  ** *    *** ***** **   

Pp      SFNYGFGAHSDLEWIEAAADVIQHARVTVLLVPGIGTVHDLKAAYDAGARSVRVATHCTE 118  

DmpG    SFNYGFGRHTDLEYIEAVAGEISHAQIATLLLPGIGSVHDLKNAYQAGARVVRVATHCTE 118  

Lc      SVNYGFPAHSDEEYLGAVIPLMKQAKISALLLPGIGTVEHLHMAKDLGVHTIRVATHCTE 117  

BphI    SVNYGFPAHSDEEYLGAVIPLMKQAKVSALLLPGIGTVEHLKMAKDLGVNTIRVATHCTE 117  

TTHB246 SLQYGFSRTDEMELIRAVRETVRRAKVAALLLPGIGTRKELKEAVEAGIQMVRIATQCTE 120                  

        *  ***      *   *       *    ** ****    *  *   *    * ** ***   

Pp      ADVSRQHIEYARELGMDTVGFLMMSHMIPAEQLAAQGKLMETYGAQCIYMADSGGAMNMN 178  

DmpG    ADVSKQHIEYARNLGMDTVGFLMMSHMIPAEKLAEQGKLMESYGATCIYMADSGGAMSMN 178  

Lc      ADVSEQHITAARKLDMDTVGFLMMAHMASPEKLITQAKLMEGYGANCIYVTDSAGYMLPG 177  

BphI    ADVSEQHITQSRKLGLDTVGFLMMAHMASPEKLVSQALLMQGYGANCIYVTDSAGYMLPD 177  

TTHB246 ADISEQHFGMAKEMGLEAVGFLMMSHMRPPEFLAEQARLMEGYGADVVYIVDSAGAMLPE 180                  

        ** * **           ****** **   * *  *  **  ***   *  ** * *      

Pp      DIRDRMRAFKAVLNPQTQTGMHAHHNLSLGVANSIIAVEEGCDRIDASLAGMGAGAGNAP 238  

DmpG    DIRDRMRAFKAVLKPETQVGMHAHHNLSLGVANSIVAVEEGCDRVDASLAGMGAGAGNAP 238  

Lc      DVKLRLEAVRAALRPETELGFHGHHNLAMGVANSVAAVEAGANRIDAAAAGLGAGAGNTP 237  

BphI    DVKARLSAVRAALKPETELGFHGHHNLAMGVANSIAAIEAGATRIDAAAAGLGAGAGNTP 237  

TTHB246 DAYARVKALKEALS-RAKVGFHAHNNLGLAIGNTLAALAAGADWVDATLRGYGAGAGNAP 239                  

        *   *  *    *      * * * **     *   *   *    **   * ****** *   

Pp      LEVFIAAAERLGWNHGTDLYTLMDAADDIVRPLQDRPVRVDRETLGLGYAGVYSSFLRHA 298  

DmpG    LEVFIAVAERLGWNHGTDLYTLMDAADDIVRPLQDRPVRVDRETLGLGYAGVYSSFLRHA 298  

Lc      MEVFIAVCDRMGIETGVDVFKIQDVAEDRVVPIMDHIIRVDRDSLTLGYAGVYSSFLLFA 297  

BphI    MEVFIAVCARMGIETGVDVFKIQDVSEDLVVPIMDHVIRIDRDSLTLGYAGVYSSFLLFA 297  

TTHB246 LEVLAAVLDKAGLNPGLDVFKLLDAAEYVMGPILHFQPYPDRDSVAIGYAGVYSTFLLHA 299                  

         **  *     *   * *     *       *        **     ******* **  *   

Pp      EVAAAKYGLKTLDILVELGRRRMVGGQEDMIVDVALDLLAARKEQQA-- 345  

DmpG    EIAAAKYNLKTLDILVELGHRRMVGGQEDMIVDVALDLLAAHKENRA-- 345  

Lc      KRAEKKYGVSARDILVEMGRRKMVGGQEDMIEDTAITMARERAGCAAA- 345  

BphI    KRASEKYGVPARDILVELGRRGMVGGQEDMIEDTAMTMARERGLTLTAA 346  

TTHB246 KRIGKELGVDPLAILLELGRRQAVAGQEDWILRVALELKEKEAGALAD- 347                  

                     ** * * *  * **** *   *      

 

Figure 3.4  Pyruvate Aldolase Sequence Alignment 

 Five pyruvate aldolase sequences were aligned using ClustalW
10

:  Pp from 

Pseudomonas putida mt-2, DmpG from Pseudomonas sp. CF600, Lc from Leptothrix 

cholodnii SP-6, BphI from Burkholderia xenovorans LB400, and TTHB246 from 

Thermus theromophilus HB8.  Metal coordinating residues are highlighted in blue.  
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Proposed active site residues are in red.  Residues involved in the active site channel are 

highlighted yellow.  Asterisks underneath the sequences indicate conserved residues.  
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Lc      -MKKIKCALIGPGNIGTDLLAKLQR-SAVLEPVWMVGIDPESDGLKRAREMGIKTTSDGV 58  

BphJ    MTKKIKCALIGPGNIGTDLLAKLQR-SPVLEPIWMVGIDPESDGLKRAREMGIKTTADGV 59  

Pp      MNKKLKVAIIGPGNIGTDLMIKVMRNAQYLEMGAMVGIDPASDGLARAQRMGVATTHEGV 60  

DmpF    MNQKLKVAIIGSGNIGTDLMIKVLRNAKYLEMGAMVGIDAASDGLARAQRMGVTTTYAGV 60  

TTHB247 MSERVKVAILGSGNIGTDLMYKLLKNPGHMELVAVVGIDPKSEGLARARALGLEASHEGI 60                    

             * * * *******  *         *    ****  * ** **   *      *    

Lc      DGLIPHMKADGVQIVFDATSAYVHAENSRKVN--EQGALMIDLTPAAIGPFCVPPVNLKA 116  

BphJ    DGLIPHMQADGVQIVFDATSAYVHADNSRKVN--ALGALMIDLTPAAIGPFCVPTVNLKE 117  

Pp      EGFINLPEFADIDFVFDATSASAHVQNDALLRRAKPGIRLIDLTPAAIGPYCVPVVNLEE 120  

DmpF    EGLIKLPEFADIDFVFDATSASAHVQNEALLRQAKPGIRLIDLTPAAIGPYCVPVVNLEE 120  

TTHB247 AYILERPE---IKIVFDATSAKAHVRHAKLLR--EAGKIAIDLTPAARGPYVVPPVNLKE 115                    

                      *******  *            *   ******* **  ** ***    

Lc      HVGSGEMNVNMVTCGGQATIPMVAAVSRVQPVAYGEIVATVSSRSVGPGTRKNIDEFTRT 176  

BphJ    HVGKGEMNVNMVTCGGQATIPMVAAVSRVQPVAYGEIVATVSSKSAGPGTRKNIDEFTRT 177  

Pp      HLAK--LNVNMVTCGGQATIPMVAAVSRVAKVHYAEIVASIASKSAGPGTRANIDEFTET 178  

DmpF    HLGK--LNVNMVTCGGQATIPMVAAVSRVAKVHYAEIVASISSKSAGPGTRANIDEFTET 178  

TTHB247 HLDK--DNVNLITCGGQATIPLVYAVHRVAPVLYAEMVSTVASRSAGPGTRQNIDEFTFT 173                  

        *      ***  ********* * ** **  * * * *    * * ***** ****** *   

Lc      TAGAVEKVGGARKGKAIIVINPAEPPLMMRDTVHCLTETE-PDQAAITASVHAMLAEVQK 235  

BphJ    TAGAVEKVGGAKKGKAIIILNPAEPPLIMRDTVHCLLESE-PDQAKITESIHAMIKEVQK 236  

Pp      TSKAIEVIGGAAKGKAIIVMNPAEPPLIMRDTVFVLSET--VDQAQVEASVEEMTSAVQA 236  

DmpF    TSKAIEVIGGAAKGKAIIIMNPAEPPLIMRDTVYVLSAA--ADQAAVAASVAEMVQAVQA 236  

TTHB247 TARGLEAIGGAKKGKAIIILNPAEPPILMTNTVRCIPEDEGFDREAVVASVRAMEREVQA 233                 

        *    *  *** ******  ******  *  **         *      *   *   **    

Lc      YVPGYRLVNGPVFD-----------------GNRVSVFLEVEGLGDYLPKYAGNLDIMTA 278  

BphJ    YVPGYKLVNGPVFD-----------------GLRVSVYLEVEGLGDYLPKYAGNLDIMTA 279  

Pp      YVPGYRLKQKVQFDVIPESAPLHIPGLGTFSGLKTSIYLEVEGAAHYLPAYASSLDIMTS 296  

DmpF    YVPGYRLKQQVQFDVIPESAPLNIPGLGRFSGLKTSVFLEVEGAAHYLPAYAGNLDIMTS 296  

TTHB247 YVPGYRLKADPVFERLPTPWG---------ERTVVSMLLEVEGAGDYLPKYAGNLDIMTA 284                  

        ***** *     *                      *  *****   *** **  *****   

Lc      AAARTAEMFAEEILKGELVLQPTAVAA 305  

BphJ    AAARTAEMFAEEILAGQLTLQPVHA-- 304  

Pp      AALATAERMAQSLLNA----------- 312  

DmpF    AALATAERMAQSMLNA----------- 312  

TTHB247 SARRVGEVFAQHLLGKPVEEVVA---- 307     

         *    *  *   *              

 

Figure 3.5  Acetaldehyde Dehydrogenase Sequence Alignment 

 Five acetaldehyde dehydrogenase sequences were aligned using ClustalW
10

: Lc 

from Leptothrix cholodnii SP-6, BphI from Burkholderia xenovorans LB400, Pp from 

Pseudomonas putida mt-2, DmpG from Pseudomonas sp. CF600, and TTHB246 from 

Thermus theromophilus HB8. Residues involved in the active site channel are highlighted 

blue.  A conserved cysteine is highlighted in yellow.  Asterisks underneath the sequences 

indicate conserved residues.
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 Based on these observations, a mechanism for channeling has been proposed
9
.  

First, the substrate, a 4-hydroxy-2-oxoacid, enters the substrate tunnel.  His-20 from B. 

xenovorans undergoes a conformational change to allow the substrate to enter the 

aldolase active site.  Then, Tyr-290 from B. xenovorans LB400 rotates to further 

accommodate the substrate, opening the aldehyde channel.  His-20 undergoes a second 

“closed” conformational change, allowing it to abstract a proton from C4-OH, initiating 

aldol cleavage.  The aldehyde is released into the channel, where Tyr-290 rotates to a 

“closed” position, so the aldehyde cannot be released back into the solvent.  His-20 opens 

the substrate tunnel and pyruvate is released. 

 Another pyruvate aldolase/acetaldehyde dehydrogenase pair of interest is from 

Thermus thermophilus HB8.  Known as TTHB246/TTHB247, this PA/AAD pair can be 

expressed separately in E. coli, unlike the pair from B. xenovorans.  Chimeras were 

made, combining the aldolase from one species with the dehydrogenase from the other
11

.  

These chimeras were found to be soluble and active, but with only a 10% channeling 

efficiency.  This could be in part due to salt bridges that connect the aldolase and 

dehydrogenase subunits.  When Lys-304 and Asp-331 from T. thermophilus are replaced 

with glutamate and arginine, respectively, repulsive forces could be introduced, resulting 

in disruptive forces that affect channeling abilities
11

. 

 Pyruvate aldolase and acetaldehyde dehydrogenase are the last enzymes in the 

meta-fission pathway required to convert aromatic hydrocarbons into Krebs cycle 

intermediates.  Of recent interest is the possibility that a variation of the meta-fission 

pathway utilizes the 5-chloro substituted substrates. Comamonas sp. strain CNB-1 is 
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reportedly able to utilize 4-chloro-nitrobenzene (4-CNB) as a sole carbon source.  The 

accumulated evidence, particularly LC-MS results identifying one intermediate as 5-

(chloro)-2-hydroxymuconate (5-Cl-2-HM), indicates that a meta-fission pathway from 

this organism is responsible for conversion of 4-CNB to the Krebs Cycle intermediates
12

.  

Without an obvious dehalogenase in the operon, 4-OT is the next proposed enzyme in 

this degradation pathway, and if this 5-chloro substrate is processed by the remainder of 

the meta-fission pathway, it has the potential to produce 2-chloroacetaldehyde, a toxic 

alkylating agent.  While the previous chapter discussed 4-oxalocrotonate tautomerase (4-

OT), 4-oxalocrotonate decarboxylase (4-OD) and vinyl pyruvate hydratase (VPH), this 

chapter examines the specificity and mechanism of the pyruvate aldolase and 

acetaldehyde dehydrogenase of both Pseudomonas putida mt-2 and Leptothrix cholodnii 

SP-6. 
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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. (Milkwaukee, WI) or EM Science (Cincinnati, OH).  The 

syntheses of 2-hydroxymuconate (2-HM), and 2-hydroxy-2,4-pentadienoate (HPD) have 

been reported previously
22, 23

. The Phenyl Sepharose 6 Fast Flow and DEAE-Sepharose 

resins were obtained from GE Healthcare (Piscataway, NJ).  The Econo-Column 

chromatography columns and Freeze ‘N Squeeze units were obtained from Bio-Rad 

Laboratories, Inc. (Hercules, CA).  Enzymes and reagents used for molecular biology 

procedures were obtained from New England Biolabs, Inc. (Ipswich, MA). 

 Bacterial Strains, Plasmids and Growth Conditions.  Escherichia coli strain 

DH5 was obtained from Invitrogen (Carlsbad, CA).  E. coli strain BL21-Gold (DE3) 

was obtained from Stratagene (La Jolla, CA).  E. coli strain C41 (DE3) was purchased 

from Lucigen (Middleton, WI).  The pET vectors were obtained from Novagen 

(Madison, WI).  Plasmids were isolated from cell cultures using the Sigma GenElute 

Plasmid Miniprep Kit.  Cells for cloning and overproduction were grown on Luria-

Bertani (LB) agar plates or in LB medium supplemented with kanamycin (Kn) (30 

µg/mL).  The sources for the components of LB medium have been reported elsewhere
14

.  

The plasmids containing the genes for the pyruvate aldolase (PA) and acetaldehyde 

dehydrogenase (AAD) from Pseudomonas putida mt-2 (Pp) were constructed 

previously
13

.   

 General Methods.  Techniques for restriction enzyme digestion, ligation, 
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transformation, and other standard molecular biology manipulations were based on 

methods described elsewhere
14

. All PCR reactions were carried out in a heated top Gene 

Amp PCR System 2700 (Applied Biosystems, Foster City, CA).  Oligonucleotides 

primers were synthesized by Sigma-Aldrich.  DNA sequencing was performed at the 

DNA core facility of ICMB at the University of Texas.  Mass spectral data were obtained 

on an LCQ electrospray ion-trap mass spectrometer (Thermo, San Jose, CA) in the ICMB 

Protein and Metabolite Core Facility prepared as described previously
15

.  Spectral (UV) 

data were obtained at 24°C on an Agilent 8453 diode-array spectrophotometer.  Protein 

concentrations were determined by the Waddell method
16

.  Proteins were analyzed using 

Tris-glycine SDS-PAGE on 12% gels.  Gels were run on a Bio-Rad Mini-Protean II gel 

electrophoresis apparatus
17

.  BLAST searches of the National Center for Biotechnology 

Information (NCBI) databases were performed using amino acid sequences (PA or AAD) 

from the TOL plasmid of P. putida mt-2 or the genome of L. cholodnii SP-6 as the query 

sequence. 

 Cloning of the Pyruvate Aldolase (PA) and Acetaldehyde Dehydrogenase (AAD) 

from Leptothrix cholodnii SP-6 Genomic DNA.  Table 3.1 contains all primer sequences 

for cloning the PA and AAD sequences from genomic DNA.  For cloning the aldolase, 

LeptAldfor and LeptAldrev were used as the forward and reverse primers, respectively.  

For cloning the dehydrogenase gene sequence, LeptDehyFor and LeptDehyRev were 

used as the forward and reverse primers, respectively.  For the initial PCR from genomic 

DNA, three 50 µL reactions were prepared for each target gene as described previously  

(“Cloning of the 4-OD and VPH Genes from L. cholodnii SP-6”).  Reactions were placed 
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in a heated top thermocycler and amplified using the program designated PCR #1, as 

described previously (“Cloning of the 4-OT Gene from Leptothrix cholodnii SP-6 

Genomic DNA”).  PCR reactions were eluted on 1% agarose gels to isolate PCR products.  

Bands of appropriate size were excised, isolated by the Freeze ‘N Squeeze units, ethanol 

precipitated, and resuspended in sterile water.  This suspension was used as template 

DNA in future reactions.  To further amplify the gene, additional 50 µL reactions were 

carried out using 2 µL of this template, 5 µL 10 thermo buffer, 1 µL 10mM dNTPs, 2 

µL of each 10 µM primer, 0.25 µL of Vent DNA polymerase (2U/µL) and sufficient 

water to make the total of 50 µL.  These reactions were treated as described above.  The 

PCR product and pET24a were treated with the appropriate restriction enzymes.  For the 

aldolase construct, NdeI and XhoI were used and for the dehydrogenase construct NdeI 

and BamHI were used.  The reaction mixture was incubated at 37°C for 3 h, and the 

digestion products were separated by 1% agarose gel. Bands of appropriate size were 

excised and purified as described above.  Plasmids were ligated using the quick ligation 

T4 DNA ligase (New England Biolabs) and resuspended in 10 µL Qiagen elution buffer.  

An aliquot (5 µL) was mixed with 40 µL E. coli DH5 cells and electroporated using a 

Bio-Rad Micro Pulser Electroporator unit.  Cells were then incubated at 37°C for 3 h in 

SOC broth.  Cells were harvested by centrifugation at 955  g for 3 min and then plated 

on LB/Kn agar plates and incubated at 37°C overnight.  Colonies were screened using the 

colony PCR method as described in the previous chapter. Two colonies were chosen 

randomly from those that tested positive and grown up in LB/Kn media (30 g/mL).  

Plasmids were isolated using Sigma Plasmid Prep Kit and the sequences were confirmed. 
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 Insertion of the Aldolase Gene into the pET24a Plasmid Containing the Gene for 

the Acetaldehyde Dehydrogenase. An additional forward primer (LeptAld2ndfor) was 

used to create a unique HindIII restriction site at the 5’ end of the aldolase gene sequence 

for insertion of this sequence after the dehydrogenase sequence in pET24a.  This 

arrangement would parallel mimic the order of the genes found in the genome of L. 

cholodnii SP-6.  The PCR was carried out as described above for PA and AAD template 

synthesis.  The pET24a vector containing the dehydrogenase gene sequence and the PCR 

product containing the aldolase gene sequence with HindIII and XhoI restriction sites as 

well as a ribosome binding site and TATA box were treated with HindIII and XhoI 

restriction enzymes.  Digestion, ligation and confirmation of the sequence were carried 

out as described above. 
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Table 3.1: Primers Used in Cloning Pyruvate Aldolase and Acetaldehyde Dehydrogenase 

from L. cholodnii SP-6 

Primer Name Oligonucleotide Sequencesa 

LeptAldfor TAGTAGTAGCATATGACTGTGCAAGGCAAGAAGATC 

LeptAldrev GATGATGATCTCGAGTCATTATTAGGCGGCGGCGCAGCC 

LeptAld2ndfor TAGTAGTAGAAGCTTAAGGAGATATAATGACTGTGCAA

GGCAAGAAGATC 

LeptDehyFor TAGTAGTAGCATATGAAGAAGATCAAGTGCGCCCTGAT

CGGG 

LeptDehyRev GATGATGATGGATCCTCATTATTAGGCCGCAACGGCGGT

GGG 

pET24for 

 

GATCCCGCGAAATTAATACGAC 

T7term 

 

GCTAGTTATTGCTCAGCGG 

 

                                                 
a All primers are written in the 5’ to 3’ direction, and were used as 10 µM stocks in the quantities as 

described in the text. 
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 Purification of PA/AAD Enzyme Complex.  Two 20 mL starter cultures containing 

LB/Kn media (30 g/mL) were inoculated with single colonies of E. coli BL21 (DE3) 

cells transformed with the pET vector construct (Pp PA/AAD or Lc AAD/PA constructs).  

After shaking at 37ºC for ~16 h, the media (typically 3.5 mL) was added to 400 mL of 

sterile LB/Kn to a final OD600 of ~0.05.  The flasks were allowed to shake at 37°C, and 

cultures were induced with 0.5 mM IPTG when the OD600 reached 0.6-0.8.  The cells 

continued to grow for 3 h, and were then harvested by centrifugation at 10,000 g for 20 

min at 4°C and stored at -80°C.   

 The purification procedures were adapted from previous protocols
13

 and modified 

as follows.  Typically, 2 g of cells were thawed and suspended in 5 mL of 20 mM 

HEPES-KOH buffer (pH 7.6), 5 mM MgCl2, 10% glycerol, 1 mM DTT, 200 mM KCl 

(Buffer A).  Sonication and centrifugation were carried out as described previously
18,19

.  

The supernatant was separated from the pellet after the high speed spin.  The pellet was 

discarded after assaying both the supernatant and the pellet for activity and discovering 

no AAD activity in the pellet (activity assay is described below).  Both the pellet and the 

supernatant were also assayed for PA activity as described below.  However, no PA 

activity was found for Lc AAD/PA, and therefore the AAD assay was used to determine 

activity for fractions for both constructs.  The supernatant was then diluted 2-fold with 20 

mM HEPES buffer (pH 7.6), 5 mM MgCl2 (Buffer B) to lower the salt concentration 

before applying to a DEAE Sepharose column (4 mL of resin), which had been 

equilibrated with 20 mM HEPES buffer (pH 7.6), 100 mM KCl, and 5 mM MgCl2.  After 
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application of the protein, the column was washed with 5-10 column volumes of 

equilibrating buffer (20-40 mL).  A 10 gradient from 50-400 mM KCl (40 mL) was then 

applied to elute the protein.  Fractions (~1 mL) were collected and assayed for AAD 

activity described below.  The fractions with the highest activity were pooled and the 

concentration of (NH4)2SO4 was raised to 1M and stirred on ice for 30 min.  The resulting 

solution was then centrifuged to remove precipitated matter as described previously
20

.  

Both the supernatant and the pellet were tested for AAD activity.  The majority of the 

activity was found in the supernatant, and the pellet was discarded.  The supernatant was 

applied to a Phenyl-Sepharose column (4 mL) equilibrated with 20 mM HEPES buffer, 

pH 7.6, 5 mM MgCl2, and 1 M (NH4) 2SO4.  After the sample was loaded, the column 

was washed with 20 mL equilibrating buffer.  A 10 gradient (40 mL) was run from 1 M 

to 0 M (NH4)2SO4.  The fractions were assayed as described below for AAD, and 

visualized on a SDS-PAGE to determine homogeneity.  Fractions with the highest 

activity and purity were pooled. The protein was exchanged into 20 mM K2HPO4 buffer 

(pH 7.3) with 5 mM MgCl2 using an Amicon Ultra centrifugal filter unit (0.5 mL, 3K 

membrane).  

 Enzyme Assay for AAD.  Reactions were carried out in 20 mM potassium 

phosphate buffer (pH 7.3) with 5 mM MgCl2.  To a 1 mL reaction volume, the 

coenzymes (Coenzyme A, 10 µL of 10mM stock, NAD
+
, 10 µL of 10 mg/mL stock) and 

acetaldehyde (5 µL of 0.61 M stock) were added.  Addition of the enzyme complex 

(either Pp PA/AAD or Lc AAD/PA) initiated the assay. To observe AAD activity, the 
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reduction of NAD
+
 to NADH by AAD was monitored following the increase in 

absorbance at 340 nm.   

 Enzyme Assay for PA. Reactions were carried out in 20 mM potassium phosphate 

buffer (pH 7.3) with 5 mM MgCl2.  To a 1 mL reaction mixture, the substrate, 2-oxo-4-

hydroxypentanoate, was generated in situ by HPD coupled with 4-OD/VPH (1 mg/mL) 

or by 2-HM (0.3 mg/mL) coupled with 4-OT and 4-OD/VPH.  After the presence of 2-

oxo-4-hydroxypentanoate was confirmed by the decrease at A265 or A236 (if HPD or 2-

HM were used, respectively), the coenzymes (Coenzyme A, 10 µL of 10mM stock, 

NAD
+
, 10 µL of 10 mg/mL stock) were added.  Finally, the enzyme complex (either Pp 

PA/AAD or Lc AAD/PA) was added to initiate the reaction. To observe PA activity, the 

reduction of NAD
+
 to NADH by AAD was monitored by following the increase in 

absorbance at 340 nm.   
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RESULTS 

Sequence Analysis of Pyruvate Aldolase and Acetaldehyde Dehydrogenase from 

Leptothrix cholodnii SP-6 and Pseudomonas putida mt-2.  Both pyruvate aldolase (PA) 

and acetaldehyde dehydrogenase (AAD) from Leptothrix cholodnii SP-6 and 

Pseudomonas putida mt-2 were found downstream in the operon containing 4-OT and the 

other meta-fission enzymes.  Lc PA shares a 57% identity (77% similarity) with the 

aldolase from P. putida mt-2.  Lc AAD shares 57% identity (69% similarity) with the 

dehydrogenase from P. putida mt-2.  The alignments (Figure 3.4 and 3.5) show that the 

residues involved in metal coordination (Asp-19, His-200 and His-202) are conserved.  

Two of the residues (Val-87 and Ise-198 are replaced with Leu-87 and Met-198, 

respectively) that make up the substrate channel in the aldolase are different.  These 

changes are not significant. 

Expression, Purification and Characterization of Pyruvate Aldolase and 

Acetaldehyde Dehydrogenase from P. putida mt-2 and L. cholodnii SP-6.  The AAD/PA 

construct from L. cholodnii SP-6 was not purified to homogeneity.  After an anion 

exchange column, the procedure yielded ~ 2 mg of non-homogenous protein (as assessed 

by SDS-PAGE) per liter of cell culture.  This complex maintained activity for at least 14 

days.  The PA/AAD construct from P. putida mt-2 was purified in a three-step process 

(anion exchange, hydrophobic, anion exchange chromatography).  Typically, this 

procedure yielded ~ 4 mg of homogenous protein.  The purified protein was analyzed by 

electrospray ionization mass spectrometry (ESI-MS).   
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ESI-MS analysis was carried out to verify the purity and molecular mass of 

PA/AAD from P. putida mt-2.  (Figures 3.6)  ESI-MS treatment showed two dominant 

signals. Acetaldehyde dehydrogenase has a mass of 32991.0 Da, indicating that the 

expected 311 amino acid residues (with a calculated mass of 33,000 Da) still maintained 

an N-formylmethionine group.  The second signal displayed a mass of 37,295.0 Da, 

corresponding to an expected 344 amino acid residues with a calculated mass of 37,313 

Da.  ESI-MS treatment showed that the initiating N-formylmethionine had been removed 

from pyruvate aldolase, but not acetaldehyde dehydrogenase (Figure 3.6).  This initiating 

methionine should be removed by a methionyl aminopeptidase, the removal of which is 

correlated with the amino acid in the second position
21

.  Asparagine in this position in 

acetaldehyde dehydrogenase correlates with a 16% efficiency in methionine cleavage
21

.  

Threonine in pyruvate aldolase correlates with close to 100% efficiency
21

. 
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Figure 3.6 ESI-MS Analysis of the Pyruvate Aldolase/Acetaldehyde Dehydrogenase 

Complex from P. putida mt-2 

 The signal at 32991.0 Da corresponds to acetaldehyde dehydrogenase that had not 

undergone post-translational modification, and still retains the initiating N-

formylmethionine (calc. 33000 Da). The signal at 37295.0 matches that of pyruvate 

aldolase that had undergone post-translational modification, removing the initiating N-

formylmethionine as well as a mass equal to the loss of a water molecule (calc. 37313 

Da).  
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 Characterization of Acetaldehyde Dehydrogenase from P. putida mt-2 and L. 

cholodnii SP-6.  Acetaldehyde dehydrogenases are NAD
+
 dependent.  This has been 

shown to be true of AAD from P. putida mt-2 from the lack of change in absorbance at 

340 nm, where the components necessary for catalysis (NAD
+
, metal ion, substrate and 

enzyme) were present except for Coenzyme A.  No activity was seen if NAD
+
 was 

absent, and NAD
+
 could be used to initiate the reaction.  Both AADs from P. putia mt-2 

and L. cholodnii SP-6 have shown activity with acetaldehyde by the increase in A340 

(Table 3.2 and 3.3).  

 Characterization of Pyruvate Aldolase from P. putida mt-2 and L. cholodnii SP-6.  

The substrate for pyruvate aldolase, 2-oxo-4-hydroxypentanoate, was generate in situ by 

the incubation of 2-HM with 4-OT and 4-OD/VPH, or HPD with 4-OD/VPH.  For PA 

from L. cholodnii SP-6, no activity was seen, regardless of the presence of coenzymes, 

metals or substrate.  However, PA from P. putida mt-2 showed activity in a coupled 

assay with AAD, by the increase in A340 (Table 3.3).  It was shown in vitro, by adding the 

enzymes from P. putida mt-2 sequentially and monitoring the change in absorbance as 

each one processed its substrate, that 2-HM is processed by meta-fission enzymes to 

pyruvate and acetaldehyde (Figure 3.7).  The Pp PA/AAD construct was not sufficiently 

efficient to obtain NMR data to verify the final product.  
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Table 3.2: The Acetaldehyde Dehydrogenase/Pyruvate Aldolase Complex from L. 

cholodnii SP-6 Requires Coenzymes for Activity 

Acetaldehyde HPD + 

4OD/VPH 

CoA NAD
+ 

Dehydrogenase/ 

Aldolase 

Activity 

+a -b + + + YES 

+ - - + + - 

+ - + - + - 

+ - + + - - 

- - + + + - 

- + + + + - 

  

 

 

Table 3.3: Pyruvate Aldoase/Acetaldehyde Dehydrogenase Complex from P. putida mt-2 

Requires Coenzymes for Activity 

Acetaldehyde HPD + 

4OD/VPH 

CoA NAD
+ 

Aldolase/ 

Dehydrogenase 

Activity 

+ - + + + YES 

- - + + + - 

- + - + + - 

- + + - + - 

- + + + - - 

- + + + + YES 

 

 

  

                                                 
a Indicates the presence of a substrate, cofactor or enzyme 
b Indicates the absence of substrate, cofactor or enzyme 
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Figure 3.7 UV Spectra of the Reaction of Pyruvate Aldolase/Acetaldehyde 

Dehydrogenase Complex from P. putida mt-2   

 Trace A is the initial substrate, 2-HM (1).  Trace B shows the formation of (2) 

after addition of 4-OT.  The addition of 4-OD/VPH gives (4) as seen in Trace C.  Trace D 

is the addition of Pp PA/AAD.  The addition of NAD
+
 gives a large rise in 260 nm (Trace 

E).  The initial addition of the final cofactor, Coenzyme A begins catalysis (Trace F).  

After a span of 6 min, there is a clear rise in 340 nm (Trace G). 
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SUMMARY 

 The pyruvate aldolases from P. putida mt-2 and L. cholodnii SP-6 clearly are 

categorized as Class II aldolases using carbonyl donors without a phosphate group.  

Although the crystal structure of neither has been determined, their high sequence 

identity to pyruvate aldoase from Pseudomonas sp. CF600 (93% to P. putida mt-2, 57% 

to L. cholodnii SP-6) invites comparison.  The metal coordinating residues in the aldolase 

are conserved between species, as are many of the active site residues uncovered by 

mutation studies in B. xenovorans LB400. 

 Cloning, expression and purification of the PA/AAD complex from P. putida mt-

2 was successful.  Although the activity of the pyruvate aldolase of L. cholodnii SP-6 was 

not found, these experiments set the stage for future work that would address the question 

of the enzyme processing 2-CAA.  The components necessary for activity of the 

dehydrogenases were determined. 

 Pyruvate adolase and acetaldehyde dehydrogenase transition the meta-fission 

pathway products into the Krebs Cycle.  By utilizing either the acetaldehyde 

dehydrogenase’s reduction of NAD
+
 to NADH or by coupling lactate dehydrogenase’s 

oxidation of NADH to NAD
+
 it would be possible to develop a robust assay for not only 

pyruvate aldolase, but also the 4-OD/VPH complex.   
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Characterization of Two Members of the Fumarylacetoacetate 

Hydrolase Superfamily 

INTRODUCTION 

 The homoprotcatechuate (HPC) pathway is responsible for the degradation of 

tyrosine and phenylalanine
1
. The enzymes parallel those in the meta-fission pathway in 

that both process chemically similar substrates where the substrates differ by a 

carboxymethyl group.  However, there is little sequence identity between the enzymes of 

the meta-fission pathway and those of the HPC pathway. 

 The homoprotocatechuate pathway is made up of a series of inducible enzymes, 

starting with a ring specific dioxygenase responsible for ring opening.  These reactions 

are shown in Figure 4.1. Ring opening produces 5-(carboxymethyl)-2-hydroxymuconate 

semialdehyde (1), the aldehyde portion of which is oxidized to 5-(carboxymethyl)-2-

hydroxymuconate (2) by the NAD
+
-depended dehydrogenase, CMHS dehydrogenase.  

Ketonization of 21 to 5-(carboxymethyl)-2-oxo-3-hexene-1,6-dioate (3) is catalyzed by 5-

(carboxymethyl)-2-hydroxymuconate isomerase (CHMI).  5-(carboxymethyl)-2-Oxo-3-

hexene-1,6-dioate decarboxylase (COHED) catalyzes the decarboxylation of 3 to 2-oxo-

hept-4-ene-1,7-dioate (HHDD, 4).  Hydration of 4 by 2-oxo-hept-4-ene-1,7-dioate 

hydratase (OHED) generates 2-ketohepta-4-ene-1,7,dioate (KHED, 4S-5).  Finally, an 

aldolase cleaves 5 to produce pyruvate (6) and succinic semialdehyde
1
 (7).  
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Figure 4.1  The Homoprotocatechuate Pathway in E. coli 

 The homoprotocatechuate pathway from E. coli is described in the text. 
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 COHED is a member of the fumarylacetoacetate hydrolase (FAH)-like 

superfamily and catalyzes a metal-dependent decarboxylation
1
. The founding and best 

characterized member of this superfamily is the mouse FAH.  This enzyme is in the 

eukaryotic pathway for the degradation of tyrosine and phenylalanine
2
.  COHED’s 

structure consists of an N-terminal and C-terminal domain with 34% sequence identity 

between them.  Both display incomplete TIM barrel folds.  These two domains strongly 

resemble each other as well as the C terminal domain of FAH. 

 YcgM was crystallized from E. coli and predicted to be an isomerase.  However, 

its structure more resembles the decarboxylation domain of COHED, and it is presumed 

to have decarboxylation activity. A putative COHED homologue from Thermus 

thermophilus HB8 shows 36% identity to YcgM.  The structural alignment of YcgM 

(residues 18-219) with the COHED homologue from T. thermophilus HB8 (residues 45-

246) (Figure 4.2) shows a structural identity not determined from a sequence alignment 

(Figure 4.3). To further investigate this superfamily, the mechanisms of YcgM and the 

putative COHED homologue from T. thermophilus HB8 were investigated. 
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Figure 4.2  Structural Alignment of YcgM and TTHA0958 

 Alignment of YcgM (cyan, PDB: 1NR9
14

) and TTHA0958 (green, PDB: 

1WZO
14

), an annotated COHED analog from T. thermophilus HB8.  The alignment was 

carried out with Pymol
3
. 
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COHED    MKGTIFAVALNHRSQLAWQEAFQQSPYKAPKTAVWFIKPRNTVIGCGEPIPFPQGEKVLS 60  

Tthermo  -----------------------------MKLARFLAKGR-----------VHQG--VYR 18  

YcgM     ------------------------------------------------------------  

 

COHED    GATVALIVGKTATKVREEDAAEYIAGYALANDVSLPEESFYRPAIKAKCRDGFCPIGETV 120  

Tthermo  ---EGLLLDEAGEAHRPE------------------DVTWLLPFTPGKILG--------V 49  

YcgM     -----MYQHHNWQGALLD-----------------------YPVSKVVCVG--------- 23 

              :   .       :                        *       .            

 

COHED    ALSNVDNLTIYTEINGRPADHWNTADLNAAQLLSALSEFATLNPGDAILLPARVEIQPGD 180  

Tthermo  ALNYAD---------------------HAEELG--------------------------- 61  

YcgM     -SNYAK---------------------HIKEMG--------------------------- 34 

           . ..                     :  ::                               

 

COHED    RVRVLAEGFPPLENPVVDEREVTTRKSFPTLPHPHGTLFALGLNYADHPEEPLVFLKAPV 240  

Tthermo  ----LS-----------------------------------------RPEEPALFWKPNT 76  

YcgM     ---------------------------------------------SAVPEEPVLFIKPET 49 

                                                         **** :* *. .   

 

COHED    TLTGNDQTSVRPNNIEYMHYEAELVVVIGKQARNVSEADAMDYVAGYTVCNDYAIRDYLE 300  

Tthermo  SLLPHKGVVLYPKGARFVHYEVELAVVVGRPMKRVRAKDALDYVLGYTIANDLVARDYVT 136  

YcgM     ALCDLRQPLAIPSDFGSVHHEVELAVLIGATLRQATEEHVRKAIAGYGVALDLTLRDVQG 109 

         :*         *..   :*:*.**.*::*   :..   .. . : ** :. * . **      

 

COHED    NYYR---PNLRVKSRDGLTPMLSTIVPKEAIPDPHNLTLRTFVNGELRQQG-TTADLISV 356  

Tthermo  NTFR---PPIRAKGRDTFLPLGPFLVVEEVE-DPQDLWLRAYVNGELRQEGHTSRMLYSV 192  

YcgM     KMKKAGQPWEKAKAFDNSCPLSGFIPAAEFTGDPQNTTLSLSVNGEQRQQGTTADMIHKI 169 

         :  :   *  :.*. *   *:   :   *   **::  *   **** **:* *:  : .:   

 

COHED    PLFIAYLSEFMTLNPGDMIATGTPKGLS-VVPGDEVVVEVEGVGRLVNRIVSEETAK 412  

Tthermo  AELLEFISEFMTLEPYDVLLTGTPKGISQVRPGDVMRLEIEGLGALENPIEEEP--- 246  

YcgM     VPLIAYMSKFFTLKAGDVVLTGTPDGVGPLQSGDELTVTFDGHSLTTRVL------- 219 

           :: ::*:*:**:. *:: ****.*:. : .** : : .:* .   . :      

 

Figure 4.3 Sequence Alignment of YcgM, TTHA0958 and COHED 

 The sequence alignment of COHED from E. Coli C, YcgM from E. coli K12 

strain, and a putative COHED from T. thermophilus (Tthermo) shows some sequence 

similarities, especially within the decarboxylation domain of COHED.  The alignment 

was carried out using ClustalW
4
 where (*) indicate identical residues, (:) indicate similar 

residues and (.) indicates somewhat similar residues.   
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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. (Milkwaukee, WI) or EM Science (Cincinnati, OH).  The 

syntheses of 2-hydroxymuconate
15

 (2-HM), and 2-hydroxy-2,4-pentadienoate
16

 (HPD) 

have been reported previously
15, 16

. The DEAE-Sepharose resins were obtained from GE 

Healthcare (Piscataway, NJ).  The Econo-Column chromatography columns and Freeze 

‘N Squeeze units were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA).  

Enzymes and reagents used for molecular biology procedures were obtained from New 

England Biolabs, Inc. (Ipswich, MA). 

 Bacterial Strains, Plasmids and Growth Conditions.  Escherichia coli strain 

DH5 was obtained from Invitrogen (Carlsbad, CA).  E. coli strain BL21-Gold (DE3) 

was obtained from Stratagene (La Jolla, CA). The pET vectors were obtained from 

Novagen (Madison, WI).  Plasmids were isolated from cell cultures using the Sigma 

GenElute Plasmid Miniprep Kit.  Cells for cloning and overproduction were grown on 

Luria-Bertani (LB) agar plates or in LB medium supplemented with kanamycin (Kn) (30 

µg/mL).  The sources for the components of LB medium have been reported elsewhere
5
.  

 General Methods.  Techniques for restriction enzyme digestion, ligation, 

transformation, and other standard molecular biology manipulations were based on 

methods described elsewhere
5
. All PCR reactions were carried out in a heated top Gene 

Amp PCR System 2700 (Applied Biosystems, Foster City, CA).  Oligonucleotides 

primers were synthesized by Sigma-Aldrich.  DNA sequencing was performed at the 
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DNA core facility of ICMB at the University of Texas.  Mass spectral data were obtained 

on an LCQ electrospray ion-trap mass spectrometer (Thermo, San Jose, CA) in the ICMB 

Protein and Metabolite prepared as described previously
6
.  Spectral (UV) data were 

obtained at 24°C on an Agilent 8453 diode-array spectrophotometer.  Protein 

concentrations were determined by the Waddell method
7
.  Proteins were analyzed using 

Tris-glycine SDS-PAGE on 12% gels.  Gels were run on a Bio-Rad Mini-Protean II gel 

electrophoresis apparatus
8
.  BLAST and PSI BLAST searches of the National Center for 

Biotechnology Information (NCBI) databases were performed using amino acid 

sequences (YcgM or COHED) from E. coli C or P. putida mt-2 as the query sequence, 

respectively. 

 Cloning the Putative COHED Gene from Thermus thermophilus HB8 Genomic 

DNA.  For cloning the the gene for the COHED homologue, designated TTHA0958, 

TTCohedfor and TTCohedrev were used as the forward and reverse primers, respectively 

(Table 4.1).  Cloning procedures were carried out as described for Methylibium 

petroleiphilum PM1 in chapter two of this dissertation with the following changes.  The 

genomic DNA (0.5 g/L) used was from T. thermophilus HB8 (ATCC #27634D-5).  

The restriction enzymes utilized were NdeI and BamHI.  Digestion, ligation, and 

sequence confirmation were carried out as described previously in chapter two of this 

dissertation.   
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Table 4.1: Primers Used for the Cloning of TTHA0958 

Primer Name Oligonucleotide Sequencea 

TTCohedfor TAGTAGTAGCATATGAAGCTCGCCCGGTTTCTCGCC 

 

TTCohedrev GATGATGATGGATCCTCATTATTATGGCTCCTCCTC 

TATGGGG  

 

 

  

 

 

 

 

  

                                                 
a All primers are written in the 5’ to 3’ direction, and were used as 10 µM stocks in the quantities described 

in the text. 
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 Cloning YcgM from Genomic DNA.  For cloning the gene for YcgM, YcgMfor 

and YcgMrev were used as the forward and reverse primers, respectively (Table 4.2).  

Cloning procedures were carried out as described for Methylibium petroleiphilum PM1 

with the following changes.  The genomic DNA used was E. coli K12 strain genomic 

DNA (0.5 g/uL).  The restriction enzymes utilized were NdeI and XhoI.  Digestion, 

ligation, and sequence confirmation were carried out as described previously.   
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Table 4.2: Primers Used for the Cloning of YcgM 

Primer Name Oligonucleotide Sequencea 

YcgMfor TAGTAGTAGCATATGTATCAACATCACAACTGGCAAG 

YcgMrev GATGATGATCTCGAGTCATTATTACAAAAC 

 

  

 

  

                                                 
a All primers are written in the 5’ to 3’ direction, and were used as 10 µM stocks in the quantities described 

in the text. 
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 Expression of TTHA0958 and YcgM.  Two 20 mL starter cultures containing 

LB/Kn media (30 g/mL) were inoculated with single colonies of E. coli BL21 (DE3) 

cells transformed with the pET vector construct.  After shaking at 37ºC for 16 h, aliquots 

of the cells (typically 3.5 mL) were added to 400 mL of sterile LB/Kn to give a final 

OD600 of ~0.05.  The flasks (2L) were allowed to shake at 37°C, and cultures were 

induced with 0.5 mM isopropyl-β-D-thiogalactoside (IPTG) when the OD600 reached 0.6-

0.8.  The cells continued to grow for 3 h, and were harvested by centrifugation at 10,000 

g for 20 min at 4°C and stored at -80°C.   

 Purification of YcgM.  Purification procedures were adapted from previous 

protocols
9,10

 and modified as follows.  Typically, 1 g of cells were thawed and suspended 

in 10 mL of 20 mM HEPES-KOH buffer (pH 7.6), 5 mM MgCl2, 10% glycerol, 1 mM 

DTT, 150 mM KCl (Buffer A).  Sonication and centrifugation was done as described 

previously
10

.  The supernatant was separated from the pellet after the high speed spin, and 

the pellet discarded.  The supernatant was then diluted 4-fold with 20 mM HEPES buffer 

(pH 7.6) and 5 mM MgCl2 (Buffer B) to lower the salt concentration before applying to a 

DEAE-Sepharose column (4 mL of resin), which had been equilibrated with 20 mM 

HEPES buffer (pH 7.6), 50 mM KCl, 5 mM MgCl2.  After application of the protein, the 

column was washed with 5 column volumes of equilibrating buffer (~20 mL).  The 

majority of the protein came out in these washes, and a gradient was not run on the 

column.  SDS-PAGE analysis found the enzyme to be homogenous after one column, and 

a sample was prepared for mass spectrometry analysis (Figure 4.1).  The enzyme was 
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exchanged into the assay buffer using Amicon Ultra centrifugal filter units (0.5 mL, 3K 

membrane). 

Assay Conditions.  Assays were carried out in 10 mM K2HPO4 buffer (pH 7.3), 5 

mM MgCl2 (total volume 1.5 mL) at 24⁰C.  The ketonization of HPD (ε = 12,500 M
-1

cm
-

1
) was monitored by following the decrease at 265 nm.  The decarboxylation of 2-oxo-3-

hexenedioate was measured by following the decrease at 236 nm.  This substrate was 

generated in situ by the addition of 4-OT (2 µL of a 3 mg/mL solution) to 2-HM (25 µL 

of a 3 mg/mL solution) and an incubation period at room temperature for 30 min.  The 

ketonization of 2-hydroxyhepta-2,4-diene-1,7 dioic acid (HHDD) (12 µL of a 10 mM 

stock solution in ethanol) was monitored by following the decrease at 276 nm, and the 

decarboxylation of 5-(carboxymethyl)-2-oxo-3-hexene-1,6-dioate was observed by 

following the decay at 295 nm and increase at 278 nm.  This substrate was generated in 

situ by the addition of CHMI (0.3 mg/mL) to CHM (a 3 mg/mL solution) with an 

incubation period at 24C for 30 min.  The decarboxylation of oxalacetic acid (1 mg/mL 

solution) was observed by the change at 260 nm. 

 Inhibitor Trials. Procedures were based on a previous protocol
11,12

.  In order to 

identify active site residues, a series of covalent inhibitors were examined by incubating 1 

mg of enzyme with 1 mg of inhibitor (R-oxirane-2-carboxylate, 3-bromopyruvic acid or 

3-bromopropiolate) in 300 µL of 100 mM K2HPO4 buffer (pH 7.3) for 18-24 h.  Reaction 

mixtures were then passed through PD-10 columns to exchange into ammonium 

carbonate buffer and submitted for ESI-MS. 

  



 168 

RESULTS   

 Sequence analysis of TTHA0958.  TTHA0958 was discovered by a PSI-BLAST 

of the NCBI database using COHED from E. coli C as the query.  TTHA0958 shares 

36% sequence identity (54% similarity) with COHED from E. coli C and 41% identity 

(58% similarity) with YcgM (Figure 4.3). 

Expression of TTHA0958.  The COHED homologue from T. thermophilus HB8, 

when expressed under a T7 promoter in pET24a produced mostly insoluble protein, 

which could not be analyzed without further optimization. 

 Sequence Analysis of YcgM.  YcgM shares 51% sequence identity (67% 

similarity) with COHED, and only 36% identity with TTHA0958.  Structural alignments 

show the similarities in this superfamily (Figure 4.2). 

Expression, Purification and Characterization of YcgM from E. coli strain K12. 

YcgM was purified using anion exchange chromatography.  Typically, this procedure 

yielded ~ 10 mg of non-homogenous protein (as assessed by SDS-PAGE) per liter of cell 

culture. The purified protein was analyzed by electrospray ionization mass spectrometry 

(ESI-MS).  ESI-MS treatment showed one dominant signal.  This signal at 23706.7 Da 

indicates that the expected 219 amino acid residues for YcgM (with a calculated mass of 

23711 Da) retained the initiating N-terminal methionine (Figure 4.4).  This initiating 

methionine should be removed by a methionyl aminopeptidase, the removal of which is 

correlated with the amino acid in the second position
13

, in this case, a tyrosine which has 

been shown to decrease the efficiency of the methionyl aminopeptidase.  
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Figure 4.4 Mass Spectral Analysis of YcgM 

 The signal at 23706.1 Da corresponds to YcgM that had not undergone post-

translational modification, and still retains the initiating N-terminal methionine (calc. 

23711.1 Da).  

 

 

 YcgM Activity.  Four different substrates were tested with YcgM in parallel with 

an E. coli extract containing the proteins expressed by an empty pET24a plasmid 
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processed by the same purification procedures as YcgM.  There is no significant 

difference in the decarboxylation activity between YcgM and the E. coli extract, using 2-

oxo-3-hexenedioate and 5-(carboxymethyl)-2-oxo-3-hexene-1,6-dioate.  Moreover, 

YcgM was not found to display ketonization activity with either HPD or HHDD.  

Although the activity was not compared to the E. coli extract, no isomerization activity 

was found with oxalacetic acid. 

 Covalent Inhibitors.  Three different inhibitors were examined to identify active 

site residues.  The first inhibitor, R-oxirane-2-carboxylate, an epoxide, might react and 

covalently attach to an active site residue.  However, mass spectral analysis shows the 

same mass after incubating the enzyme with and without the inhibitor (Figure 4.4 versus 

4.5).  3-Bromopyruvate (Figure 4.6) reacts, but at several residues, with a total of 17 

different species.  The nonspecific binding precluded future analysis.  The last inhibitor, 

the 3-bromopropiolate also shows multiple reactions with dominant peaks at 23777 Da, 

23846 Da and 23916 Da (Figure 4.7).  The changes in mass are not those expected, and it 

is not clear what chemistry is taking place between the inhibitor and enzyme.  
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Figure 4.5 Mass Spectral Analysis of YcgM After Incubation with R-Oxirane-2-

carboxylate 

The epoxide inhibitor, R-oxirane-2-carboxylate, did not react with YcgM, as 

indicated by the mass spectral analysis, which shows no difference from that of the wild 

type mass. 
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Figure 4.6  Mass Spectral Analysis of YcgM After Incubation with 3-Bromopyruvate 

 The active site inhibitor, 3-bromopyruvate, reacts to form at least 17 different 

species as shown by mass spectral analysis.  The analysis shows nonspecific reaction 

between enzyme and 3-bromopyruvate. 
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Figure 4.7  Mass Spectral Analysis of YcgM After Incubation with 3-Bromopropiolate 

 Mass spectral analysis of YcgM with 3-bromopropiolic acid does not display any 

of the expected mass changes.  This indicates that additional chemistry is taking place. 
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Appendix 

 

1
H NMR of 5-Cl-2-HM 
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13
C NMR of 5-Cl-2-HM 
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1
H NMR of 5-Br-2-HM from file name whj_5br2hm4ot_h1.fid 
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13
C NMR of 5-Br-2-HM 
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1
H NMR of 3-hydroxybutyric acid 



 182 

 
1
H NMR of 3-hydroxy-pentanoic acid 
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1
H NMR of 3-hydroxy--butyrolactone 
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